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We have observed fluorescence line narrowing in the LO-phonon-assisted intrinsic
exciton emission of CdS,Se;_;, selectively excited over a range of energies below a critical
energy E.n, on the low-energy side of the exciton absorption line. The sharp emission
lines disappear rather abruptly as the exciting energy increases through E., or as the
temperature is raised above 10 K. We argue that this sharp line emission arises from
excitons localized, on the time scale of the radiative lifetime (about 1 nsec), by alloy
fluctuations. Its abrupt disappearance may be evidence for an effective mobility edge. A
sideband on each of the sharp LO-phonon-assisted emission lines is also observed. The
shape of this sideband can be accounted for by a model of spectral diffusion by acoustic-
phonon-assisted tunneling between localized states.

I. INTRODUCTION

Energy transfer between localized states is a sub-
ject of considerable current interest, both theoreti-
cally"? and experimentally.>* Most of the work
has been done on open-shell impurities in insulat-
ing crystals and glasses,”> or on mixed organic
molecular crystals.* The less-studied case of exci-
ton migration in semiconductors’ is, however, of
great interest, primarily because of the large diam-
eter (up to 100 A) of the exciton. This has two
consequences: Exciton migration, if it occurs at all,
must involve transport over relatively large dis-
tances, and the exciton-phonon interaction is con-
fined to phonons of long wavelength. Excitons in
mixed semiconductors show particular promise in
this field since random fluctuations in the compo-
sition produce concomitant fluctuations in the
band gap. The exciton states are thus inhomogene-
ously broadened by an amount which in many
cases is larger than the energy of the long-
wavelength acoustic phonons which can couple to
the exciton, and which are involved in spectral dif-
fusion. Contrary to the case of amorphous sem-
iconductors, however, the fluctuations are not so
large as to destroy the excitons completely, or even
to localize them at the band center.

CdS, Se,_, and Cd,Zn;_,Te, which are direct-
gap semiconductors for all x, show a strong ab-
sorption line due to the formation of free excitons
at k=0. For x40 or 1, this line has an inhomo-
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geneous width of about 10 meV®’ compared with
perhaps 0.2 meV in a good crystal of CdS or CdSe.
Similar results are obtained for GaAs;_,P, (Ref.
8) and Ga;_,Al,As (Ref. 9) for x <x,, where x, is
the T'-X crossover composition. Photolumines-
cence from exciton states is observed in all these
mixed semiconductors when nominally pure; the
emission peak obtained with nonresonant excitation
is just below the free-exciton absorption peak and
has a low-energy tail 10—50 meV wide. Some of
the low-energy emission is associated with impu-
rity-bound excitons, which are spectroscopically in-
distinguishable from intrinsic excitons bound by al-
loy fluctuations in this energy region.

In the following section we outline a model of
exciton states in a random potential and show
qualitatively how the Mott-Anderson picture!® of
localization below a mobility edge applies to it.

We calculate the spectral diffusion due to one-
phonon-assisted tunneling between localized states,
considering both the piezoelectric and
deformation-potential coupling mechanisms.

In Sec. III we describe our experimental pro-
cedure and results. We show that fluorescence line
narrowing (i.e., the spectral sharpening of an emis-
sion line under selective excitation) occurs for exci-
tons in CdS, Se;_, with x=0.29, 0.53, and 0.9,
below about 10 K. The narrowing is observed in
the two LO-phonon sidebands of the exciton emis-
sion, which are sharp if the no-phonon line is
sharp. Thus, the problem of detecting resonant
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no-phonon fluorescence in the presence of scattered
laser light is avoided. The narrowing occurs even
for exciton energies where the absorption is so high
(~10° cm™!) that the excitons must be intrinsic,
not impurity bound. To our knowledge this is the
first system in which such narrowing of an intrin-

- sic exciton has been observed. We show that this
observation probably implies that the excitons are
localized on the timescale of the radiative lifetime
(~1 nsec).

We also report the observation of spectral diffu-
sion which is strongly dependent on energy shift,
and show that it can be accounted for quantitative-
ly by the theory of Sec. II. Piezoelectric coupling
is, as expected,!! predominant, except at high x
where there appears to be an anomalously large de-
formation potential contribution. A possible ex-
planation of this anomaly is suggested.

A preliminary report of this work has already
been given.!? Independent work, over a small
range of x on the same system, has been reported
by Permogorov et al.!* Their experimental results
are essentially in agreement with ours; furthermore,
they report induced polarization data which sup-
port our interpretation of the spectral diffusion.

II. THEORY
A. Exciton states in a mixed semiconductor

In CdS,Se;_, the exciton states are associated
with the direct gap at the Brillouin-zone center.
In the virtual-crystal approximation, the internal
energy-level structure is given by the effective-mass
approximation, with electron and hole masses
which can be interpolated between those of CdS
and CdSe. The exciton binding energy is thus ex-
pected to vary from 29 to 16 meV and the exciton
Bohr radius ap from 25 to 45 A.'*15 We will be
mainly concerned with the lowest 1S state, cor-
responding to the “4” (o polarized) exciton. In
mixed crystals, composition fluctuations Ax cause
smearing of the band-edge absorption and fluores-
cence spectra. This phenomenon has been reported
for many semiconductors. Its origin is thought to
be fluctuations in the band gap due to the random
fluctuations in composition, averaged over the
volume occupied by the exciton.®!6

In this work we do not offer any direct evidence
on the problem of the density of states in a ran-
dom potential; rather, our interpretation assumes
that this is a qualitatively correct description of
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FIG. 1. (a) Schematic representation of V(F). E is
the energy of an exciton state bound by a potential fluc-
tuation; the corresponding wave function is indicated by
the dashed line. (b) The density of states g(€) (schemat-
ic) in the potential V(7). E., is the effective mobility
edge (see text). (c) Resonant transfer at energy E,, fol-
lowed by phonon emission to a localized state of energy
E, and subsequent radiation. (d) The expected emission
spectrum for excitation above the mobility edge. (e)
Nonresonant transfer between localized states involving
phonon-assisted tunneling. (f) The expected emission
spectrum for excitation below the mobility edge.

the exciton states with which we are dealing. For
specificity, we outline a density-of-states model
based on the calculations of Halperin and Lax,!’
and show that it leads naturally to the Mott-
Anderson concept of an energy called the “mobili-
ty edge,” which separates localized from delocal-
ized exciton states. The potential felt by an exci-
ton at the point T is written as

V(T)=V+4o(7), (1)

where ¥ is the average potential (i.e., the k =0 ex-
citon energy in the virtual-crystal approximation)
and

av

X

—»

v(T)= Ax(7) . (2)

Ax(7) is the composition fluctuation averaged over
a volume R*® (R >ap where ap is the exciton Bohr
radius), centered on r. This potential is schemati-
cally represented in Fig. 1(a). An exciton will be
bound in the potential well caused by the fluctua-
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tions if |v | >#/m,R? where m, is the exciton
mass. In Ref. 17 the Schrédinger equation for a
particle in such a well is solved, subject to the con-
dition that the fluctuation is the most probable one
satisfying the above condition for binding. The
calculations yield a density of states g(¢€) which in
the low-energy tail has the form

a(e)

€o

gle)=gy(e)exp R (3)

with a ~1 and gg ' ~€paj in range of interest. A
similar result is obtained by Lai and Klein,'? based
on the calculations of Sayakanit.!® This is illus-
trated in Fig. 1(b). Here e=V —E is the energy
measured downwards from the bottom of the exci-
ton band of the virtual crystal (i.e., that obtained
by neglecting potential fluctuations) which we take
to be the position of the observed absorption peak;
€o~myaj{v?)/4#*. This expression for €, is ob-
tained!’ if we take ap /2 to be a measure of the
correlation length of v(r), as seen by the exciton
(i.e., Q! in the notation of Ref. 17). That is, we
assume that

(o(PW(0)) ~(v2)e /% 4)
Following Goede et al.,® we take
2
dE
(W)~ | =% | x(1—x)Q/maj , (5

where ( is the atomic volume and E; the band
gap. Substituting the numbers for x ~% we find
€0~3 meV.

The average separation (R ) of the states in a
range AE about € is

(R)~[g(E)AE]1"1/3.

Resonant transfer from one site to another will be
possible if the transfer matrix element M satisfies
M > AE. For tunneling between isolated states,

M ~eexp[ —(2m,€)"/*(R) /#] . (6)

Transfer will be possible and the state delocalized
if a value of AE can be found which statisfies

In(e/AE) > #~'(2m,€)*[g(e)AE]~'/3 .

For sufficiently small g(e€), no such AE can be
found. Thus transfer is not possible for € > Bey,
where B is a numerical factor of order 1 which
depends on the details of the model. Thus, we
expect a Mott-Anderson “mobility edge” at €= e,
with localized states, amongst which transfer can

only occur by thermally activated hopping below it
and propagating bandlike states above it. (This is,
of course, a greatly simplified version of a very
sophisticated theory.)

The existence of a mobility edge in a disordered
system has never been satisfactorily established
experimentally. This may be because of the
complications introduced by “off-diagonal”
disorder (i.e., fluctuations in the transfer matrix
elements rather than in the potential?®) and by
Coulomb interaction between charged particles.’!
In the present case we are dealing with neutral
particles (excitons) whose interactions can be
neglected at low densities, and the latter difficulty
does not apply.

The Mott-Anderson picture of a well-defined
mobility edge assumes that the line broadening is
“microscopic,” i.e., that there is no correlation be-
tween band gap and position in space. This means
that at any particular site where the energy is E,,
the probability p(Ep) of another site of energy E,
being at position R depends only on the density of
states g(E;). Only in this case is Mott’s argu-
ment'? that localized and delocalized states cannot
coexist at the same energy valid. In a real solid
“macroscopic” broadening also occurs. In this
case p is a function of E, and R, as well as of E,
due to long-range variations in potential over and
above the random-alloy fluctuation. Such long-
range variation could arise from fluctuations in .
growth conditions or from strain. In this case,
states of the same energy may be localized in one
part of the crystal and delocalized in another, be-
ing unable to communicate with each other. Thus,
the mobility edge can be broadened. We will see
that macroscopic broadening may play an impor-
tant role in the tail of the exciton band under
study here.

Further complications must be considered before
experimental data can be interpreted. There is the
question of timescale. The Mott-Anderson picture
assumes infinite time (i.e., it considers the dc con-
ductivity). In fact, excitons in a direct-gap sem-
iconductor such as CdS, Se;_, only live for about
1 nsec. Thus, in a selective excitation experiment,
where excitons are created with a particular energy
and their spectral diffusion observed, there can be
an “effective” mobility edge E.p,, only above which
is exciton motion possible with the decay time.
Even in the absence of macroscopic broadening,
there is no reason to expect this “edge” to be
sharp.

An exciton created at a point where its energy
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E, is greater than E, is in a band (delocalized)
state and has a finite probability of being in the vi-
cinity of a localized state with energy E; < E.p,
[see Fig. 1(c)]. Here it will quickly thermalize to
E, by phonon emission, and a photon of energy E,
will be emitted. Thus, excitation above E,, will
produce emission only at energies below E.,, [Fig.
1(d)]; i.e., spectral diffusion is rapid. An exciton
created below E.,, on the other hand, will decay
resonantly on the same site. Thus fluorescent line
narrowing can occur, observable in the present case
of CdS,Se;_, through sharp LO-sideband emis-
sion. ’

So far we have ignored the possibility of
phonon-assisted tunneling [Fig. 1(e)]. Because this
is a nonresonant process, it permits spectral diffu-
sion below the mobility edge (effective or real). If
the rate of tunneling is less than or comparable
with the radiative decay rate, a sharp resonant
emission at E, (the exciting energy) will be ob-
served, accompanied by a sideband and whose
spectral shape reflects the energy dependence of
the tunneling probability [Fig. 1(f)]. This process
is discussed in the following sections.

If the rate of phonon-assisted tunneling is much
faster than the radiative rate, no resonant emission
will be seen and the cw spectrum will be indistin-
guishable from that expected for excitation into the
delocalized states above E.,.

The model we have described here, while plausi-
ble, has not been directly verified experimentally in
any semiconductor. There is some spectroscopic
evidence that excitons localized by alloy fluctua-
tions exist in the extreme tail of the indirect exci-
ton in GaAs,P;_,.!"* In the present study we will
present evidence that the states in the low-energy
tail of the direct exciton of CdS,Se;_, are indeed
localized on a time scale of order 1 nsec, and that
spectral diffusion occurs by phonon-assisted tun-
neling between these localized states.

172
Fe”(s,q)=%

#
2pvgq

Here, « is the dielectric constant, U(s,q) is the dis-
placement vector of the atoms in the unit cell, z is
parallel to the ¢ axis and y lies in the g-z plane,
and 0 is the angle between { and the z axis. The
e;; given are the only nonzero components of the
piezoelectric tensor. The angular factors in Eq. (9)

Exciton states near the absorption maximum are
generally thought to be describable in the virtual-
crystal approximation, which means that they are
delocalized. However, there is little evidence for
this, at least in the present case of CdS,Se;_,. If
it is true, there must be a changeover from local-
ized to delocalized states somewhere in the band;
i.e.,, a (not necessarily sharp) mobility edge.

B. Exciton-phonon interaction

In the process of nonresonant transfer between
sites corresponding to different exciton energies,
the energy mismatch is taken up by acoustic pho-
nons. The exciton-phonon interaction Hamiltoni-
an, in the case where phonons can be described by
a wave vector g, has the form??

Hy=[F.(s,9)e "4 Fy(s,9) * 7"]

X[bJ(—q)+bs(q)] . 7

Here b: (g) and b,(q) are the phonon creation and
annihilation operators (branch s), ¥, and T, are the
electron and hole coordinates, respectively, and
F,(s,q) [F,(s,q)] are the electron (hole) -phonon in-
teraction matrix elements which depend on the
mechanism of interaction. Two types of interac-
tions have been considered for acoustic phonons.
The first is the deformation potential for which'

FP,(s,9)=(#ig /2pv,)"’E,, . (8)

E., is the relevant deformation potential of the
conduction (valence) band, p is the crystal density,
and v, is the sound velocity for the s-phonon
branch. The dominant contribution is from longi-
tudinal (LA) phonons. The second type is the
piezoelectric interaction, which has the following

matrix element in crystals with the wurtzite struc-
ture!:23.24.

{ e158in0[ U, (s,q)sin6 + U, (s,q)cos6] +e13 U, (s,q)sinf cosd +e3; U,(s,q)cos’0} .

9)

can be spherically averaged to give effective
piezoelectric constants for LA and TA phonons,
respectively,?

2 1o | 4
(eiado=7e33+ 35e33(e3 +2ey5)

+%(e31 +2815)2 N (10a)
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2 2 2
(eTa )o=35(e33—e31—eys)
16 16 2
+ oseis(ess—es; —ejs)+55eis .
(10b)

These are roughly equal in CdS (see Table I).
However, the greater density of states for TA pho-
nons makes their contribution predominant, and
piezoelectric coupling to LA phonons can usually
be neglected.

C. Energy transfer between
localized exciton states

In this section we consider the basic transfer
mechanism between localized excitons. We assume
that an exciton is localized at a site R, with bind-
ing energy E,. At temperatures such that
kT << E,, excitons can only move to a site R,
with binding energy E;, by a phonon-assisted tun-
neling process in which the phonon (or phonons)
takes up the excess energy E,, =E, —E,. This
process is similar to that considered for paramag-
netic ions in insulators! and we shall adapt this
theory to the present case. The transfer matrix ele-
ment for a single-phonon process is given by [Eq.

where
ME,=(X(R,),n(d)+1| Hy, | X(R,),ny(q)) .

| X(R a)) is the wave function of the exciton local-
ized at R,, R=R,—R,, n,(q) is the phonon occu-
pation number, and

J(R)=(X(R,) |Hy | X(Ry)) ,

where Hy is the intersite transfer Hamiltonian
which may be exchange [J ~exp(—R/ap)], dipole-
dipole (J ~R ~3), etc. Note that for excitons the
electron and hole correspond to the excited and
ground states, respectively, in the formalism of
Ref. 1. The orientation-averaged transition rate
for single—phonon-assisted transfer is!

b
Wab="4" AE,, 2[] |7+ | My, |2—2h(gR)

X | My, My, | 18(Fi0(q)—AEq)
(12)
where
h(gR)=singR /qR .

(1—h) is the “coherence factor” of Ref. 1, the im-
portance of which depends on the range of J(R).

(12) of Ref. 1]: IfJ~e 78 the average value of 4 is
iq: R a — 2
(1) J(R)e b iq-R a <J h(qR)> _ -2
V=" (Mye —M?) (11) (h(gR))= ~——~——-(1+ ap)
AE, 7 S 1 (JAR)) 15
TABLE 1. Parameters for exciton-phonon coupling in CdS,Se;_;.
Cds CdSe CdSo.53Se0,47
m./M, 0.205* 0.13° 0.17
my/M, 0.98° 0.63° 0.82
E, (eV) 3.9¢ 4.3° 4.1
, (eV) 1.3 1.5 1.4
(eiA) (¢ m‘z) 0.034¢ 0.014° 0.025
(efa) (C 0.041¢ 0.019° 0.031
K 8.7 8.4° 8.6
az (A) 28° 42° 35
v, (X10° cm/sec) 4.25f 3.7 3.95
v, (X10° cm/sec) 1.76f 1.54¢ 1.66

*Reference 14.
bReference 15.

°P. L. Camphausen, C. A. N. Connell, and W. Paul, Phys. Rev. Lett. 26, 184 (1971); D. W
Langer, K. N. Euwema, K. Era, and T. Koda, Phys. Rev. B 2, 4005 (1970).

dReference 25.

¢P. Y. Yu, Solid State Commun. 19, 1087 (1976).

fReference 11.
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Since, experimentally, we only have data for

qap > 1, the term in & can be neglected. If we as-

sume, as is reasonable for an allowed transition in

a direct-gap semiconductor, that the variation of

M,, from site to site can be neglected, we obtain
41 JXR)

e ——— — 2 —
Was(R)= 1 EIM,‘” S(#io(q)—Egy) . (13)

Note that for gag—0, h—1, and we would have
Wap ‘M:p _M:?p | 2+(an )? ! Mxp | 2 ’

as discussed in Ref. 1. In this case the variation
from point to point of M, obviously cannot be
neglected.

Turning now to the evaluation of | M,, |2 we
can factor out the dependence on the electron and
hole coordinates to obtain, for a hydrogenic 15 ex-
citon!"2%;

2 ] -2

=a,; . (14)

—

<lsle-iq'?e,hls)= mh,ean

1 —_—
+ 2(m,+my)

Summing over final states we obtain, for phonon
emission (absorption),

Cdm oo s f(AEg)
Wap = P JAR)G (a,q)—Eib
ng(q)+1
Xg(Eb) ns(q) , (15)

where f(E) is the density of phonon states, g (E)
the density of (final) exciton states, and G*(a,q)
depends on the mechanism of interaction. For
deformation-potential coupling,

Gi=-"9(E,a, ~E,a)? . (16)
2pv,
While for piezoelectric coupling,
‘A
2 e 2(,2
Gp= 7(‘ ZPth (ae——ah) (eTA> . (17)

Here v; and v, are the longitudinal and transverse
sound velocities averaged over angle.

Since the density of phonon states f(AE,,) is
proportional to AE2,, the entire dependence of W,
on AE,,(=q#iv;) comes from the dependence of G*
and from g(E,). The g dependence of G} and G}
is shown in Fig. 2. The coupling parameters for
CdSy s53Seg 47, linearly interpolated from those for
CdS and CdSe, are given in Table I. Note that
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FIG. 2. Calculated relative probabilities for one-
phonon-assisted tunneling as functions of gap, where q
is the phonon wave vector and ap the exciton Bohr ra-
dius. These curves are normalized to unit area and do
not include the effect of the density of final exciton
states. Full line represents piezoelectric coupling G2;
dashed line represents deformation-potential coupling
G} for the particular choice of E, and E, given in Table
I. Note that only E,—E, is determined experimentally;
for the separate values we depend on theory, and the
precise shape of the sideband is very sensitive to the as-
sumed E./E, ratio.

these numbers azpply to free excitons and that they
imply G} << G, except at very small q.

Since we appear to be dealing with localized ex-
citons, the phonon interaction may not be the same
as for free excitons. Piezoelectric coupling is a
long-range interaction and is unlikely to be affect-
ed by details of the binding potential. For defor-
mation-potential coupling, on the other hand, there
can, in principle, be a strong effect since the bind-
ing energy of an exciton to an alloy fluctuation is
likely to be strongly dependent on the precise
atomic configuration in the region where the bind-
ing potential is strong. Such enhanced sensitivity
to deformation has been observed, for example, in
the exciton bound to nitrogen in GaP,?” and for
the “M” exciton in GaAs,_,P,,® which is thought
to be bound to alloy fluctuations.'® This should
lead to enhanced coupling to LA phonons with
gap ~ 1, since ap is a measure of the range of the
potential well which binds the exciton. We shall
see that for CdS,Se,_, with x ~0.9, where ajp is
relatively small, such g-dependent enhancement of
the deformation-potential coupling may be ob-
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served.

The theory can readily be extended to two-
phonon processes. “Raman” processes, in which
one phonon is absorbed and one emitted, are of
great importance in insulators such as ruby,? since
they involve phonons of large ¢, and hence are not
restricted by the coherence factor 4 (¢R) discussed
above. They may well be responsible for the disap-
pearance of the sharp line above 10 K which we
observe (see Sec. III). They should not be impor-
tant at lower temperatures where kT << E.

D. Spectral diffusion between
localized exciton states

In Sec. II C we have shown that the exciton
transfer rate between two sites depends both on the
site separation [through J(R,;)] and on the differ-
ence in binding energy (E,;;). Our task now is to
establish a model which will describe multiple-
exciton transfer between localized sites within the
radiative lifetime. This problem has been treated
by Huber and Ching,>*° who calculated the
luminescence spectrum at various time intervals
after a monochromatic pulse excitation. They as-
sumed an explicit form for both J(R,;) and g (E).
We shall adopt their approach, but as we do not
have the precise form of J and g we shall have to
make some simplifying assumptions.

Let P,(t) denote the probability that an exciton
occupies a site with-binding energy E, at time ¢.
Excitons are created with monochromatic light and
subsequently migrate between sites, losing energy
by emitting phonons (at low temperatures). We as-
sume that there is no correlation between E,, and
R, so that Eq. (12) can be integrated over R.
Taking J =Jgexp(—R /ap), we find for low tem-
perature

3212 f(AE,,)

2 3
Wap(AE,, )= J5 aBGZ(a,q)Tazbg(Eb) )
(18)

which can be simplified to

W(AE,)=8(E,)G"(Ey)g'(Ep) , (19)
where

G?2=G?/ [ GHEu)dEy,
and

g'(Ey)=g(Ey)/g(E,) .

The parameter 8(E,) represents the overall nonra-
diative transfer rate at this energy and is treated as

an adjustable parameter. The problem is thus con-
verted from exciton migration to that of spectral
transfer, which is what is actually observed in our
experiments. The set of rate equations appropriate
to this problem is

dP,(1) P,(1)
=— — D wapPy(t) + Jwpe Py(t) ,
dt T b b

(20)

where 7 is the radiative lifetime. Since our mea-
surements are all under cw or quasi-cw (pulse
length >> 7) conditions, the term in dP /dt can be
neglected. At low temperatures (kT << AE,;) we
have no back transfer of excitation. Then if 75 is
sufficiently small, only a single phonon-assisted
transfer can occur within a radiative lifetime, and
we have for the intensity ratio

Pb w,,b(AE,,b )

F—=;1—_;“ET=8'G'2(AEab)g'(Eb) ’ (21)
a ab

where

T
&= 1478 °

For multiple transfers we simply convolute this
with itself, giving

ki) =38"G"%¢l", (22)
P, "
where [4]” represents the result of convoluting 4
with itself » times.

The reader may be puzzled by the difference be-
tween Eq. (22) and the well-known equation for a
radiative multiphonon sideband, which is of the
form?™!

I(w)~e‘SE%S"[A(w)]" , 23)

where A(w) is the spectrum of coupling to phonons
and S the coupling parameter analogous to 6. The
difference is a consequence of different statistics:
in the multiphonon case the phonons are indistin-
guishable, whereas in the present case there is a
real, distinguishable, intermediate electronic state
between each phonon-assisted process.

An example of the results obtained is shown in
Fig. 3. The most important result is that in the
tail, where 78 << 1, the line shape is independent of
the excitation energy. Although the results shown
in Fig. 3 (for excitation deep in the tail) were ob-
tained for the particular choice of g(E;) as an ex-
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FIG. 3. Calculated spectra for phonon-assisted tun-
neling assuming piezoelectric coupling only. Parameters
used are given in Table I for x=0.53. An exponential
density of states g(E) is assumed and the parameter § is
defined in Eq. (19).

ponential, similar results were obtained with a
Gaussian. This means that the most important
factor which determines exciton spectral diffusion
is GXE,,), namely, the energy dependence of the
exciton-phonon interaction.

III. EXPERIMENTAL

A. Experimental procedure

Single-crystal platelets of CdS,Se;_,, 100—200
pm thick, were used in this study. They were
grown by vapor transport with no intentional dop-
ing. The impurity content was not determined by
any electrical measurements. However, the crystals
show much weaker donor-acceptor emission bands
than those reported in the literature for “undoped”
CdS,*? which implies that the donor and acceptor
concentration is less than 10'® cm ™3, Samples
were mounted in a variable-temperature dewar (im-
mersed in either liquid He or a flow of cold He
gas). Temperature was varied between 2—20 K.
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Photoluminescence spectra were obtained by
selective excitation using either a cw dye laser
pumped by an Ar™ ion laser or a pulsed dye laser
pumped by a N, laser. The cw dye laser has a
linewidth of 0.3 A and its power density at the
sample surface was 0.2+0.1 W/cm?. (This uncer-
tainty arises from the transfer characteristics of the
optical components.) The pulsed dye-laser
linewidth was 0.6 A, its pulse width was 1.5 nsec
in the red and 1 nsec in the green. The power den-
sity at the sample surface ranged from 10~*—10~°
J/cm? per pulse. The fluorescence was monitored
with a double monochromator (resolution of 0.5
A). Absorption spectra were taken with a Cary 14
spectrometer, and corrected for the dispersion in
the refractive index.>*34

IV. RESULTS

Crystals with x=0.29, 0.53, and 0.9 were stud-
ied: The most thorough examination was of a
100-um-thick platelet with x=0.53. The reflec-
tance spectrum at 2 K shows peaks at 2.124 eV
(Elc) and 2.145 eV (E||c), corresponding to the
“A” and “B” excitons, respectively. Figure 4
shows the absorption spectrum of this sample for
Elc. Absorption for E||c is too weak to measure
in this region. The absorption coefficient a(hv) in
this region can be fitted to
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FIG. 4. Absorption (dashed line) and fluorescence
(full line) spectra of CdSp s3Sep 47 at 2 K. The fluores-
cence is obtained with excitation at 2.54 eV, well above
the band gap.
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(hv—E_)/E (hv—E_)/E
e x 1 € x 2

alhv)=qa, +ay , (24)
with E, =2.124 eV, a;=10* cm ™!, E; =5 meV,
a,= 100 cm~!, and E,=30 meV. In the region
where the slope is E the absorption is so strong
that it must be intrinsic; hence we can put
€o=E ;=5 meV in agreement with the estimate of
3 meV in Sec. IIA. However, as we shall see,
there is probably a contribution to E; from ma-
croscopic broadening: this is thus an upper limit
to €. In the region with slope E, the absorption is
probably due to impurities. All the emission data
to which we refer subsequently were obtained with
excitation in the E (intrinsic) region. Also shown
is the fluorescence spectrum at T=2 K, excited
with the 4880-A line of an Ar*-ion laser. Com-
parison with the absorption spectrum shows that
the emission band is due to tail states extending
some 30 meV below the peak of the exciton line.
The bands centered at 2.075 and 2.04 eV are the
one-phonon and two-phonon sidebands of the no-
phonon band centered at 2.108 eV. This can be
seen clearly in the selectively excited luminescence
spectra shown in Fig. 5, for which Elc in both ab-
sorption and emission [x (yy)x geometry in the
conventional notation of Raman scattering]. In
Fig. 5(a) the exciting laser energy E,.=2.092 eV
corresponds to the low-energy end of the intrinsic
region of the exciton line. The spectrum consists
of two sharp lines, 0.7 meV wide, with “sidebands”
on the low-energy side, about 4 meV wide. The
sharp lines, which are only observed in the Elc
spectrum, have energies 25.5 and 37 meV below
the laser line; these correspond to the known LO,
and LO, phonons.*® Additional weaker bands
separated by 52+1, 63+1, and 74+1 meV corre-
spond to 2LO,, LO; + LO,, and 2LO, phonons.
Much weaker three-L O phonon lines can also be
observed (not shown in the figure). Spectra identi-
cal to that shown in Fig. 5(a) are obtained with ex-
citation energies in the range 2.085—2.105 eV.

For E.,. below 2.085 eV, a broad (50-meV wide)
donor-acceptor recombination band dominates the
spectrum, although the sharper LO; and LO,
features can still be discerned. For E.,. greater
than 2.105 eV the sidebands broaden at the low-
energy end. Typical spectra are shown in Figs.
5(b)—5(d). The broadening increases gradually
with increasing E.,. but the two sharp lines still
appear at the LO; and LO, phonon energies.
These lines disappear abruptly for E.,. above 2.116
eV [Fig. 5(d)].

The sharp lines might naturally be thought to be
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FIG . 5. Emission spectra under selective excitation
of CdSy 538¢€p.47 at 2 K. The exciting laser is tuned to
the photon energy shown by the arrow.

due to Raman scattering. However, this interpre-
tation is ruled out by the fact that they disappear
above a certain exciting energy, and even more sig-
nificant, above a certain temperature. The tem-
perature dependence from 2 to 16 K of the emis-
sion spectrum excited at 2.107 eV is shown in Fig.
6. While the broader features change little with
temperature, the sharp lines broaden and disappear
above T ~10 K. As mentioned in Sec. II, this
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broadening is probably due to two-phonon process-
es. Similar results are obtained for all excitation
energies within the absorption tail. Raman scatter-
ing by LO phonons can be observed with laser ex-
citation much below the emission band and its in-
tensity does not depend on temperature up to 70
K. (The nonresonant Raman spectrum has been
previously observed in CdS,Se;_, at temperatures
up to 340 K. %)

It follows that the sharp lines are due to LO-
assisted fluorescence from the narrow band of
states excited by the laser. From the argument of
Sec. I A we conclude that these states must be lo-
calized on the timescale of order 1 nsec, since they
exhibit fluorescent line narrowing.

The sharp lines disappear quite abruptly over a
range of less than 4 meV as the exciting energy is
increased. This abruptness would be difficult to
understand in terms of an increase in the phonon-
assisted tunneling rate between localized states,
since this rate is roughly proportional to g (e),
which increases by less than a factor of 2 over this
energy range. The sharp disappearance at a certain
energy seems to suggest, though it does not prove,
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FIG. 6. Temperature dependence of the selectively
excited emission spectrum: E.=2.106 eV.

that exciton states are delocalized above this ener-
gy; i.e., that it is an effective mobility edge. As
remarked earlier, this result, if true, is consistent
with the generally accepted view that the exciton
states at the band maximum are delocalized.

The accompanying sideband is unlikely to be an
“ordinary” acoustic sideband; i.e., one involving
phonon-assisted decay without exciton migration.
Such a sideband is indeed observed at very low
temperatures in GaP:N, but in this case the no-
phonon line is strongly forbidden, with a lifetime
of microseconds, whereas in the present case the
lifetime is less than 3 nsec, since the no-phonon
transition is allowed. Bound excitons in CdS and
CdSe do show a sideband,*®%’ but it is very much
weaker relative to the nonphonon line than what
we see here. Furthermore, as Fig. 5 shows, the
sideband broadens as the excitation energy is in-
creased: this would not be expected of an ordinary
phonon sideband. Finally, Permogorov et al.'® re-
port induced polarization in the sideband; i.e., the
emission retains some of the polarization of the ex-
citing light, even when both polarizations are crys-
tallographically equivalent. This polarization de-
creases monotonically with increasing separation
from the sharp line. No such behavior is expected
for a phonon sideband, which either retains the po-
larization of the no-phonon line (totally symmetric
coupling) or loses it totally (phonon-induced transi-
tion).

We therefore attribute the sideband to emission
from localized exciton states not resonant with the
laser. Excitation is transferred to these states, with
the emission of an acoustic phonon, within the ex-
citon lifetime, as discussed in Sec. IIC.

Complementary to the fluorescence data are the
results of fluorescence excitation spectroscopy. In
these experiments the fluorescence is monitored at
a fixed wavelength (with a resolution better than
0.2 meV) while the exciting laser energy is continu-
ously scanned, its intensity being kept constant.
Figure 7 shows typical excitation spectra. The ob-
served absorption spectrum is superimposed on the
excitation in order to facilitate the interpretation.
The two sharp lines at 25.5 and 37 meV again
correspond to LO; and LO,, respectively. Above 8
K, the sharp lines disappear, as in the emission
case.

As in the emission spectrum, the sharp lines are
only seen in the x (yy)x geometry. Surprisingly,
they are a factor of 2 sharper than in emission; we
have checked that this is not instrumental effect,
and we have no explanation for it. Because of this
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FIG. 7. Excitation spectrum of emission at the ener-
gies indicated under the same conditions as Fig. 5.

increased resolution a dip (marked d in Fig. 7) is
visible on the high-energy side of the sharp line,
showing that the sideband does indeed have a max-
imum as predicted theoretically. (In the fluores-
cence data the maximum is usually obscured by
the tail of the sharp line.)

Fluorescence spectra at 2 K of samples with
x=0.29 and 0.90 are shown in Figs. 8 and 9. The
data for x=0.29 are similar to those for x=0.53,
but for x=0.90 the sidebands are always much
broader than for smaller x. We will return to this
point later.

A. Comparison of experimental
results with theory

Typical fits to the theory of Sec. II of sidebands
excited in the low-energy tail of the exciton band
are shown in Figs. 10. In fitting, the ratio of the
deformation-potential coupling parameter Spp to
the piezoelectric coupling parameter Spg has been
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FIG. 8. Fluorescence excited by the indicated ener-
gies of CdS,Se;_,, x=0.29.

treated as adjustable. For x=0.29 [Fig. 10(a)] a
good fit is obtained with piezoelectric coupling
only, i.e., G5 << sz as expected from the parame-
ters of Table I. For x=0.53 and x =0.90 the
deformation-potential contribution is more signifi-
cant: 8pp/Spr=0.06 and 0.8, respectively [Figs.
10(b) and 10(c)]. This is presumably a consequence
of the effect of exciton localization on the effective
deformation-potential coupling discussed in Sec.
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FIG. 9. Same as Fig. 8, with x=0.9.
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FIG. 10. Comparison of the theoretical sideband
shape with experiment for (a) x=0.29, exciting energy
E.=1.958 eV; (b) x=0.53, E¢=2.103 eV; (c) x=0.90,
E.=2.409 eV; 6pg, 8pp are the coupling coefficients for
the piezoelectric interaction and deformation potential,
respectively.

IIC. As expected, the enhancement increases as
ap decreases. If this is the correct explanation, it
is perhaps surprising that the fit is so good, since
we might have expected a different ¢ dependence
for the deformation-potential coupling to excitons
with different localization energy, in addition to
the overall increase.

As the exciting energy is increased the fit
deteriorates. The problem is apparent from Fig.
5(c); there is a broad nonresonant emission under-
lying the sharp lines and their sidebands. An esti-

mate of this emission is shown by the dashed line.
When this background is subtracted, a reasonable
fit to the sidebands can be obtained with a value of
8 increasing rapidly with energy, as expected. The
broad background emission has a shape consistent
with that obtained for laser energies so high that
no sharp line emission is observed. If we attribute
this emission to excitations of nonlocalized exci-
tons, it follows that localized and delocalized states
do overlap somewhat in energy, i.e., the effective
mobility edge E., is not sharply defined.

Another problem arises in the low-energy region.
The theory of Sec. II predicts that the overall
strength of the sideband relative to the sharp line
(i.e., the product 78) should drop off as g(E,); this
is not observed. We tentatively attribute this
discrepancy to macroscopic broadening. At any
excitation energy, the laser will predominantly ex-
cite those regions where E, is lowest and g (E,) is
consequently highest; so these will always dominate
the emission.

V. CONCLUSIONS

We have shown that fluorescence line narrowing
occurs under selective excitation of the low-energy
side of the intrinsic exciton absorption line in
CdS, Se; _, below about 10 K. We have argued
that this is evidence for exciton localization, on a
timescale of the order of nanoseconds, by alloy
fluctuations. There is at present no satisfactory
theory of such localization and of its spectral
consequences, and our arguments are essentially
qualitative. The abrupt disappearance of the nar-
rowed line above a certain energy suggests the ex-
istence of an effective mobility edge.

A sideband to the sharp line emission is also ob-
served. This can be qualitatively, and in a certain
range of parameters quantitatively, accounted for
by the theory of phonon-assisted tunneling between
localized states presented in Sec. II. Further
understanding of this remarkable model system re-
quires dynamic measurements of fluorescence with
subnanosecond resolution. Such experiments are in
preparation.
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