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Phonon scattering at impurity pairs in ZnSe
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We have investigated in detail the phonon lines in the luminescence excitation spectra of donor-acceptor pairs in

ZnSe as a function of crystal temperature and surface orientation. At low temperatures T & 50 K, the phonons are

emitted during the donor-acceptor pair excitation or recombination process. Besides the carrier-phonon interaction

of the Frohlich type, a second interaction correlated with close donor-acceptor pairs is clearly observed. The phonon

lines indicate further that the acceptor ground state is split due to interimpurity interactions. In the temperature

range from 50 to 80 K, no phonon lines are detected. The lines reappear at temperatures T & 80 K. Selection rules

for first-order Raman scattering at different surfaces are observed. At T & 100 K, the LO-phonon line grows relative

to the TO due to resonant Raman scattering.

I. INTRODUCTION

In recent years, much work has been done on
the luminescence excitation spectroscopy of donor-
acceptor pairs in semiconductors. In these ex-
periments, the crystals are irradiated with light
from a tunable dye laser, and the radiative re-
combination of donor-acceptor pairs with a fixed
pair separation R» (giving a, photon of energy
Iu&, ) is measured as a function of excitation energy
A~~. Peaks are observed in the spectra when the
excitation energy is equal to @co, plus an electronic
transition at the donor or the acceptor, assuming
that the detector energy is chosen to fulfill some
conditions concerning the recombination prob-
ability or the number of pairs with separation

1
RD

A second group of peaks in the excitation spec-
tra occurs at energy separations to the exciting
laser line equal to an optical phonon. These
peaks show a pronounced dependence on the detec-
tor energy at low temperatures. In particular,
small deviations of the I 0-phonon energy from
the LO energy of the unperturbed lattice have been
observed.

The aim of this paper is to investigate the one-
phonon region in the excitation spectra of donor-
acceptor pairs, and to find the physical processes
for the generation of the phonon lines. For this
purpose, excitation spectra have been taken on
ZnSe samples between helium and room temper-
ature, and for various surface orientations.

The paper is organized as follows: Sec. II
contains a description of the experimental setup.
In Sec. III, the experimental results will be pre-
sented. Section IV contains the discussion of the
temperature ranges 1.6 K (Sec. IV A), 5 to 80 K
(Sec. IVB), and for temperatures above 80 K

(Sec. IVC). In Sec. V, the results are sum-
marized.

II. EXPERIMENTAL

The ZnSe samples used in our experiment were
undoped single crystals, some of which were cov-
ered by an epitaxial layer. A part of the crystals
with (110), (100), and (111) surface orientations
were prepared from one bulk crystal to assure
the same impurity concentrations in all these
samples. The (110) and (100) surfaces were
cleaved planes, whereas the (111)surface was
cut and mechanically polished.

The luminescence excitation spectra were taken
in the back scattering configuration. The crystals
were placed in an immersion cryostat for ex-
periments at 1.6 K, or in a temperature-variable
cryostat for temperatures from 5 to 300 K. The
crystals were irradiated with light from a tunable
Stilbene-3 dye laser. The linearly polarized com-
ponents of the luminescence light were examined.
The photons were analyzed in a 0.75-m double-
grating spectrometer and detected by a cooled
photomultiplier.

III. RESULTS

The experimental results presented in this paper
are obtained from the pair band of the I i acceptor
in ZnSe with a pair-band maximum at about 2.69 eV
at low temperatures. Luminescence excitation
spectra are taken with the detector at different
energies between 8~, =2.72 eV (corresponding to
a donor-acceptor separation ft» of 36 A), and

ken, =2.68 eV, corresponding to infinite pair sep-
aration.

Figure 1 shows the one-phonon part of the ex-
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FIG. 1. Excitation spectra of ZnSe at a detector en-
ergy of ~w& = 2.706 eV for three temperatures 5, 100,
and 200 K, and for the (100), g.10), and {111)surface
orientations. Shown is the energy region of the one-
phonon lines. The energy positions of the lattice TO
and LO are indicated. Exciting photons and lumines-
cence photons are polarized parallel to each other.

citation spectra obtained at he, = 2.706 eV for
different temperatures and different surface or-
ientations. The spectra at 5 K show three peaks,
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FIG. 3. Excitation spectra of a (110) surface at 1.6 K
for different detector energies ~&& . a corresponds to
the 1$-2$ transition line of the donor, probably Cl. b is
the TO phonon. c is a phonon bound to impurities, see
Sec. IV A. d and e are LO phonons with a donor-ac-
ceptor pair as intermediate state, as discussed in Sec.
IV A. Exciting photons and luminescence photons are
polarized perpendicular to each other. The spectra
are normalized to the same spectral height.

ZnSe (110)

I I I I I

0 20 40 60 80 100 120

%van-Aug (meV)

FIG. 2. Excitation spectra in the temperature region
from 5 to 100 K. Exciting photons and luminescence
photons are polarized paraQel to each other. The spec-
tra are normalized to the same spectral height.

two of which coincide in energy with the TO and the
LO lattice phonon. A third peak occurs at a sep-
aration of 27.4 meV to the exciting laser line.
The spectra at 5 K show no dependence on the or-
ientation of the crystal surface relative to the
electric vector of the luminescence light.

At 100 K, the phonon lines have narrowed rela-
tive to the spectra at 5 K. Only the TO and LO
phonon are observed. A pronounced dependence
of the intensities of the phonon lines on the sur-
face orientation is found. At 200 K, only the I 0
line is observed in the spectra for all three sur-
face orientations.

The transition from the broad lines at 5 K to the
narrow lines at 100 K is shown in more detail in
Fig. 2. Here the complete spectra are recorded
for different temperatures between 5 and 100 K.
Besides the phonon lines, a variety of additional
information is gained from the excitation spectra.
In all spectra, a pronounced minimum at the free-
exciton (FE) position is found. Further minima
indicate bound-exciton recombination, an effective
competing recombination mechanism to the donor™
acceptor pair luminescence. At low tempera-
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tures, the 1S-2P3~2 and the 1S-2S transitions of
the I i acceptor appear as sharp peaks in the ex-
citation spectra. The structures in the spectra
of Fig. 2 are fully discussed in Ref. 1. Figure 2

shows that there is a temperature region between
approximately 50 and 80 K where no phonon lines
can be detected.

In Fig. 3, the dependence of the phonon lines
on the detector energy position is examined. The
spectra are recorded at 1.6 K on a (110) surface.
At 19.3 meV, the donor 1S-2S transition is found

[line (a)].' The TO [line (b)] and the 27.4-meV
line [line (c)] intensities decrease with increasing
pair separation. Both lines disappear when the
detector energy corresponds to the maximum of
the donar-acceptor pair band.

The LO line [line (d)] is present in all spectra.
One observes a narrowing of the line with de-
creasing h~„i.e. , with increasing pair separa-
tion. In addition, a second line [line (e)] with an

energy slightly higher than the I 0 energy is found

in the spectra. This line appears as a small peak
in the spectrum with h~, =2.706 eV, separated
from line (d) by 1.3 meV. It grows with decreas-
ing detector energy. %'hile growing, the separa-
tion between this line and the LO line (d) de-
creases. At Sco, =2.685 eV, the separation be-
tween (d) and (e) has reduced to 0.25 meV. No

TO phonon is observed at this detector energy.
For smaller detector energies h&u, &2.685 eV, (d)
and (e) are no longer resolved as separate peaks.

The experimentally determined optical-phonon
energies from the high-temperature spectra (90
~ T - 250 K) are ETo = (26.0 + 0.5) me V, E«
=- (31.t + 0.5) meV, and E2 « ——(63.5 + 0.5) meV.
Above 150 K, a slight decrease of the 2 LO energy
is observed, giving E, Lo=(63.3+0.5) meV at
(200 - 2" ~250 K). This decrease of phonon fre-
quencies with increasing temperature is well
known to be due to anharmonic forces in the cry-
stal lattice. ' It should be noted that the phonon
lines in the low-temperature spectra coincide
precisely with the high-temperature energies
within a relative experimental error of ~0.2 meV.

IV. DISCUSSION

A. 1.6K

Two types of contributions to the generation of
the phonon lines have to be considered: first-
order Raman scattering without impurity scat-
tering, and generation of phonons during process-
es where impurities are involved.

A consequence of Fig. 1 is that first-order
Raman scattering via deformation potential or
Frohlich interaction without participation of
irnPmities does not play an important role for the

generation of the one-phonon lines in the low-
temperature excitation spectra. Deformation po-
tential scattering would show a clear orientation
dependence of the I 0 and TO intensities. Scat-
tering via Frohlich interaction would generate
only the LO phonon but not the TO, and further
the scattering cross section is zero when the
polarizations of the exciting and the scattered
photon are perpendicular to each other. Such a
dependence on the direction of polarization was
not found.

In the following we will show that all the low-
temperature spectra can be understood when a
donor-acceptor pair is taken as an intermediate
state for the light scattering. The whole process
is described as follows: An incoming photon @co~

is absorbed in the crystal by creation of a virtual
electron-hole pair, the electron of which is
trapped by an ionized donor, and the hole is
trapped by an ionized acceptor. This first pro-
cess describes the neutralization of a donor-ac-
ceptor pair, called for short "pair neutralization"
in this paper. The four-particle system neutral-
donor-neutral-acceptor acts as an intermediate
state of lifetime T(R») where the electron and the
hole are in discrete, i.e. , bound states of the
donor and the acceptor. The recombination of
the electron and the hole after the pair lifetime 7

generates a luminescence photon S~, . This last
process is called "pair recombination" for short.

In bound states, the carriers can only transfer
energy to a phonon if the energy level separations
of the electron or hole states coincide accidentally
with an optical-phonon energy, or if a transfer
process of the excitation to another donor-accep-
tor pair is possible. The energy transfer from
one donor-acceptor pair to a second pair depends
on the density of neutral pairs and on the pair
lifetime. It has been shown in an earlier publica-
tion that the energy transfer is small for pairs
with separations corresponding to the high-energy
side of the donor-acceptor pair band, and for the
low excitation intensities used in our exper-
iments. '

The condition of a lower-lying electronic state
is usually not fulfilled, except in the case where-
in the binding energy of the donor or the acceptor
is smaller or equal to an optical phonon, as for
the donors in ZnSe with Eo=26 meV (Ref. 5) h&uTo

= 26.0 meV, and Bur« ——31.7 meV. In this case,
a free electron-bound hole pair can be created
when the excitation energy is Sco~ ~E —E„,where
E, is the band-gap energy and E„is the acceptor
binding energy. The electron can transfer to the
ground state of the donor by emitting an optical
phonon, and eventually in addition some acousti-
cal phonons to account for the Coulomb energy
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between donor and acceptor. Such a process
yields a broad band in the excitation spectra since
all pair separations are possible. ' It does not
contribute to the phonon /ines which are studied
in this pRper.

CRx'l'1er-phonon scRttex'1ng lnvolvlQg impurity
pairs is possible during the processes of pair
neutralization (process A), and pair recombina-
tion (process B). Both processes ran be clearly
distinguished. Assume an excitation spectrum is
recorded for a detector energy Au, . The energy
available for the neutralization of a donor-accep-
tor pair is reduced by the phonon energy if the
phonon emission takes place during the neutral-
ization process, giving a pair with a separation
8». However, the whole energy of the exciting
photon is available for the neutralization of a
donor-acceptor pair if the phonon generation oc-
curs during the recombination process. Thus a
pair with a smaller RD„&R»results. The TO
or LO energy are usually of the same magnitude
as the Coulomb term for pairs on the high-energy
side of the pair band. Thus the difference between
B~„and8» ls slgnlf leant. Fox lllustratlon, as-
suxne R detectol eQex'gy 5(0 = 2.706 eV as ln the
experiment of Fig. 3. An LO-phonon line can be
observed when the excitation energy is 8(d~=kco,
+A~«-—2.73V eV. This energy allows the neu-
tralization of donor-acceptor pairs with a sep™
aration of R~„=27A when the phonon is emitted
at the donor-acceptor pair recombination, and

B» —-62 A when the phonon is emitted at pair
neutralization. In our model, process A always
represents donor-acceptor pairs with larger pair
separations than the pairs from process B. We
will assume that the interaction between carriers
and phonons is of the Frohlich type, as descxibed
in Refs. 8 and 9 (see also references cited there-
in). Thus only LO scattering occurs.

The 1elRtlve contrlbutlons of processes A Rnd B
to the phonon scattexing can be estimated as fol-
lows. We assume equilibrium conditions, and a
homogeneous distribution of photons of energy
Am& in the crystal volume which is irradiated by

the laser beam. The density of donor-acceptor
pairs which are neutralized during process A. is
proportional to n&W(R»)¹(R»), and

~W(R~„)¹(R~„)for process B. Here 8 is the
phonon coupling constant which is assumed to
describe equally the processes of phonon scatter-
ing during photon absorption and photon emission.
W(R») is the transition probability for neutral-
lzRtlon of R donox'-Rcceptox' pai1 of sepRx'Rt1on RD~,
¹(R») is the density of ionized donor-acceptor
pairs with separation R» present in the crystal
volume. e is the probability of finding a photon
next to one such donor-acceptor pair. n thus de-

pends on the incident flux of photons. We have
0&n ~1. 8 can be estimated from the relative
intensities of the LO replicas of the donor-accep-
tor pair band. ' In a detailed calculation, S also
depends on ADA.

8 For the Ll pair band in Z&e,
we find 8=0.6.

The recombination of the neutralized pairs oc-
curs without participation of phonons, or with the
emission of one or more phonons. Neglecting
terms with two or more phonons, we get for pro-
cess A the balance for pair neutralization and pair
recombination

nSW{R,„)¹(R,„)= W(R,„)N'{R,„)
+ SW{R,„)N'(R,„),

and for process B

nW(R,'„)N+(R,'„)= W(R,'„)N'(R,'„)
+SW(R'„)N(R'„). (2)

Here N (R») is the concentration of neutral pairs
with separation A».

The intensity I& of process A is expressed by
the term W{R»)N (R»), and for Is of process B
we have SW(RD„)N (R»). Using the total density
of impurity pairs N(RD„)=¹(R») +N (R»),
we get for the ratio I„/Is

W(RD~)N(RD~)
I, W(R,' )N(R,'„)=y

yg+ $+ $
~8+ j. +8 '

With 8=0.6 and 0 &g «1 me get a value 1 & y ~ 1.2.
Thus the relative contributions of processes A
and 8 to the phonon scattering is given by the
ratio of the transition probabilities, and the ratio
of the densities of donor-acceptor pairs with sep-
aration &» and BD&, respectively, multiplied by
a factor y which enhances slightly the contribu-
tion of process A over the contribution of B.

Both processes A Rnd B yield sharp LO lines
and thus should be indistinguishable. There is,
however, an effect that has to be considered: it
has been found in GaP (Ref. 10) and in CdTe
(Ref. 11) that the acceptor ground state is split
by an energy n(R») into two levels due to inter-
impurity interactions for close donor-acceptor
pairs. The splitting &(R») depends on the pair
separation and decreases with increasing &&~.

We mill discuss here the influence of the ac-
ceptor state splitting on the process B. The dis-
cussion of px'ocess A is similar.

In our model, the holes are trapped into one of
tbe two states during the pair neutralization pro-
cess. Since both states are initially empty, the
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relative occupation depends on the cross section
for trapping an electron to the donor ground state
plus a hole to the upper acceptor state, relative
to an electron in the donor state plus a hole in the
lower acceptor state. Before the recombination
process, which is characterized by a very long
pair lifetime 7(RD„)with respect to times for elec-
tronic transitions at an impurity, the holes will
redistribute among the two acceptor ground-state
sublevels, . according to the thermal equilibrium.
The pair recombination after the pair lifetime
r(RD„)takes place between the electron at the don-
or and the holes in the acceptor sublevels. The
recombination from the higher-lying acceptor sub-
level can be neglected for splittings 6 ~ 0.3 meV
since at 1.6 K the upper level is occupied only by
& 0.1 of the holes. This value of 0.1 reduces rap-
idly to &0.001 at A= 1 meV.

Luminescence photons of energy Sv, are emit-
ted for two excitation energies he~ ' and Ace~ ',
representing two different processes. At S~~ '

=A~, +S~«, pairs with separations AD& are
neutralized with the holes in the lower-lying ac-
ceptor subl. evel. Accompanied by the emission
of a phonon, the neutral pairs recombine after the
lifetime ~ and emit a photon of energy Ace, . At
Fl(11' = SQ)) + A(opp + a(RD„),donor-acceptor pairs
of the same pair separation BL,„areneutralized
with the hole in the higher-lying acceptor sub-
level. At perfect thermalization, the holes relax
to the lower-lying sublevel, and the pair re-
combination accompanied by a phonon emission
yields also a photon of energy S~, .

Coming back to the phonon scattering processes
A and B, we expect to find an LO phonon in our
excitation spectra with the energy of the lattice
phonon, i.e. , at an excitation energy S~~=A~,
+See» due to scattering at distance pairs
(process A) where h(RD„) is negligibly small.
From close pairs (process B), we expect an LO-
phonon line at S~~=S~, + S~~o when the lower-
lying acceptor ground state sublevel was involved
in the pair neutralization process, or an LO-
phonon line at 5+~ = 8+, + h&u„o+&(RD„)when the
higher-lying acceptor ground-state sublevel was
involved.

The experimental results are shown in Fig. 3.
One observes the two LO-phonon lines [(d) and

(e)] with a splitting that decreases with increasing
pair separation. Further, the change in the rel-
ative intensities between lines (d) and (e) is clear-
ly seen.

Both processes A and B are necessary for the
description of the experimental results. At large
detector energies S~„the contributions of pro-
cess B to the phonon lines is small due to the
small density of impurity pairs with small pair

separations [see Eq. (2)]. For close pairs, we
have large &(R»), i.e. , complete thermalization
of the holes into the lower-lying acceptor sub-
level. As a consequence, the relative contribu-
tions from process B to the lines (d) and (e) are
constant and express the relative strengths of the
involved transition matrix elements between the
donor ground state and the two acceptor substates.
In Fig. 3, however, the intensity ratio between
(d) and (e) changes even for large 4. Line (d)
at large Sv, is thus mainly due to process A.

For small detector energies, process A is neg-
ligible due to the vanishing density of pairs with
very large RD„. The lines (d) and (e) at small
S~, thus describe the contributions from process
B.

For very close pairs, the crystal is locally
perturbed by the impurity pair. The interaction
of carriers with optical phonons at close donor-
acceptor pairs is influenced by the polarization
of the crystal due to the impurity pair. First-
order Raman scattering of free carriers in such a
system with reduced symmetry, however, does
not lead to efficient phonon lines since the scat-
tering volume is very small. The scattering
volume can be approximated by two spheres with
radii equal to the Bohr radii of the donor electron
r, and the acceptor hole r„,separated by A»,
and multiplied by the number of donor-acceptor
pairs in the crystal volume which is seen by the light
beam. In ZnSe, we have r, =30 A, r„=12A for the
Li acceptor, and a concentration of impurities
C, s 10 ' cm '. Assuming that g/l of the form neu-
tral donor-acceptor pairs with separation A»,
we obtain an upper limit for the scattering volume
of (4v/3)(r, + r„')C;4l= 0.01 4/ with 0 the beam
diameter and l the light penetration depth. The
Raman intensity at the impurity pairs will thus
be &1% of the scattering intensity of the crystal
volume and thus can be neglected.

We will now consider a close donor-acceptor
pair as an intermediate state for the phonon scat-
tering process. The Raman scattering tensor can
be separated into two terms Sg;&/SQ and (Bg;~/
Sa)e where g, ~ is the polarizability tensor, Q are
the vibrational coordinates, and & is the electric
field generated by dipolar vibrations. ' The
term (eg, ~/Be)c represents electro-optical scat-
tering. e consists of local and macroscopic
fields, e.g. , in ionic or uniaxial crystals. In our
system of a close donor-acceptor pair, z is in-
fluenced by the electric field of the impurity pair.
It has been found that strong contributions to the
scattering of both longitudinal and transverse
phonons can result from electro-optical scatter-

6, 14ing. ' We believe that this type of interaction
generates the TO line in the excitation spectra,
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plus an LO line which superimposes with the LO
from Frohlich scattering. The broadness of the
lines is caused by "many"-particle interactions
within the donor-acceptor complex.

The electro-optical scattering will come mainly
from process A, since for process 8 the number
of pairs with a very small 8» is also very small.
Electro-optical scattering is not seen for large
8» due to the decreasing strength of the Coulomb
field between donor and acceptor with increasing
pair separation. Thus no splitting of the TO line
due to an acceptor ground-state splitting results.
The above argument of a small scattering volume
near the impurities is not valid for a process with
an intermediate state at a donor-acceptor pair.
In this case, all phonon scattering occurs in the
vicinity of the donor-acceptor pair since the elec-
tron-hole paix is unstable.

In ZnTe and CdTe, additional lines in the vicin-
ity of the optical phonons but different in energy
from the lattice LO and TO have been observed in
the excitation spectra of donor-acceptor
pairs. ' ' In ZnSe, such a phonon line occurs
at 27.4 meV, (see Fig. 1). It has a constant en-
ergy position when R» is varied, and it increases
in intensity with decreasing A».

It has been found that an exciton can interact
with a phonon to form an exciton-phonon bound
state. Similar considerations lead to a photon
bound to a donor-acceptor pair, or bound to a
single impurity atoxQ. Theox'y sin%'s that gggfs

impurity can trap an LO phonon due to dielectric
effects. ' I 0 phonons bound to neutral donors in
Gap (Ref. 16) and to acceptors in ZnTe (Ref. 2)
were found with energies below the lattice LO
energy. From the close relationship between
ZnTe and ZnSe we conclude that the 27.4-meV
line observed in our spectra is an LO-phonon
bound to a neutxal donor-acceptor pair. The pho-
non line intensity decreases with increasing temp-
erature analogous to the decrease of the pair-
band luminescence. The line is only observed for
close pairs.

B. 5t080K

The free-to-bound transition (eA. ') band of the
Li acceptor in ZnSe appears at approximately
20 K in our luminescence spectra. It is not ob-
served at lower temperatures due to the high
donor concentration in our samples. At 40 K, the
bound-to-bound and the free-to-bound band have
equal intensities. Thus for temperatures ~50 K,
the spectra in Fig 2 at SQ)y —2 706 eV represent
excitation spectra of free-to-bound transitions.

No phonon lines are found in the excitation spec-
tra between 50 and 70 K. Two effects are mainly

responsible for the lack oi the phonon lines: (1)
the phonon scattering process involving donor-
acceptor pairs is completely masked by the free-
to-bound transition. The (eA ) transition gives a
luminescence signal much larger than the pair-
band luminescence at the detector energy of
2.706 eV; (2) at a high temperature of &50 K,
many acoustical phonons are thermally excited in
the crystal. Thus the phonon scattering of the
electron in the conduction band involves optical
as well as acoustical phonons. The time available
for the phonon scattering process is of the order
of nanoseconds, i.e. , the time constant of a free-
to-bound transition. Thus the electrons thermal-
ize and give a strong (eA ) signal with a broad dis-
tribution in energy.

The excitation spectra at temperatures T &80 K
show sharp and relatively intense phonon lines
[see Figs. 1 (d)-(i)]. These phonon lines come
from first-order Raman scattex'ing of lattice TO
and LO phonons. The orientation dependence is
clearly seen in Fig. 1(d)-1(f) taken at 100 K. It
represents the usual selection rules for scatter-
ing via deformation potential plus a small con-
tribution from Fr5hlich scattering. The Frohlich
scattering is seen at the (110)-oriented sample at
100 K [Fig. 1(e)] where a small peak of the 1.0
phonon appears. It i.s also seen when the detector
polarization is changed. The luminescence back-
ground in the high-temperature spectra is much
reduced with respect to the lower-temperature
spectra due to the absence of efficient impurity
xelated luminescence at high temperatures. The
experimental counting rate at the LO energy po-
sition in the excitation spectrum of e. g. , the
(111)-oriented sample is 10500 counts/sec
at 5 K, and 1900 counts/sec at 100 K. Thus the
first-order Raman lines cannot be observed in
our samples at low temperatures, but they appear
at high temperatures due to the reduction of the
impurity related luminescence background.

Only the LO line is found in the excitation spec-
tra at 200 K (see Fig. 1). This effect is due to
the decrease of the ZnSe band gap with incxeas-
ing tempex'ature, and thus a shift of Sm, +S(d»„„
towards the band gap. The two major conse-
quences are an enhancement of the absorption co™
efficient, and the occurence of resonant Raman
scattering. The absorption coefficient in ZnSe
increases over more than three orders of rpagni-
tude at the band-gap energy. ~ The strong absorp-
tion reduces the penetration depth of the light in
the crystal, and thus the scattering volume for
phonon scattering. Therefore, the Obserped
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Raman intensity decreases in our spectra with in-
creasing crystal temperature. The effect of a
variation of the absorption coefficient can be ap-
proximated by the expression

ZnSe (110)
T=170 K

%~&= 2.689 eV

Icc ' fl —expI-(a, + o.,)1.]j,
4 S

where Ip is the Raman intensity, I is the observed
Raman intensity, L is the crystal thickness, and

n; and n, are the absorption coefficients of the
incoming and the scattered light. T~ing L
=1 mm sample thickness in our experiment and
the absorption coefficients from Ref. 19, we ob-
tain a reduction of the observed Raman signal by
a factor of 100 between 100 K and approximately
160 K.

Resonant Raman scattering results in an approx-
imately equal enhancement of the permitted LO
and TO scattering cross section. " In addition,
a very strong resonant enhancement over more
than 3 orders of magnitude of the "forbidden" Froh-
lich-induced I 0 scattering has been reported.
For allowed Raman scattering, the resonance in
the scattering cross section can be described as
being proportional to (&u —&up) where ufo is the
resonance frequency. For Frohlich-induced I 0
scattering, the Raman cross section has compon-
ents which are proportional to (&u —&uo)

The resonance behavior is illustrated in Fig.
4 where a strong enhancement of the I.O line with
respect to the TO line is observed with increas-
ing @co).

V. SUMMARY

We have investigated in this paper the processes
which lead to the phonon lines in the excitation
spectra of ZnSe. At low temperatures, two effects
are found: carrier-phonon interaction with the
donor-acceptor pair as an intermediate state
yields sharp LG lines. The LG lines are split
due to an acceptor ground state splitting as a con-
sequence of interimpurity interactions. For very
close pairs, electro-optical scattering of TO and
LO phonons occurs at the axial Coulomb field
between donor and acceptor.

In the temperature region from 50 to 80 K, no

TO LO 2LO

phonon lines are found in the spectra. At these
temperatures, the free-to-bound transition dom-
inates over the donor-acceptor pair recombina-
tion. Scattering of acoustical phonons distributes
the exciting photon energy over a large energy
range.

At higher temperatures & SO K, the first-order
Raman lines emerge from the decreasing lum-
inescence background. A clear dependence of
the line intensities on the crystal orientation cor-
responding to the Raman selection rules is found.
At temperatures &150 K, the effect of resonant
Raman scattering becomes important. The ex-
citation energy for a phonon h(d, + S~,„„„moves
towards the ZnSe band-gap energy. Only the LO
line is observed at 200 K at all surface orienta-
tions.
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FIG. 4. Excitation spectra of a (110) surface at 170 K
for different detector energies ~&& . The position of the
TO, LO, 2 LO, and the free exciton FE are indicated.
The curves are normalized to the same spectral height.
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