
PHYSICAL REVIEW 8 VOLUME 28, NUMBER 12 15 DECEMBER 1983

Bound excitons and resonant Raman scattering in Cd„Zn, „Te (0.9 &x & I)
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Luminescence and resonant LO-phonon Raman scattering spectra of CdTe, Cd097Zno03Te, and
Cdo 9Zno iTe have been studied using selective, cw excitation in the temperature range of 1.7—100
K. The main spectral features are due to free excitons (polaritons), excitons bound to neutral donors
(D,X), excitons bound to neutral acceptors (A,X) and a shallow bound-exciton band of unidenti-
fied origin (S band). In CdTe, the fine-structure components of the (A,X) 1Sexciton have strongly
temperature-dependent Lorentzian line shapes which are shown to be due to the interaction with
acoustic phonons. The fine-structure components of the (D,X) 1S exciton have Gaussian line
shapes, reflecting random electric fields acting on the bound exciton. In the mixed semiconductors,
all lines are Gaussian because of the random potentia1 fluctuations. Two thermally activated pro-
cesses are found to quench exciton luminescence: (a) thermalization of the (A,X) exciton into the
free-exciton band; (b) dissociation of the exciton into free carriers. The latter is found to be opera-
tive in (A,X), free-exciton, and S-band luminescence quenching. Strong resonance enhancement of
LO-phonon Raman scattering is observed mainly in the (A,X) band. The cross-section spectrum is
well explained by an homogeneous line broadening in CdTe and by an inhomogeneous one in

Cd2Zn~ „Te. The intensity of the Raman lines is strongly temperature dependent, reflecting
exciton-damping processes. Spectral diffusion is observed under selective excitation within the
(A,X) band in the mixed crystals. However, it is attributed to exciton transfer within the states of
the S band [which overlaps the (A, X) band] and not within the (A,X) band itself.

I. INTRODUCTION

Excitons in alloy semiconductors of the type A„B& „C
are subjected to potential fluctuations which are set up by
microscopic composition fluctuations. ' These potential
fluctuations introduce a low-energy tail of intrinsic exci-
tons ' and an inhomogeneous broadening of bound-
exciton lines ' [e.g., excitons bound to neutral donors
(D,X), to neutral acceptors (A,X), or to isoelec-
tronic traps]. Recently, several studies on exciton dynam-
ics in A„B& „C-type semiconductors were reported.
As in the case of binary semiconductors, thermally ac-
tivated processes into extended states are observed. These
include thermalization into the free-exciton band and exci-
ton dissociation. In addition, exciton transfer between lo-
calized states has been identified both in the tail of intrin-
sic excitons "and in an impurity-bound-exciton band. '

The important role which excitons play as intermediate
states in resonant Raman scattering (RRS) is well
known. ' The most detailed studies dealt with polariton
bands derived from the 1S level of free excitons in direct-
gap binary semiconductors. ' The effects of polariton
dynamics on the RRS have not been studied in detail. '
RRS in alloy semiconductors was investigated with
above-gap excitation. ' Klochikhin et aI. ' have studied
the temperature dependence of the RRS intensity in
Cd„Znt „Te (x -0.5) and interpreted it in terms of exci-

ton damping by LO-phonon scattering, in addition to a
temperature-independent exciton scattering by potential
fluctuations. Fujii et al. ' reported a similar study in
indirect-gap AgsrI „Cl near the lowest-energy intrinsic
exciton band. In this case, exciton damping is found to be
due to trapping, intervalley scattering by zone-edge pho-
nons, and intravalley scattering by acoustic phonons.

In this work the damping processes of excitons bound
to neutral donors and acceptors in Cd~ Zn& ~Te
(0.9 (x & 1) are studied by luminescence and LO-phonon
RRS. A comparison between the alloyed crystals and
CdTe shows that the effect of potential fluctuations on
bound-exciton dynamics is negligible (in spite of the pro-
nounced inhomogeneous line broadening). The (Ao, X) ex-
citons couple strongly to piezoelectric phonons (both
acoustic and optic). This is manifested by a strong LO-
phonon sideband in luminescence, an enhanced LO-
phonon RRS, and by the temperature dependence of the
linewidth (in CdTe), luminescence, and RRS intensities.
Nonradiative processes such as bound-exciton thermaliza-
tion into the free-exciton band and exciton dissociation
can be identified in the temperature dependence of the
luminescence and RRS.

After describing the experimental procedures in Sec. II,
we present the experimental results and model fitting in
Sec. III. Since CdTe serves as a model system for bound
excitons, their dynamics in this material are analyzed
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first. Then the Cd~Zn& Te alloy semiconductors are
treated. A summary of this work as compared to the
CdS~Se~ alloy semiconductors is given in Sec. IV.

II. EXPERIMENTAL PROCEDURES

Single crystals of CdTe and Cd„Zn& „Te (x =0.02,
0.03, and 0.1) were grown from the melt by the modified
Bridgman method under an overpressure of Cd. ' The
samples used in this study had cleaved (110) faces. The
exact composition (x) of the alloys was determined from
the energy of the intrinsic exciton observed by lumines-
cence at 2 K (see below). All crystals were n type
with a room-temperature resistivity of 10 Qcm (for
Cd„Znt „Te) and 10 Q cm (for CdTe).

%'hile useful Ohmic contact could not be made on the
crystals used in this study, other crystals with resistivity
of —1Qcm were found to have 8)&10' carriers/cm at
room temperature. %'e thus estimate that the impurity
level in our samples was lower than this.

The crystals were placed in a variable-temperature
Dewar and were immersed in either liquid-He or cold He
gas. In the latter case, the temperature was stabilized
within +0.3 K over the range 4.4—100 K.

The excitation source for luminescence and Raman
scattering was a tunable cw dye laser pumped by a Kr+
laser. The power impinging on the sample ranged from
0.5—30 mW with the laser beam focused down to about a
1-mm spot. The dye-laser linewidth was 0.3 A (about
0.06 meV in the spectral range where the crystals radiate).
The light emitted by the crystals was monitored with a

0
double monochromator (resolution of 0.2 A) and pro-
cessed with a photon-counting system.

III. RESULTS AND MODEL

A. CdTe

1. Exciton levels

This system serves as a model for the analysis of exci-
ton spectra in the alloy semiconductors and was thus stud-
ied in some detail. Figure 1 shows photoluminescence
spectra of CdTe excited at the polariton band and ob-
served at three temperatures. The spectrum shown in Fig.
1(a), taken at 1.7 K, is similar to those reported by oth-
ers ' ' for high-purity materials. The spectral com-
ponents are identified as lines due to excitons bound to
donors and acceptors and their I.O-phonon sidebands.
Also observed is the I.O-phonon sideband of the polariton
band and the two-electron transitions associated with
(DO ~ 22, 23
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FIG. 1. Photoluminescence spectra of CdTe excited into the
1S polariton band. Gain used in each section is relative to that
of the strongest feature, {A,X) at 1.7 K.
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FIG. 2. Fine structure of the (D,X) and (A,X) 1Sexciton in
CdTe. Excitation is at the 1S polariton threshold. (A,X) lines
are fitted with temperature-dependent Lorentzian line shapes.
(D,L) lines are Gaussians convoluted with a narrower,
temperature-dependent I.orentzian. Parameters used to fit the
experimental spectra are given in the text. [In (a) the calculated
curve coincides with the experimental data in the (D,X) spectral
region. j Change in the relative intensity within each exciton
complex reflects increased population of the higher levels.
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TABLE I. Measured parameters of free and bound excitons
in CdTe.

Exciton

Polariton 1S
S band
(DD,X)
(A O,x)

Binding
energy

E~ (meV)

—1.5
2.4
5.7

Activation
energy
(mev)

Ef——12+ 1

Ef——12+ 1

E, =6+1
Ef——14+ 1

LO-phonon
interaction

(relative}

0.2
&10
6~10-'
7X10-'

Both (A,X) and (D,X) show a fine structure which can
be seen in the high-resolution spectra of Fig. 2. This
structure results from coupling between the spins of the
three particles which form these exciton complexes.
For the (A,X) bound exciton, three lines are expected
(corresponding to the J= —,, —,, and —, states). By analogy
to CxaAs and InP, the J= —, state is too weak to be ob-
served. The identity of the acceptor giving rise to the two
observed lines is unknown. It should be noted that Ag
and Cu acceptors in CdTe yield a (A,X) line which corre-
sponds to the J= —,

' state. The binding energy of the
acceptor- and donor-bound excitons are determined by
measuring the energy separation of the LO-phonon side-
band of the lowest component [(A,X),-LO and (D,X)i-
LO)] from the cutoff of the polariton LO-phonon side-
band. These energies are given in Table I.

For T) 10 K the luminescence spectra show that the
(D,X) lines ride on a broad band [designated S in Fig.
1(c)]. In the temperature range of 20—80 K this is the
strongest spectral feature. It could be argued that this
band (or part of it) is an acoustic-phonon sideband of the
1S polariton. However, the excitation spectra of (A,X)&
and (D,X)i taken at 1.7 K (Fig. 3) confirm the existence
of an independent band. The (D,X)& excitation spectrum
[Fig. 3(b)] reveals a series of excited states 0 in the narrow
region of 1.593—1.595 eV. The two lowest-energy lines
are (D,X)2 and (D,X)3. These lines ride on a broad
background at the same energy range of the S band. The
excitation spectrum also shows the IS polariton band
(low-energy threshold at 1.5955 eV). Its shape is similar
to that of the LO-phonon sideband observed in lumines-
cence [Fig. 1(a)]. The shape of the polariton band results
from a nonthermalized distribution. The lifetime is prob-
ably too short to allow thermalization. The band desig-
nated (D,X) has a threshold 7.5 meV above (D,X) and
may derive from the 2S state of the exciton bound to the
neutral donor. Figure 3(a) shows the excitation spectrum
of the (A,X)i line. An excited state which was designat-
ed (A,X)q in Fig. 2 is observed 1.2 meV above the emit-
ting line. This state is thermally populated at tempera-
tures above 4 K. The S band is clearly observed as a
strong region of excitation of (A,X)i. Two free-exciton
(polariton) bands, 1S and 2S, are observed as well as a
strong band designated (A,X)'. Again, as this band has a
threshold around 7 meV above (A,X), it may derive from
excited nS states of the exciton bound to the neutral ac-
ceptor.
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FIG. 3. Excitation spectra of (a) lowest component of the
(A,X) 1S exciton and (b) lowest component of the (D,X) 1S
exciton in CdTe.

1.59

The effects discussed later in this work (exciton
linewidths and RRS) depend on the exciton-phonon in-
teraction. A measure of the relative interaction strength
between the various excitons and LO phonons can be ob-
tained from the intensities of multiple phonon sidebands.
By using the relation I„=Ioa In!, where Io is the no-
phonon —line intensity, a is the exciton —LO-phonon in-
teraction strength, and n is the number of emitted pho-
nons, the values obtained for a are listed in Table I. For
the shallow S band, it is difficult to accurately determine
this ratio because its LO-phonon sideband overlaps the
LO plus acoustic-phonon sideband of the 1S polariton.
Thus, only an upper limit of 10 can be obtained.

2. Temperature dependence

The thermally activated processes which affect bound-
exciton emission intensity and linewidth are (a) relaxation
between closely spaced levels, and (b) dissociation of the
exciton or its thermalization into extended exciton states.
In order to study these processes, a series of luminescence
spectra were taken in the temperature range 2—70 K. For
each spectrum the excitation energy and intensity were
kept constant. Examples are the high-resolution spectra
shown in Fig. 2, in which the no-phonon (A,X) and
(Do,X) lines are excited just below the polariton band.
Consider first the group of three (D,X) lines centered
near 1.5925 eV. The excitation spectrum [Fig. 3(b)] indi-
cates that these lines arise from radiative recombination of
the same donor species. From the relative intensities at
various temperatures (Fig. 2) it is clear that these states do
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not fully thermalize. The reason for this may be the weak
exciton-phonon interaction of the (D,X) complex. In the
temperature range of 2—15 K the line shape of the three
(D,X) components can be fitted by three Gaussians, each
convoluted with a I.orentzian (Voigt line shape),

3

f(E)= & Jg, (E x)l—(x)dx.

10

50 20

Cd Te
Exc: 1.597 eV

5 4

6

5(T)=A+ B
exp(bEikT) 1—(2)

is the residual (inhomogeneous) linewidth at T=0,
and 8 is a coefficient which incorporates the
exciton —acoustic-phonon interaction strength and phonon
density of states. AE is energy separation between the two

The calculated line shapes are shown by dashed lines in
Fig. 2. The Gaussian full widths at half-maximum
(FWHM) for the three (D,X) lines are 0.20, 0.25, and 0.28
(+0.02) meV for the lines at 1.5930, 1.5926, and 1.5920,
respectively. The Gaussian line shapes reflect the random
distribution of potential fluctuations around the neutral
donors to which the exciton binds. Presumably they are
due to a distribution of charged donors and acceptors, and
the broadening mechanism is similar to that proposed for
shallow donor spectra. ' It should be noted that the
linewidth decreases with decreasing binding energy. This
means that the potential fluctuations average out for the
less-bound states, whose wave functions is more spread
out than that of the deepest (D,X)

&
state.

The additional Lorentzian broadening is due to the in-
teraction of individual donor-bound excitons with acoustic
phonons. Its FWHM is 0.05+0.02 meV at 4.2 K and
0.1+0.02 meV at 12.8 K for all (D,X) components. The
Gaussian linewidths are temperature independent up to
about 20 K. [Above this temperature it is difficult to fit
the line shapes as the strong S-band emission masks the
(D,X) lines. ] As the inhomogeneous contribution to the
linewidths is larger than the homogeneous contribution,
the exact temperature dependence of the latter is difficult
to determine. The small homogeneous broadening of the
(D,X) lines is a result of the weak interaction with acous-
tic phonons. This is consistent with the fact that the
(D,X) components do not fully thermalize.

The temperature dependence of the two (Ao,X) com-
ponents is quite different. From 4.2 to about 16 K (at
which they are too weak to be measured), they can be fit-
ted with two Lorentzians whose widths are strongly tern-
perature dependent. Figures 2(a) and 2(b) show the fit to
the experimental results. Figure 4(a) gives the measured
linewidths as a function of temperature. The homogene-
ous line shape and its temperature dependence result from
the exciton —acoustic-phonon interaction. The theory has
been extensively developed for the case of closely spaced
Stark components of paramagnetic ion levels in insula-
tors. In adapting it to the case of the (A,X) complex,
we assume that the 1S level fine structure consists of the
two observed components. Then, the lowest-energy com-
ponent will have the following linewidth dependence on
temperature (one-phonon processes):
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FIG. 4. {a) Temperature dependence of the lowest (A,X) 1S
component linewidth. (b) Temperature dependence of the in-
tegrated luminescence intensity of the polariton and the (A,X)
bands in CdTe. Dashed lines are obtained using the models
described in text.

(A,X) 1S components. This separation is itself tempera-
ture dependent, varying from 1 meV at 4.2 K to 1.4 meV
at 14 K. The solid curve in Fig. 4(a) is obtained using Eq.
(2) with A =0.1 meV, X=3 meV, and the measured values
of AE. The deviation of this curve from the observed
linewidths may be due to the omission of the third
(A,X ) J= —,'. The pronounced dependence of the (A,X)
1S linewidths on temperature, as compared to the weak
dependence of the (D,X) lines, is a consequence of the
stronger (A,X) interaction with acoustic phonons. Since
the same relative interaction strength is found for LO
phonons, we conclude that the strongest interaction is
with piezoelectric phonons (rather than by the deforma-
tion potential). It is interesting to note that the (residual)
inhomogeneous broadening of the (A,X)& line is smaller
than that of the three (D,X) components. It thus ap-
pears that the acceptor-bound excitons are less affected by
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random, static electric field than the donor-bound exci-
tons. The situation is reversed for the case of phonon-
induced broadening and, as we shall see in Sec. III B, for
alloy broadening.

The integrated luminescence intensity of the polariton
band, the shallow S band, and the (A,X) lines has been
measured as a function of temperature. In these experi-
ments, excitation was at 1.597 eV, slightly above the 1S
polariton threshold, and the excitation intensity was main-
tained constant. Figure 4(b) shows the logarithm of the
intensity plotted versus inverse temperatures for the polar-
iton band and the (A,X) lines. The temperature depen-
dence of the S band is virtually identical to that of the po-
lariton band.

As observed in other semiconductors, ' the temperature
dependence of the (A,X) luminescence intensity can be
fitted by the expression

Io
Ig(T) =

1+Cz exp( Ez /k T—) +Cfexp( Ef /k T—)
(3)

The parameters used in fitting the data are Cq
=300+100, C~ ——(5+2) &&10, E~ ——6+1, and Ef——14+1
meV. For the polariton band in the temperature range
15(T(80 K, the data can be fitted by the expression

IoI,i(T)= 1+Cpfexp( —Epf/kT)
(4)

3. Resonant Raman scattering

Raman scattering by LO phonons is observed
throughout the band-edge spectral region. Figure 5 shows
the Raman scattering cross section (in arbitrary units)
measured at 1.7 K. No resonant enhancement was ob-

with the parameters Cpf 100+50 meV and Epf ——12+1
meV. A comparison of the fitted activation energies with
those determined spectroscopically allows identification of
the nonradiative exciton recombination processes. The
value obtained for Epf is close to the known exciton bind-
ing energy, E =10 meV. Thus, the main nonradiative
recombination process of the polaritons is their dissocia-
tion. The same process can be identified for the (A,X)
excitons, corresponding to the activation energy of Ef= 14
rneV. The spectroscopically determined energy is 15.7
meV. The preexponential factor for exciton dissociation is
about 2 orders of magnitude larger for (A,X) than it is
for polaritons. A possible explanation is the following: A
quasiequilibrium state is maintained between the polari-
tons and the free carriers. On the other hand, if excitons
dissociating at neutral acceptors cannot be captured by
other acceptors (as other recombination or capture paths
are more efficient), a quasiequilibrium state will not be es-
tablished and the rate of this process will be higher than
for polaritons.

The process with E~ ——6 meV observed for (A,X) can
be identified as an exciton thermalization into the free-
exciton (polariton) band, leaving a neutral acceptor
behind. The concurrent increase in polariton lumines-
cence intensity [Fig. 4(b)], agrees well with the proposed
process.
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FICx. 5. Cross sections of resonant Raman scattering by LO
phonon in CdTe. Dashed curves are calculated assuming a
Lorentzian line shape with FWHM of 0.1 meV at 1.7 K and 4.5
meV at 19 K.

I(E)=
(E —Ep)'+ y

(5)

where Ep is the (Ap, X)~ energy, C is a proportionality fac-
tor, and y{T) is the exciton damping factor. At T =1.7
K, the data can be fitted with y=0. 1 meV, as shown by
the dashed curve in Fig. 5(a).

As we do not have cross-section spectra for all tempera-
tures, the dependence of y on temperature cannot be
determined. The 19-K data [Fig. 5(b)] can be compared
with the calculated cross section using y =4+ 1 meV [ob-
tained from Eq. (2)]. Note the shift in the (weak) reso-
nance towards lower energies, following the shift in (A,X)
line position (cf. Fig. 2). The decrease in intensity due to
line broadening explains the lack of enhanced resonance

served for excitation near the 1S polariton (excitation en-

ergy above 1.595 eV). Nakamura and Weisbuch ' report-
ed strong enhancement in this spectral region. A possible
explanation for this discrepancy between the two observa-
tions may be the shorter polariton lifetime in the less pure
crystals used in the present study. A strong resonant
enhancement is observed at the lowest (A,X)& level (by a
factor of 200 above that of the adjacent spectral regions).
No enhancement is observed at the upper (A,X)z level.
For temperatures below 5 K the Raman line could be dis-
tinguished from the (A,X)—LO-phonon sideband for ex-
citation as close as 0.1 meV to the peak of the (A,X)~
line. This is a consequence of the sharpness of both the
{A,X)~ line and its phonon replica. In the temperature
range of 5—17 K, the Raman line cannot be observed be-
cause of the broad (A,X)-LO luminescence but it reap-
pears at higher temperatures [Fig. 5(b)] as the lumines-
cence intensity is greatly reduced.

The shape of the cross-section spectrum can be well fit-
ted by the equation'
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for the (A,X)q level, which has a width of OA meV even
at 1.7 K.

Finally, we note the very weak resonance near the
(D,X) line. This is another manifestation of the weak in-
teraction of the donor-bound exciton with LO phonons.

The results obtained here for bound-exciton enhance-
ment of Raman scattering can be compared with the only
other reported study on CdS by Damen and Shah. In
that case, a strong resonance was observed near both
(A,X) and (D,X) lines, with linewidth 10 times larger
than that observed here for CdTe. (The luminescence
linewidths are comparable. ) Possibly the large linewidth
was due to the fact that a high-intensity pulsed dye laser
was used in the study of Cds. The presence of a high den-
sity of excitons (and free carriers) could contribute to a
larger exciton damping.

Balan
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FIG. 7. Same as Fig. 6 but for CdQ 9ZDQ J Te.
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In the alloy semiconductors the (D,X) and (A,X ) lev-

els broaden. Figures 6(a) and 7(a) show the luminescence
spectra obtained under above-gap excitation at T=1.7 K
for x=0.03 and 0.1, respectively. The broadening results
from random potential fIuctuations experienced by the
bound exciton. ' The line shapes of both (D,X) and
(A,X) are well fitted by Gaussians whose FWHM are
given in Table II. For x=0.03, the internal (fine) struc-
ture of the (D,X) exciton can still be resolved. Accord-
ing to the model proposed by Suslina et al. , the linewidth
dependence on the composition parameter x is

T I /2

1 2 x(1—x) dE —3/2

nN(x) dx

(e)
Ex@: 2.4 eV

where N is the number of lattice sites per unit volume and
(dE/dx) is the slope of bound-exciton energy with respect
to x. This slope is equal to (dEs,„/dx), as the binding en-
ergy of either (D,X) or (A,X) varies only slightly for

1.60 1.61 1.62 1.63
E (eV)

FICy. 6. Photoluminescence and RRS of' CdQ. 97znQ, Q3Te. (a)
Excitation deep in the conduction band and (b) selective excita-
tion into the (A,X) band. Two sharp lines near 1.592 eV are
the two LO-phonon Raman lines resonantly enhanced at the
(W', X) band.

TABLE II. FVFHM of (D,X) and (A,X) lines at T=1.7 K
(in meV).

1.58

CdTe
Cd0. 97Zno. 03Te
Cd09Zno (Te

0.28
0.7S

(DQ,x)
2

0.25
0.70
2.2

0.20
0.60

0.1

3.4
8.5

0.4

(a',x)
1 2
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x &0.1. az is a measure of the volume occupied by the
bound exciton. Comparing the linewidths of (D,X) and
(A,X) for both x =0.03 and 0.1, we obtain

3/2

4

Thus, aD/a„-2. 5, indicating that the (D,X) complex
extends over a much larger volume than the (A,X) com-
plex. This result is consistent with the ratio of effective-
mass Bohr radii of the neutral donor and acceptor
'D ~'~ -4).

In addition to the bound-exciton bands, the free-exciton
band is clearly observed in Cdp 97Znp p3Te. This band is
analogous to the polariton band in CdTe and, indeed, has
a similar LO-phonon sideband. A close comparison be-
tween the phonon sidebands of these two crystals indicates
that the free-exciton band of the mixed crystal has a sharp
low-energy cutoff ( & 1 meV) and does not show a tail of
states due to disorder. Such a tail has been observed in
CdSp 995Sep QQ5. However, the effective-mass Bohr radius
of the exciton in CdTe is twice as large as that in CdS.
Potential fluctuations are thus better averaged out in
Cd„Zn] Te than in CdS Se~

In Cdp9Znp ~Te, a weak shoulder is observed on the
high-energy side of (D,X) at 1.668 eV. This band could
be due to intrinsic excitons. However, based on the exist-
ing data, this assignment is tentative only.

A series of selectively excited luminescence spectra re-
veal line narrowing and spectral diffusion within the
(A,X) band. Figures 6(b) and 7(b) show two examples.
The sharp lines at the LO-phonon region are Raman lines
and will be discussed in Sec. III B2. The possibility that
an acoustic-phonon sideband (associated with the selec-
tively excited sites) is observed at 1.612 eV [Fig. 6(b)] can
be ruled out for the following reasons: (a) No acoustic-
phonon sideband is observed associated with the strong
(A,X) line in CdTe, and (b) in both Cdp 97ZIlp Q3Te and
Cdp9Znp iTe, the observed sPectral diffusion does not
show a constant Stokes shift for excitation within the
(A,X) band.

We have calculated the expected spectral line shape as-
suming transfer within the (A,X) band using the model
of Ref. 10. We found that for effective transfer to occur,
its rate must be greater than the radiative recombination
rate. This requires two conditions which are not met in
the present case: (a) a strong exciton —acoustic-phonon in-
teraction (such as in CdS„Sei „crystals), and (b) a large
overlap between exciton-binding sites. The latter is not
expected to happen as the concentration of neutral accep-
tors is small. (Assuming a random distribution of 10'6
acceptors/cm, the average separation between acceptors
is about 100 lattice sites. The exciton Bohr radius is only
10 lattice sites. ) We thus conclude that the observed spec-
tral diffusion within the (A,X) band must occur via an
intermediary impurity. The data suggest that the impuri-
ties giving rise to the S-band luminescence fulfill this role.
Excitation spectra of various parts of the (A,X) band in
Cdp 97Znpp3Te are similar to those of CdTe [Fig. 3(a)].
They show that the low-energy tail of the S band overlaps

Resonant Raman Scattering (1 LO phonon)
T = 1.7K
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FIG. 8. Cross section of resonant Raman scattering by LO
phonon in (a) Cdo 97zn003Te and (b) Cdo 9Zno ~ Te at 1.7 K. Solid
curves are calculated assuming a Gaussian line shape with pa-
rameters given in text.

2. Raman scattering

Raman scattering by LO-phonon modes is observed in
Cd„Zni „Te (x)0.9) under excitation in the free- and
bound-exciton spectral region. Examples are shown in
Figs. 6(b) and 7(b). This alloy semiconductor is known to
be a two —vibrational-mode system, ' and two LO pho-
nons are clearly resolved even for x=0.98 at 1.7 K. The
lower-energy LO phonon has virtually the same energy as
the LO phonon in CdTe (21 meV). Upon increasing the
Zn content, the intensity of this mode decreases with
respect to that of the higher-energy LO mode. The energy
of the latter increases from 22.2 meV for x=0.97 to 22.7
meV for x=0.9. This behavior is consistent with associat-
ing the 21-meV mode with vibrations of the (heavier)
CdTe sublattice and the other mode with the ZnTe sublat-
tice. (It should be noticed that the associated TO-phonon
Raman lines are very weak, but observable with energies
of 18.3 and 19.5 meV in CdQ 97Z11Q 93Te.)

As in the case of CdTe, strong resonance enhancement

with the (A,X) band. Since at low temperatures the S-
band luminescence is much weaker than that of the
(A,X) band, transfer from the former to the latter is very
efficient. The concentration of impurities contributing to
the S band must be very high, as its luminescence is as
strong as the free-exciton luminescence at elevated tem-
peratures.
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of the LO-phonon scattering is observed only in the
(A,X ) spectral region. The scattering cross-section
dependence on energy is shown in Fig. 8 for both
Cdo 97Zno o3Te and Cdo 9Zno ]Te, normalized with respect
to the peak intensity. The energy of the peak scattering in
both crystals coincides with that of the peak lumines-
cence. Assuming that only the (A,X) band contributes to
the RRS, the shape of the cross-section curve is given by
the following expression': 103—

60 20
I I

0 97 O.03
e ~ 4 (Ao, X) Luminescence

Raman: oo o Exc: 1.6067 eV
Exc. 1.6089 eV

o o o Exc: 1.6139 eV———IVlodel

T (K)
10

y(E;, T)P (E; )dE;
cr(E) =C

(ao, x) (E —E, )2+y2(E;, T)
(7)

E is the excitation (laser) energy, and P(E;) is the proba-
bility of finding an intermediate state at energy E;. P(E;)
should, in principle, be identical with the (Gaussian) line
shape of the (A,X) band in the alloy semiconductor.
y(E;, T) is the bound-exciton damping factor which de-
pends on both exciton energy and crystal temperature (see
below). C contains all the proportionality factors and also
implies integration over final states (which yields the same
result for each intermediate state). In fitting the experi-
mentally observed cross-section curves at 1.7 K, the
damping factor is taken as the (A,X) linewidth of CdTe
at this temperature (0.1 meV). The results of the fit using
Eq. (7) and a Gaussian form for P(E;) are shown as
dashed lines in Figs. 8(a) and 8(b). For CdQ 97Z11Q Q3Te, the
FWHM is 3.1+0.1 meV as compared with 3.4+0.1 meV
obtained for the luminescence curve. For Cd09Zno &Te,
the Raman FWHM is 4.3+0.2 meV, while that of the
luminescence curve is 8.5+0.2 meV. The discrepancy be-
tween these linewidths suggests that the wings of the
(A,X) band contain states with a different electronic
structure from that of the (A,X) bound exciton (at least
as far as the scattering efficiency is concerned).

As the temperature is increased, the Raman intensity
drops. Figure 8 shows the observed Raman-intensity
dependence on temperature, for several excitation energies
within the (A,X) band of CdQ 97Z11Q Q3Te. Also shown is
the integrated luminescence intensity dependence on tem-
perature for the (A,X) band. The latter can be fitted
using Eq. (3) with the parameters Cz ——500+200,
Cf ——(10+5)X 10, and Ef——14+2 meV. As in the case of
CdTe, the two nonradiative recombination processes are
exciton dissociation (activation energy of 14+2 meV) and
exciton thermalization into the free-exciton band. In fit-
ting the data, the activation energy for exciton thermaliza-
tion [E„ofEq. (3)] was taken as the energy separation of
each section of the (A,X) band from the bottom of the
free-exciton band.

As can be seen from Fig. 9, the temperature dependence
of the Raman lines is different from that of the integrated
luminescence intensity, and is dependent on the excitation
energy. This observation is important evidence for identi-
fying the pair of sharp LO phonon lines as Raman
scattering rather than luminescence. The temperature
dependence of the Raman lines comes from that of the
damping factor y(E;, T ) in Eq. (7). In principle, the same
nonradiative recombination processes governing exciton
luminescence should contribute to exciton damping, and
we can write
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+Cf exp —(Ef/kT) .

The first two terms are the homogeneous (A Q,X )
linewidth [Eq. (2)]. The parameters Cz and Cf are the
damping factors (for T~oo) due to exciton thermaliza-
tion and dissociation, respectively. Cq may depend on ex-
citon energy if thermalization is through intermediate
states (such as the shallow S band). This can be probed by
the RRS since the spectral regions contributing most to
the scattering are those adjacent to the excitation energy.
[It must be remembered that the luminescence dependence
on temperature yielded average values for the preexponen-
tial parameters, as the intensity was integrated over the
whole (A,X) band. ] In fitting all the Raman curves of
Fig. 8, we used the same homogeneous line parameters as
for CdTe (A=0. 1, B=3.0 meV, and for bE a constant
value of 1.1 meV). The activation energies are the same as
used in fitting the luminescence-intensity dependence on
temperature; E=14+2 meV for exciton dissociation, and
bE; =E„—E~, where E„ is the energy of the free exciton.
For the exciton dissociation damping factor we obtain
Cf ——(10+5)X10 meV throughout the band. This pro-
cess is the predominant contributor to exciton damping
for T ~ 10 K. For the exciton thermalization pre-

y(E;, T)=A + +Cz exp (b E; /k T)—B
exp bE/kT —1
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exponential factor we obtain Cz ——(3+1)&&10 meV for
E; (1.612 eV. However, for excitation at the top of the
(A,X) (E; —1.614 eV), C~ ——10 meV. This large value
indicates that excitons in this part of the band thermalize
faster with the free-exciton band than those deeper in the
(A,X) band.

The fit of this model to the Raman data is not as good
as that of the luminescence data and may expose the over-
simplified approach in describing damping mechanisms.
Also, part of the Raman signal may be due to lumines-
cence. A time-resolved spectroscopy study may shed light
on this problem.

IV. SUMMARY

The spectroscopic properties of (A,X) and (D,X) ex-
citons (1S state) in CdTe and Cd„Zni „Te (x &0.9) have
been studied by selectively excited luminescence and by
resonant Raman scattering of LO phonons. The
large disparity between the (D,X ) and (A,X )
exciton —acoustic-phonon interaction manifests itself in
the different dependence of the exciton linewidth on tem-
perature in CdTe. The more strongly interacting (A,X)
exciton levels have Lorentzian line shapes strongly depen-
dent on temperature, while the weakly interacting (D,X)
exciton levels are Cxaussian with a very small contribution
from phonon broadening. Since the (A,X) exciton in-
teracts strongly with the LO phonons, it shows a very pro-
nounced RRS. The analogy between the interaction
strength with LO and acoustic phonons indicates that the
coupling must be due mainly to the piezoelectric interac-
tion (and not to the deformation potential). There are no
detailed models that can account for the different interac-
tion strength between (A,X) and piezoelectric phonons
and that of {D,X). However, Hopfield's model for a sin-
gle bound particle indicates that the interaction is
stronger for more localized particles. As deduced from
the linewidths of the {A,X) and (D,X) bands in the al-
loys, the former is more localized. Although these are
three particle systems, this finding is consistent with the
relative strengths of phonon interactions.

The (A,X) and (D,X ) also couple differently to static
potential fluctuations. In CdTe, the (D,X) lines are
Gaussian and broader than the (A,X)i line at 1.7 K. The
commonly suggested line-broadening mechanism at very
low temperatures is coupling to random, static electric
fields. The data suggest that the (A,X) level couples less
to these fields than the (D,X) levels do. The situation is
different when alloying with ZnTe is introduced. The
{A,X ) lines are much more sensitive to alloying, and the
linewidth increases at a rate fourfold greater than that of

the (D,X ) levels. As was recently found for
Cia„In& „As, alloying causes changes in both bond
lengths and bond angles. As the acceptor levels consist
mainly of p orbitals, while the donor of s orbitals, the
former is expected to be more sensitive to alloying than
the latter, as indeed is observed.

We have studied the temperature dependence of (A,X )

luminescence and LO-phonon RRS and tried to treat it by
a unified model of bound-exciton dynamics (i.e.,
temperature-dependent relaxation processes). The
luminescence data could be well explained by two nonradi-
ative recombination processes, exciton thermalization into
the free-exciton band and exciton dissociation. By using
the same processes, the fit to the temperature dependence
of the RRS is not as good as that of the luminescence in-
tensity. Clearly the simple model of exciton damping does
not fully explain the RRS data. More work, in particular,
on time-resolved spectroscopy (with picosecond resolution)
is required.

It is interesting to note that the spectral diffusion
within the (A,X) band, observed in the alloy semicon-
ductorsis , not due to direct transfer between (A,X ) sites,
but rather to transfer through an intermediary, shallow
bound-exciton band (designated S in this study). The tail
of the 5 band overlaps the {A,X) band, and judging from
its strong intensity at elevated temperature it is due to
some centers with a high concentration. The available
data is insufficient to determine its origin.

Finally we can compare the results obtained here with
similar experiments done on CdS„Se~ „.' In the latter,
the excitons are localized by intrinsic potential fluctua-
tions" rather than by impurities as is the case in
Cd„Zn~ Te. This is not due to a higher impurity con-
tent in Cd„Zn, „Te. The relative intensity of LO-phonon
sidebands of the polariton bound-exciton bands are similar
in high-purity CdS and CdTe crystals. It must arise from
the difference in exciton Bohr radii, 28 and 70 A, respec-
tively. Short-range, intrinsic potential fluctuations are
thus averaged out in Cd Zn& „Te to a much greater ex-
tent than in CdS~Se~ . The sharp LO-phonon lines in
Cd„Zn~ „Te have been identified as resonantly enhanced
Raman scattering. Time-resolved spectroscopy on the
analogous lines in CdS~Se&, " has shown that in this
system they are actually resonant luminescence. The
bands at which these lines are (selectively) excited are dif-
ferent for CdS„Se& „and Cd„Zni „Te. It would thus be
of interest to perform similar experiments on
Cd„Zn& „Te in order to determine the relative contribu-
tion (if any) of luminescence to the sharp LO-phonon
lines.
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