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Accurate measurements of donors in selective photoluminescence (SPL) and photoluminescence excitation (PLE)
spectra have been made with a tunable dye laser for relatively pure vapor and solution-grown single crystals of ZnSe.
The donor species are identified by reference to the work of Merz et al. Very accurate agreement is found for the 1s-
2s, p excitation energies, though not for the absolute photon energies. A new bound exciton (BE) falling just above
the donor BE is shown not to involve a further donor species. Improved values are derived for effective-mass donor
binding energy, the electron effective mass, static dielectric constant, internal binding energy of the free exciton (FE),
and the free-particle band gap in ZnSe. Large differences in the PLE spectra of excitons bound to ionized compared
with neutral donors, as well as for neutral acceptors and other BE, are attributed to the dominance of free electron-
hole pairs in the excitation channel for the former and FE for the latter luminescence. Landau-level effects appear in
the PLE for ionized donor luminescence. New excited BE states appearing just below the n = 2 FE energies are
shown by SPL to involve neutral donors. Their wave-function character is contrasted with the donor bound-exciton
excited states just below the n = 1 FE. The nature of splittings observed in ionized donor BE is discussed.

I. INTRODUCTION

Donors contribute to the near gap (edge) lumine-
scence of semiconductors in a variety of ways.
The resulting transitions are very useful for the
characterization of chemical species and are also
of considerable interest for the information they
provide on the donor states and on the properties
of the host semiconductor. We are concerned in

this paper not with the interimpurity, donor-
acceptor pair transitions which constitute the true
"edge luminescence" first defined in a direct-gap
II-VI semiconductor, ' but rather with the sharp
low-temperature luminescence and absorption
lines and their satellites lying even closer to the
semiconductor band gap and which involve bound
excitons. The donor bound excitons (DBE) are
present in two forms, the I, lines which involve
excitons bound to neutral donors and the I, lines,
where the binding is to ionized donors. The I,
lines involve excitons bound to neutral acceptors
according to the nomenclature of Thomas and
Hopfield assigned initially in CdS.' Numerous
theoretical papers discuss BE stability at these
impurity centers. 3 However, an early prediction'
that stable I, lines can exist only for low values
of the electron to free-hole effective-mass ratio,
a =~,*/~,*, such as occurs for direct-gap semi-
conductors like ZnSe, remains qualitatively cor-
rect. The analogous species involving ionized
acceptors then cannot form bound states. Both
types of DBE complexes have been identified for
a number of donor species in ZnSe by Merz etaE.5

in a paper hereafter designated MKNS. These
authors have also reported the existence of four
excited states of the I,-like DBE and the "two-
electron" satellite transitions associated with
several of these states, together with the lowest
"principal" DBE state. These "two-electron"
satellites involve BE recombinations which leave
the neutral donor in one of a series of possible
excited orbital states, principally 2p and 2s.
MENS observed the splitting of the 2P final states
in a magnetic field and derived some parameters
of the free electron and of the effective-mass (EM)
donor in ZnSe. They also noted a single excited
state of each I, DBE and reported on their varia-
tion with chemical species. No conclusions were
reached about the nature of the excited DBE states
for the I,- or I,-like luminescence lines.

In the present paper, we exploit the advantages
of tunable dye laser excitation to obtain detailed
photoluminescence excitation (PLE) and selective
photoluminescence (SPL) spectra involving both
types of DBE and, for comparison, the principal
acceptor bound excitons (ABE). In the PLE technique
the intensity of an emission is monitored while
the exciting light source is energy scanned. This
mode of excitation allows one to isolate absorption
processes preferentially for a given luminescent
transition. In SPL, photoluminescence spectra
axe recorded using different wavelengths for ex-
citation. This process allows one to resonantly
excite certain luminescent transitions and separate
the contributions from other overlapping lumine-
scent bands. The advantages of these techniques
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are becoming well known. "' These are mainly
that the PLE spectra can be obtained with resolu-
tion -0.1 meV (-1 cm ') adequate to ensure that
only single narrow satellite or principal BE com-
ponents are detected, giving the strongest possible
isolation from extraneous excitation processes.
Complementary advantages occur in SPL.' Using
this technique, we confirm the 1s-2p and 1s-2s
excitation energies reported by MENS and observed
by us for several donor species in a number of
ZnSe crystals, both solution and vapor grown.
However, we find absolute photon energies up-
shifted by -0.25 meV comps. red with MENS (Sec.
III 8}. Selective excitation by the narrow line
from the tunable dye laser removes much of the
inhomogenous broadening from the principal DBE
lines and their satellites. Consequently, we ob-
serve "two-electron" transitions to n= 3 orbital
states more clearly and obtain improved values
of the effective-mass donor binding energy D~™
and the central-cell corrections to donor ground-
state energies E~ (Sec. III B). Higher DBE excited
states than those reported by MKNS are also
observed (Sec. IIIB). Magnetic splittings of tran-
sitions to 2p donor states yield the electron effec-
tive mass m*and spin-splitting parameter g (Sec.
III C}. Resonant excitation into the major donor
excited states confirm that these involve p-like
BE wave functions. This confirms their identifi-
cation with p-like orbital excited states of the
bound hole' as concluded very recently for similar
transitions in ZnTe.""A major new result in
this paper concerns extrinsic features of the PLE
spectra just below the n= 2 free exciton (FE}en-
ergy of ZnSe (Sec. IIIF). Sharp two-electron
satellites characteristic of the principal donor
species are observed in SPL spectra for these
excitation components, confirming their identifi-
cation with neutral DBE excited states. It is
argued that these states involve excitations within
the weakly bound exciton, whereas the lower-lying
DBE excited states observed just below the n=1
FE involve excitations of the BE relative to the
neutral donor. One of these high DBE-excited
components, falling particularly close to the
n= 2 FE, contains BE states with an even more
s-like character than the principal DBE, whereas
a second component contains BE states with domi-
nant p-like character. Excitations involving dif-
ferent donors and different states of a given donor
both contribute to the broad higher-energy excita-
tion feature. Minima in excitation spectra of .all
BE components mark the n= 1 3 components of
the FE, from which significantly revised values
of the exciton binding energy E~ and free-particle
band gap Eo are derived (Sec. III E). Dramatic
differences occur between PLE spectra of I, DBE

components and all other I, DBE and I, ABE
luminescence components examined (Sec. III D).
The major excitation channel for I, luminescence
involves the creation of free electron-hole pairs,
whereas FE creation is much more important
for the excitation of all other BE, including an
unknown BE I of small localization energy E»
which may involve an isoelectronic molecular
complex (Sec. IIIA). Landau-level effects are ob-
served in the strong excitation feature for I,
luminescence occurring just above E~ at zero
magnetic field (Sec. IIID). Very different rela-
tive strengths of excitation series at energies well
above E~, involving the cascade emission of LO
phonons, are noted in PLE spectra of lumine-
scence at different types of BE centers (Sec. IIID).

II. EXPERIMENTAL

The single crystals used in the present work
were grown by liquid phase epitaxy (LPE) from
Sn or Bi solutions, slowly cooled from below 950
C in a covered purified graphite multi-mell boat

of the type used for crystal growth of III-V semi-
conductor devices." This work has established
that major problems of contamination exist by
impurity out-diffusion from the single-crystal
substrates during growth. " Strenuous attempts
were made to reduce this problem by appropriate
substrate-cleaning procedures before growth,
including soaking in molten metals. These treat-
ments have resulted in a noticeable reduction in
the tendency to compensation of acceptor dopants, "
though they have not yet provided fluent p-type
conductivity. The quality of their near-band-gap
photoluminescence spectra approaches the best
freely nucleated single crystals grown from the
vapor by a sublimation process near 1050'C."
The best spectra were obtained from double LPE
crystals, wherein the properties of the second
layer of typical thickness -6 Jt~tm were improved
through the isolation of some of the deleterious
influences originating in the substrate by growth
of an initial LPE layer of thickness -4 p,m.
Probably, the dilution effects of a first liquid-Sn
source play a significant role in the reduction of
the background doping level and the corresponding
increase in spectral quality to the level reported
in this paper, with linewidths of principal DBE
lines of -0.19 meV, about half that of typical
single LPE material and comparable with the best
vapor-grown crystals. These LPE layers have
great advantages of homogeneity of morphology
and electronic properties compared with the vapor-
grown crystals, which are often twinned and
intergrown with only small single-crystal regions.
A few vapor-grown crystals of high optical quality,
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including some of those used by MENS in pioneering
work on the identification of donor species in

ZnSe, were available for cross-checking optical
data from the LPE material.

The optical spectra were recorded with the
samples freely suspended in liquid He, usually
at 4.2 K. Excitation by -50-mW 441.6-nm light
from a He-Cd laser was very useful for survey
work, although 413.1-nm and -360-nm light from
a Kr' laser was also used. Although the excitation
efficiency was appreciably lower, the advantage
of the shorter-wavelength excitation was that the
exciting light could be efficiently removed by a
suitable dye filter, for example, Wratten No. 2E,
placed before the entrance slit of the f/I 7 2m

Baird Atomic spectrometer. This filtering was
essential for recording pure luminescence spectra
from some of the less efficient samples. The
441.6-nm light falls only very slightly above the
n=1 free-exciton state of ZnSe, and provides
efficient luminescence excitation relatively free
of most problems of surface recombination.

Spectra were recorded photographically from all
samples both for. survey purposes and because this
technique is the most sensitive for the recognition
of poorly resolved small splittings in the zero-
field spectra, for example, the -0.2-meV splitting
of the I, p BE and those of the magnetic subcom-
ponents at the modest magnetic fields necessary
to ensure that states from adjacent zero-field
components overlap to a minimum degree. How-

ever, most of the data reported in this paper were
obtained photoelectrically, using a scanning attach-
ment at the focal plane of the spectrograph. The
laser light was chopped at -325 Hz and the sample
luminescence detected synchronously using a
lock-in amplifier. Luminescence spectra were
recorded using an HP 9825 calculator-controlled
system with a remote video data display unit, ar-
ranged so that spectra corrected to constant energy
dispersion were available at the calculator printer.
Facilities for line calibration, data expansion,
differentiation, and smoothing were built in to the
calculator program.

Most of the spectra reported in this paper in-
volve SPL or are PLE spectra obtained with a
Coherent Radiation Model 590 dye laser pumped

by -2 W of -360-nm light from a Coherent Radia-
tion Model 3000 K Kr' laser. The dye used was
Stilbene III, which provided an output of -50 mW

after the chopper over the relevant spectral range
of these measurements, between -2.V8 and -2.9
eV. The effects on the PLE spectra of occasional
sudden jumps in dye laser output intensity and of
the slowly varying change in output over this
range of photon energy were recognized from
comparative measurements with a ratiometer.

The denominator channel of the ratiometer was
fed from an Si photodiode, which received light
reflected from the back of the chopper at the dye
laser output. The signal-to-noise ratio was
degraded significantly through use of the ratio-
meter, so most of the PLE spectra reported here
were taken from the essentially noise-free data
obtained directly from the output of the lock-in
amplifier. The spectral parameter was the angle
of the Lyot tuning filter of the dye laser, which
was altered by a micrometer screw driven by a
stepping motor. The relationship between the
setting of this screw and the output wavelength or
photon energy was obtained empirically and is a
smoothly varying, slightly superlinear function
above 2.V8 eV. These PLE spectra are not cor-
rected to constant energy dispersion.

III. RESULTS AND DISCUSSION

A. No-phonon line near 2.7982 eV

A significant initial motivation for this study
was the line I' first observed by Werkhoven et al.'
near the high-energy limit of the group of princi-
pal DBE no-phonon lines which fall just above
2.V9V eV in ZnSe. These PL lines involve the
shallow donors of greatest significance in promot-
ing n-type conductivity in ZnSe. The chemical
origin of many lines has been carefully established by
MENS in their work on judiciously back-doped
vapor-grown (VG) ZnSe. A typica. l spectrum of
refined LPE ZnSe, shown in Fig. 1(c), contains
a triplet structure in the DBE region. The lowest
members of this triplet involve the principal DBE
transitions of donor species due to In~, and Al~,
for the particular crystal in Fig. 1, giving the
lines I,'", and I,",' in the notation of MENS. The
upper member falls close to the DBE excited
states I,", and I,",', but not precisely so. The exis-
tence of this component as an independent BE is
proved by the wide variation in intensity it exhibits
relative to the recognized DBE lines between spec-
tra recorded under standard conditions from
different crystals, varying between cases where
I' was -10 times stronger than the strongest DBE
line, to cases where it is entirely absent, as in
the VG crystals of MKNS. The generic identifica-
tion of the DBE lines is best proved (Sec. IIIB)
from their associated satellites due to two-electron
transitions, shown as I,';, I,",', I,"~ in Fig. 1(a) and

1(b). Although we find photoluminesce (PL) line ener-
gies uniformly 0.2, meV higher than those of MENS for
DBE and ABE transitions (Table I), our results on the
two-electron displacement energies below the
principal DBE generally agree with MENS to
+ 0.03 meV. These displacement energies are
particularly important for donor identifications
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(Sec. GIB).
The most obvious possibility is that I,' repre-

sents BE PL at some donor not very relevant in

VG ZnSe, and relatively shallow according to the
spectral position if Haynes' rule applies in ZnSe,
as has been established by MENS for all five
donors identified so far. Several properties are
inconsistent with this assignment, which can be
firmly rejected from their combination. The most
striking feature is the strong LQ-phonon coupling
for I', Fig. 1(a}, I"olI'-0.04, about 100 times
larger than for even a relatively deep DBE such
as I',0, Fig. 1(b). Phonon coupling is expected to
deeyease with decrease in exciton localization
energy Ezr (Table I), and there is no obvious
explanation for the large increase actually observ-
ed. Another inconsistency is the form of the PLE
spectrum of I~o, which differs significantly from
that of a DBE satellite such as I2r; or I~,' (Fig. 2),
with less contribution from the DBE excited states
such as I», I,„, I,*„and I,*,~, where donor species
energy differences are expected and observed
(MENS) to be minimal, and a much larger con-
tribution from free-exciton creation just above
E~~. The clinching evidence is the complete
absence for all crystals of additional two-electron

PHOTON ENERGY (eV)

FIG. 1. Photoluminescence spectra from an LPE single-
crystal layer of ZnSe 496H1 grown from Sn solution
(sample A) recorded photoelectrically at 4.2 K. Part
(c) shows the BE no-phonon components for excitation
with the He-Cd laser while parts (a) and (b) are SPL
spectra for resonant excitation into unidentified BE com-
ponents I~ and the donor BE I20, respectively. Note the
much stronger LO-phonon coupling for the o, BE. G de-
notes the relative electronic gain, I ~ and I~& are ac-
ceptor BE's due to Cu and Li, and the remaining nomen-
clature is described in the text, following MENS. The
LO-phonon energy is 31.8+ 0.05 mev.

satellites in SPL recorded with the laser line
tuned t'o I, even though the linewidths of such
satellites are dominated by the laser line at only
-0.09 meV in many samples, giving excellent
conditions for the detection of new lines. This
observation~ together w1th the absence of addltlon-
al DBE excited states in the PLE of I~o lumine-
scence, provides conclusive evidence that I is
not a DBE. Most probably, it involves an exciton
bound to a center containing no additional elec-
tronic particles, some form of isoelectronic
center, point defect, or associate to be discussed
elsewhere. '5

8. "Twowlectron" sate1htes under resonant excitation

As mentioned in Sec. I, the DBE PL spectra and
their "two-electron" satellites are rather complex
in ZnSe because of the existence of many DBE
excited states, each with its own set of satellites
and also a result of the common incidence of two
or three donor species at comparable concentra-
tions in undoped crystals. It is difficult to back-
dope to obtain predominance of a selected donor,
while preserving crystal quality adequate for de-
tailed spectroscopic analysis. The SPL possible
with a dye laser greatly assists in this aim, since
a large proportion of the excess spectral linewidth,
due to inhomogeneous broadening processes, can
be removed under selective narrow-line excitation.
This is shown very clearly in Fig. 3, where the
principal BE triplet in this case due to In and Al
donors and the unidentified n center (Sec. III A)
are rather poorly resolved for nonresonant excit-
ation into the very high DBE excited state Lot

(Table 1}, lower right in Fig. 3. Extensive exciton
diffusion between spatially inequivalent sites
clearly occurs between the absorption event in the
very high DBE excited state, E»=0.9, meV, and
emission from the lower (principal) DBE state in
this case. The spectra (a)-(f) in Fig. 3 have been
arranged to emphasize satellites with constant
displacement energies below the laser line due
to two-electron transitions. These are enhanced
as the laser energy is brought into coincidence, in
their turn, with the various DBE excited states
listed in Table I. These spectra clearly show a
strong increase in the intensity ratio of two-elec-
tron transitions to 2p and 2s donor states as the
excitation is tuned from the principal DBE states,
subscript o 'tspectra (a) and (b)], to the DBE
excited states, subscript a, 5, d, etc. [spectra (c},
(d), and (e)]. Such an increase has been observed
in resonantly excited DBE luminescence in ZnTe
(Refs. 9, 10) and interpreted in favor of an earlier
theoretical model in which the main DBE excited
components are described by excitations of the
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TABLE I. Transition and localization energies of various principal and excited BE no-phonon components in zinc
selenide.

Component
Transition energy

(eV)
Localization

energy~ (meV) Component
Transition energy

(eV)
Localization

energy~ (meV)

ILi
i

Iln
3

IP

IIn
20

&2O'

gCl

IAl

Io

2.78293

2.78314

2.7921'

2.79306

2.79413

2.7945,

2.79598

2.79638

2.79655

2.79705

2.79722

2.7975)

2.79770

2.79776

2.7982(

19.7,

19.56

10.5l

8.57

8.]8
6.72

6.15

5.48

5.18

4.94

IA1
2c

IAl
2$

IAly In
28

~2a

Iln
26

IIn
25

I2d
In,

I2*c,g

2.79823

2.80024

2.80123

2.8015'

2.7983'

2.8002'

2.8011(

2.80138

2.80172

2.79836

2.80023

2.79805

2.8001p

2.80140

2.8142

2.816)

4.47

2.46

2,49

132

4,34

4.65

6o

1 '30

2.8,b

3 b

Calculated with E&& =2.8027 eV, consistent with the low-energy threshold of the LO-phonon-assisted FE band just
above 2.77 eV in Fig. 1(b) and with the value from ref lectivity, Venghaus (Ref. 25).

"Calculated with ECX2=2.8170, see Sec. III E in text.

bound hole to a variety of states ofp-like character. '
The slight displacement of peaks from the laser
satellite lines marked I"2p, 2s in Fig. 3(b) indi-
cates that these particular luminescence satel-
lites originate from the nonresonantly excited
principal DBE state I,', . There is no DBE excited
state of the In donor near Jo„ tuned to I,",' (Table I).
Exelton dlffusloQ between doQol sites ls RgRln

responsible for the appearance of BE luminescence
from the In donor in this spectrum.

Laser satellite line I- in Fig. 3(f), displacement
energy 17.3, meV, is an artifact of the grating, as
are the close-in "ghost" lines G in the lower
right spectrum. The energy displacements of the
sharp lines due to two-electron transitions are
given in Table II. The remaining "constant-devia-
tion" line arises from Stokes LO phonon-assisted
xeeombinations of the resonantly excited BE states.
The generally broader shifting lines are due to
BE recombinations at independent centers. This
is clear from Fig. 4 in which the same spectra

are presented on a scale of absolute photon ener-
gies, rather than energies referred to the exciting
laser line. The no-phonon line IlDE~P is a BE which
may involve the deep Cu acceptor."'" The excep-
tionally strong LO-phonon replica of the I BE is
again clearly evident in Figs. 3 and 4. Two-elec-
tron transitions to the m=3 orbital excited state
of the donol RppeRr more eleRrly ln Flg. 5, tRkeQ
from a high-quality VG crystal in which the Ga
donor is predominant (Table II) with minor con-
tributions from In and the donor species tentatively
identified with F by MKNS. According to Table
II, the binding-energy difference between 2p and 3p
donor states is 3.6,+0.02 meV, which implies
that the effective-mass donor binding energy E,
is 26.0,+ 0.15 meV. This value is significantly
smaller than the much less accurate value reported
by MKNS, S',=28.8+2.4 me&, but is much more
rea, listic compared with the energies we derive
for the donor species (Table II). These also differ
significantly from the MKNS values, since our
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FIG. 2. Comparative low-temperature photolumines-
cence excitation (PLE) spectra from an LPE ZnSe crystal,
632H1 grown from Sn solution (sample 8) of exceptional
purity. The detected luminescence components are noted
at the left. The electron-hole band gap is denoted by E&,
while the transverse free exciton gap E~ is indicated
for various internal excited states of the FE. The nota-
tion otherwise is as in Fig. 1, except that excited BE
states associated with the n =2 FE are denoted by super-
script *. Lower DBE excited states carry subscripts
a, b, and d' to differentiate them from the lowest DBE
states, subscripts 0.

where F„ is the binding energy of the hydrogen
atom. We obtain q, = 9.14+ 0.1 if E,= 26.06 me&
and m,*=0.160+0.002nz„where m, is the free-
electron mass. This is significantly larger than
the unpublished results of Roberts and Marple
cited by MKNS, q, =8.66.

revised value for the binding energy of the 2p
state, which must be added to the 1s-2p donor
excitation energies in order to obtaine E~, is
significantly smaller. If we use the electron
effective mass m*, obtained from the magneto-
optical measurements (Sec. III C), we can calculate
the low-temperature static dielectric constant
using the relationship aZ = Realm,*c, (2)

where e is the electronic charge, c the velocity of
light, and 8 is Planck' s constant. We obtain an
accurate value of m*, from this splitting, given in
the upper part of Fig. 6.

Each orbital subcomponent exhibits further
small splittings into a triplet, as shown in Fig.
6 and with better resolution in the photographic
data of Fig. V. Similar splittings have been ob-

The improved spectral quality of VG crystal
sample C in Fig. 5 is believed due to a lower total
doping concentration compared with the LPE cry-
stal, samplers. The intensity of the shallowaccep-
tor-pair luminescence is significantly greater rela-
tive to the BE luminescence for crystal sample C,
with more contribution from Na as well as Li accep-
tors. The decrease in inhomogeneous broadening
associated with this lower concentration is particu-
larly significant for the appearance of the principal
DBE under nonresonant excitation and for the
spectral quality under excitation into high DBE
excited states, particularly the satellites due to
recombinations to the n= 3 donor excited state
(cf. Figs. 4 and 5). The identification of the weak
satellite labeled P»' 3p in Fig. 5 was supported by
its rapid broadening in a magnetic field resulting
from the effects discussed in Sec. III C. The energy
shift between the 3p and 3s states of the Ga donor
is -0.2 meV according to Table II, appreciably
smaller than between 2p and 2s, 0,5, meV (Fig. 5),
or 0.54 meV from MENS. This splitting is domin-
ated by the central-cell effect on the binding en-
ergy of even-parity donor states, but decreases
with orbital quantum number n appreciably slower
than the simple relationship Ijn' predicted from
effective-mass theory. This deviation possibly
results from an increasing relative contribution
from polaron effects for the higher orbital excited
states.

C. Zeeman splittings of two-electron satellites

The behavior of the two-electron satellites in a
magnetic field was best studied under resonant
excitation into one of the DBE excited states, to
favor transitions to p-like donor excited states
(Sec. IIIB). These states exhibit a large linear
Zeeman effect originating in the orbital magnetism
of the p state. Their splittings are observed un-
complicated by the anisotropic spin splittings of
the hole in the BE because of the special feature
of the resonant coupling of the laser line and the
transition to the 1s state of the donor." The
splitting gZ =I&, of the outer components of the
Zeeman triplet originating from transitions to the

2p donor state in a magnetic field. Fig. 6, lower
is given by
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FIG. 3. To the right'the low-temperature photoluminescence spectrum recorded photographically in the FE and
principal & and e BE region for the crystal used for Fig. 1 (sample A) under excitation near E& (upper) and within the
very high DBE excited state I 2

' ", laser position I& gower). The laser positions used for spectra (a) —(f ) shown at
left are indicated through the spectrum at lower right. Spectra (a)-(f ) are presented in terms of photon-energy dis-
placement below the laser line. Vertical lines emphasize components of constant displacement energy, due to the indi-
cated "two-electron" satellites of the indicated DBE states and the LO-phonon replica. Components L and G are arti-
facts of the spectrometer.

served for DBE in ZnTe, and identified with spin
splittings of the electron in the initial and final
states of the transition. " Spin-flip processes
are possible for the two-electron satellites. We
obtain ~g, ~

=1.06+0.05 from the measured split-
tings, in very good agreement with the value ob-
tained from optically detected magnetic resonance
in ZnSe, g, =+1.13,."

The intensity of these resonantly excited sat-
ellites of the DBE excited state I»' becomes
appreciably weaker above B-3 T. A similar
phenomenon was noticed in ZnTe for excitation
with the fixed-energy 520.8-nm line of the Kr+

laser, and interpreted as decrease in resonance
with the DBE transition caused by diamagnetism. "
This suggestion was confirmed in the present
work. For example, it was found that the sat-
ellite intensities of I~ could be substantially
restored by a-0.23-meV increase in the energy
of the dye laser for increase in B from 0 to 3.5
T. This increase is dominated by the diamag-
netism of the DBE excited state for the IM' tran-
sition, which has E» only 1.2, meV. It is dif-
ficult to predict accurately the diamagnetic shift
rate of such a P-like DBE state, but the value
given above is of the expected order.

TABLE II. Donor excitation energies obtained from "two-electron" satellites and donor
ionization energies in zinc selenide.

Donor
1s-2s
(meV)

1s-2p
(meV)

1s-3s
(me V)

1s-3p
(meV)

Ionization energy
SD (meV)"

Chemical Shift
(meV)

Al
Cl
Ga
In
F

18.84
19.36
20.18
20.9(

19.12
19.6g

20.7)
21.68
22 o3

24.13
25.03

24.33
25.32

25.64
26.1g
27 23
28.20
28.8

—0.42 + 0.16
—0.13 + 0.16
+ 1.17 + 0.16
+ 2.14+ 0.16
+ 2.74 + 0.16

Calculated with effective-mass binding energy E& =26.06 + 0.15 meV.
Calculated with binding energy of 2p state= ~EO-—6.52 + 0.04 meV.
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Z n Se Sample A

0-—
(o) 2.77

PHOTON ENERGY (eV)
2.78

FIQ. 4. Contains the data from Fig. 3 g.eft), represented on a scale of absolute photon energy. Vertical lines em-
phasize "two-electron" replicas of the indicated DBE components, nonresonantly excited. The large strength of LQ-
phonon coupling to the m BK is clearly shown relative to the DBK. The notation differs slightly from Fig. 1. For ex-
ample, a "two-electron" component shown here as I202& is written simply as I2& in Fig. 1. The first-level subscript 2
in the former denoted an I2 g)BE) transition, while that in the latter denotes the n =2 orbital state in which the elec-
tron is left after recombination occurs, like the second-level subscript 2 in the former,

D. Comparative photoluminescence excitation spectra
for different boundwxciton components

%e have already noted in Sec. IIIA the strong
differences in PLE spectra of satellites of the
DBE and of the unidentified BE line I . No dra-
matic differences occur for PLE spectra re-
corded for detection of I~» compared with the
spectrum for I ~ shown in Fig. 2, as expected.
Although the different donor-related BE excited-
state excitation features shown in Fig. 2 involve
electron and hole wave functions of quite different
parity, including components I f, and If, ~ (Sec.
DI F), their contribution to the PLE of I~, I,'~
involves an intermediate step of noneonservative
energy relaxation to the DBE ground state I',0
before luminescence occurs. The intensity ratio
of transitions to I'„' and I & is determined by the
properties of the I,", DBE state. Differences be-
tween the PLE spectra for the In donor satellites
and that for Ic~' in Fig. 2, besides the anticipated
differences in the principle DBE features, can be
ascribed to small differences in the energies of
the DBE excited states, for example I~, I», be-
tween these two donors as already reported by
MENS. Excitation into I',0 cannot produce I~
lumineseenee in low-temperature spectra, since

I'„' lies -0.5 meV below I„', an energy +AT at
4.2 K (0.36 meV), where kT is the kinetic energy
factor.

Much greater differences are observed in PLE
spectra for detection of other BE components.
For example, the lowest spectrum in Fig. 2 shows
that creation of BE at the donors and even at the
Na acceptor makes. minor contributions to the
luminescence of exeitons bound at neutral Li~,
acceptors. Clearly nonconservative BE diffusion
behveen donor and acceptor sites is very im-
probable in such a relatively pure I PE sample
at low temperatures. The sharpness of the prin-
cipal BE lines in this crystal (Fig. 8) shows that
these BE, particularly the A BE, are well lo-
calized (compared with Figs. l and 3}.

The most striking differences oeeur between
all the PLE spectra described so far and that of
the I3~' line shown at the top of Fig. 2. This BE
component involves BE recombination at an
ionized donor, a general feature of the near-gap
luminescence of direct-gap semiconductors with
sufficiently low value of the electron-to-hole ef-
fective-mass ratio o =m,*/m f, and also discussed
for ZnSe by MENS. Once again we obtain very
good agreement with MENS for the energies of
the different I, lines for these donors only if we
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FIG. 9. Part (a) shows detail of the low-temperature
PLK spectra of the ZnSe crystal used in Fig. 2 (sample
0) for photoelectric detection of the "two-electron"
satellite I&~, at zero magnetic field and 8 =3.5 T. The
high DBE excited states I 20 and, particularly I~&&
broaden and shift in the magnetic field. Minima marking
the n =2 and n =3 states of the FE also show substantial
upshift due to diamagnetism. Part (b) is like {a) except
that I 3' is detected, giving a strong contribution to the
PLE from the absorption component commencing at E&
Power spectrum). This component develops appreciable
structure in a magnetic field of ~ 1.5 T, caused by
Landau-level structure in the bande. The energy Ace, ie
the same as the splitting in the upper part of Fig. 6. The
very sharp components I2"

2& appear in these spectra
due to accidental overlap of these "two-electron" satel-
lites with the nominally detected I ~' component (see text).
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FIG. 10. Contains low-temperature PLE spectra for
a slightly dif'ferent variety of detected photolumines-
cence components than used in Fig. 2 (sample 8), indi-
cated at the left, recorded photoelectrically for the
same crystal over a wider range of photon energy.
Note that the spectrum for I~" luminscence is nearlv
exactly complementary to those for I~LO, I2", and I,' '

luminescence with regard to contributions from near Ez
+nhcv „, where I is an integer.

structure, identical to those given in the upper
part of Fig. 6, can be recognized in these spec-
tra. Account must be taken of the complex mag-
neto-optical behavior of the degenerate valenee-
band maximum in a detailed interpretation of these
spectral oscillations, and this will not be attempted
here.

The main features of the PLE spectra of these
BE states for energies well above E~ are oscil-
latory series involving the LO-phonon energy
8'&u«(Fig. 10). These effects are quite well
known, and have been observed for several semi-
conductors. ""When associated with intrinsic
absorption features, they originate from the fact
that the relaxation time for scattering by LO
phonons is much faster than any other energy
dissipation process. Thus free electrons, holes,
or excitons created high in the bands are returned
to an energy within S~Lo of E~ or EG~ before
significant scattering by acoustic phonons, or free-

particle luminescence or capture into bound states
ean occur. Energy randomization occurs by scat-
tering between electronic particles to achieve an
effective temperature well above that of the lattice
at 4.2 K.2' The main feature of Fig. 10 of parti-
cular interest in the present paper is the con-
siderable difference in relative strength of con-
tributions well above E~ between the I'LE spectra
of different BE components. The strongest occurs
for detection of the I, luminescence, where the
broad components with threshold energies at ap-
proximately E~+nS~„o confirm the importance
of low-energy free electron-hole pairs in the
creation of excitons bound to ionized donors. The
sharp lines above 2.855 eV are close to 2h~«and
30M«above the detected luminescence line I3'.
The PLE spectra of I» and, particularly, I and
I, , contain strong broad structure with thresh-
old energies close to E~~+nh~«, confirming the



DONOR BOUND-EXCITON EXCITED STATES IN ZINC SKLENIDE 4899

importance of FE creation for the formation of
these BE. This effect is also clear from the
strong contributions immediately above the neg-
ative features at EGX, particularly pronounced
for I' and I, luminescence. The superimposed
sharp-line series for I", and I, again occur
at nl(d~o above the detected luminescence energies.
The PLE spectrum of I, E luminescence con-
tains weak dips near the top of many of the ex-
trinsic features such as I, ', I',; and I„, showing
relatively inefficient energy transfer for BE
luminescence at a center with relatively larger».

E. Free-exciton energies from PLE spectra

We have seen that the PLE spectra of all detected
BE states contain narrow minima near 2.8028,
2.8170, and 2.820, eV. The first of these is close
to the energy accepted'4 for the transverse FE,
E~x and marked as n =1 in Figs. 2, 9, and 10
since it corresponds to the ground state of binding
of the relatively light electron in the Coulomb
field of the hole. If the second dip marks the n =2
FE state, then the excitation energy of 14.2 meV
corresponds to 0.773 R, for a valence-band pa-
rameter p, =0.20 (Ref. 25), where Rf is the

Rydbergenergy of the FE." Thus, Rg =18.4
+0.5 meV is appreciably larger than that reported
by Venghaus" from magnetoreflectivity Ro~ = 16.8
+ 0.4 meV but, smaller than that of Sondergeld and

Stafford" from the 2p —3p FE energy separation
measured by two-photon absorption, Ro~ = 19.9
meV. Thus, according to the analysis of BaMer-
esehi and Lipari, "E„for the FE is 19.0+ 0.5
meV and E~ =EGX+E„=2.821, eV. This value
of E~ is very close to the value obtained from the

low-energy threshold of the strong component
in the PLE spectrum of I, luminescence in Figs.
2, 9, and 10, 2.821,+0.0005 eV.

Further confirmation of this intermediate value

of E„and E~ is obtained from the identification
of the dip near 2.820, eV with the n = 3 state of the
FE. This gives a splitting between n=1 and n
=3 of 17.8 meV. The minimum marked n =2 and

n = 3 in Fig. 9(a) show substantial diamagnetic
shifts between B=0 and I3=3.5 T, respectively,
-0.7 and 0.9 meV, corresponding to shift rates
of -5.6 and -7.3&&10 ' meVT '.

F. Extrinsic features in PI.E spectra above n = 1 FE

Two strong peaks appear in the PLE spectra
of I ' I'" I~, and I~ luminescence in Figs.
2 and 10, shown in more detail for I,", in Fig. 9(a).
Similar peaks have been observed in the optical
absorption and DBE PLE spectra in ZnTe. They
were not studied in detail, but were attributed to

excited DBE states with the n =2 state of the FE
because of their large diamagnetic shift rates,
roughly as expected for the large radius of the
electron bound in an n =2 orbital state. " The
centroid of component I,*, ~ also show a substan-
tial upshift in energy between 8=0 and B=3.5 T,
about 0.5 meV. This corresponds to a diamag-
netic shift rate of -4.1 x 10 ' meVT ', comparable
to that reported for the n =2 FE in Sec. IIIE. The
exact value is difficult to determine because of
the appearance of substructure on the I,*, „peak
which is only partially resolved at 8 =3.5 T [Fig.
9(a)]. The diamagnetic shift rate of component
I„is only -0.2 meV, corresponding to a shift
rate of -1.6x10 meVT '. The ratio of these
shift rates -0.4 is roughly in inverse proportion
to the ratio of the BE excited-state localization
energies measured from the n=2 FE,

(&sx)I,*O/(&sr)if, ~= 3.8 meV/1. 3 meV=2. 9,
as expected for a bound state.

Proof of the assignment of these PLE features
I,*, and I~~ ~ to excited states of the DBE is af-
forded by SPL spectra such as that at the bottom
of Fig. 8. Sharp luminescence satellites spaced
below the excitation energy by exactly the 1s —2s
and 1s —2p excitation energies of the In or Cl
donors were observed. Visual observation at the
spectrograph focal plane gave dramatic proof that
these sharp satellites shifted in energy with the
laser line. However, they could be detected
readily only over a narrow energy range while the
dye laser line remained substantially within the
linewidth of the relatively broad excitation band.
For example, the sharp replica I2;* (Fig. 8,
lower) was observed only while the laser energy
was translated by -0.4, meV across PI.E com-
ponent I,, ~ shown in Fig. 9(a). These PL satel-
lite components retained essentially the same
half-width as the laser line itself, -0.09 meV.
Besides affording dramatic proof that these PLE
features are intimately associated with neutral
donors, these observations also show that the
majority of their large linewidths arise from in-
homogeneous broadening, whose effect can be
removed by the spatial (donor) site selectively
afforded by selective optical excitation. Similar
dramatic line narrowing in SPI has been observed
for the principal DBE components when these
are broadened by comparable amounts in doped
crystals of ZnTe. " Visual observation also
showed that excited DBE states belonging to
different species contribute to the zero-field line-
width of these excited DBE states. Thus, an
increase of excitation energy of only 0.31 meV
from a value close to the zero-field peak energy
of P~, caused a substantial shift from a lumines-
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cence spectrum dominated by resonant Cl donor
satellites to one dominated by satellites of the In
donor, measured relative to the contributions
from nonresonantly excited satellite spectral
components (Fig. 8, bottom).

Under near-optimum resonant excitation in the

I~ ~ PLE feature, the I2~,"* satellite falls very
close in energy to the IP line (compare upper
and lower PL spectra in Fig. 8). This is the
reason for the appearance of the very sharp
components I2",* and I2~* xn the PLE spectrum of
IP luminescence [Fig. 9(b)]. These components
have nothing to do with the Icsi. transition. How-

ever, there is a meak component near 2.8155 eV
which may represent an excited state of an exciton
bound to an ionized donor associated mith the
n=2 FE. Similarly the additional component be-
tween I~2 and I,*, ~ labeled I * in Fig. 2, enhanced
for detection of I„"o luminescence, may be attri-
buted to such a BE excited state for the center
responsible for I'. lt is not possible to decide
mhether a further special excited BE component
associated with I DEEP may oeeur in this region,
since it mould fall close to the strong phonon
replica I,nE P (Fig. 10).

The intensity ratio between I,'",* and I~*, about
20:1 according to the lower spectrum in Fig. 8,
is very much larger even than the tmo-electron
satellites of the principal DBE lines, about 4:1
for theIn donor and only -1.2:1 for the Cl donor.
These intensity ratios provide information about
the character of the excited DBE states. For
example, tmo-electron satellites of the excited
DBE states such as I» exhibit a very small value
of this ratio, -0.03, similar to the values for
analogous transitions in ZnTe. ' This has been
shown to confirm earlier theoretical suggestions'
that the main excited DBE states in this region
involve hole excitations to p-like orbital states,
assuming that strong electron-hale correlation
exists for these very weakly bound excitons. An-
alogous arguments suggest that the character of
the I~, ~ DBE excited states is quite different.
These states involve qualitatively different types
of internal excitations mithin the DBE complex.
Excited states such as I, are associated mith
excitations of the electron-hole pair as an entity
within the field of the neutral donor. The lowest-
lying available excited states involve p-like wave
functions of the bound hole, as already discussed.
The I2, ~ states involve exextatxons mth&n the
bound electron-hole pair, in which the electron
is placed in an orbital state relative to the hole
similar to the n =2 state of the FE. Transitions
to the 2s»2 state of the FE shouM predominate in
one-photon absorption processes. Let the DBE
wave function +~K be approximated by the product

form

where Pn(x) is the electron wave function of the
1s donor ground state, grE(r —R) is the wave
function of the FE ns state centered on position
R, approximately the position of the bound hole
since m*, jm„*«1, and 4 (R) represents the en-
velope state of the quasi-FE orbiting about the
neutral donor.

Since both t/mrs and Pn involve s states, then
strong transitions to p-like DBE states mill occur
only if 4(R) is p-like. We therefore conclude
that I,*, ~ has s-like envelope character. Resonant
excitation into I2O near 2.814, ev shows I~p* to
be dominant (Fig. 8), so we conclude that this
excited DBE state has a dominant p-like envelope.
Unfortunately, two-electron satellites involving
the In donor fall within the ABE components I,'

under resonant excitation within I„, and it is
difficult to establish a value for the ratio IJ,"*/I,'~*

in this SPL.
The apparent splitting of I~ ~ in a magnetic field

L Fig. 9(a)] may arise from a separation of the in-
itially degenerate BE excited states involving dif-
ferent donors and also possibly, different excited
states of the FE. For example, a 3s excited
quasi-FE state bound with ap-like envelope func-
tion 4(R) could fall near I2, , 2. 5 meV above
I,*„ the component associated with a 2p-like state
of 4(R). Calculations by Baldereschi and Lipari"
suggest that the 4 2p-like and single 2s-like FE
excited states aO lie within a range of binding
energy from 4.9 to 6.2 meV for ZnSe. Thus,
there is ample scope for contributions I& ~7

from a variety of n =2 quasi-FE states, with
energy transfer from s to p states by absorption
processes involving the emission of appropriate
low-energy acoustic phonons.

Finally, we note that the small value of the
intensity ratio I,'",*jI,'~~ -0.1 observed in the
PLE spectrum of Fig. 9(b) does not conf l.ict with
the evidence in Fig. 8 that this ratio is large;
-20:1. The point is that the overlap of the exci-
tation energy with the portion of the broad I~, „
excited-state absorption band relevent for In
donors, on the high-energy side according to the
above discussion, is much better for the 1s —2p
excitation energy of the In donor, measured rela-
tive to the 2. 7960 eV detected energy than it is
for the 1s -2s excitation energy. The strength
of the I2&* PLE feature decreased rapjdly math

increasing magnetic field fFig. 9(b)]. Much of
this decrease is due to the large orbital splitting
of the 2p state. Gnly two-electron transitions



to the 2po magnetic subcomponent can produce
luminescence detectable in this experiment be-
cause of the precise match required for the
sum of the detected energy and the satellite dis-
placement energy with the excited QBE absorption
band. The residua1. intensity decrease above
B-3T is presumab1y due to decreasing overlap
arising from the diff erential diamagnetic shif t
between the 2p, excited-state donor energy and the
I',"*~ PI E band.
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