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Thomas and Hopfield measured the exciton absorption spectrum of CdS in 1961 and identified
several of the intrinsic exciton states. The present paper reports the n=2, n=3, and n=4
excited states of intrinsic excitons, whose holes derive from the B valence band, as observed
in emission spectra of single-crystal CdS platelets at 1.2 K. The energy difference between
the 1S I'5& ground state and the 2$ state of the B-band exciton is less than the energy differ-
ences between corresponding states of the A-band exciton by approximately 4 meV. That this
deviates from the predicted effective-mass hydrogenic-exciton approximation can be explained
by taking into account the details of the valence bands. The binding energies of the A- and B-
band excitons, calculated from the higher excited states, are the same within experimental
error in the hydrogenic approximation.

I. INTRODUCTION

Thomas and Hopfield' measured the free-ex-
citon reflection spectrum of hexagonal CdS in 1959,
from which they identified three separate exciton
series whose holes derive from the A, B, and C
valence bands at the I' symmetry point of the zone.
This was followed, in 1961, by a definitive mag-
neto-optical study of the intrinsic exciton absorp-
tion spectrum, in which they identified several of
the higher exciton states from both the A and B
bands. From these measurements they calculated
such important band parameters as the electron,
the hole, and the exciton effective masses, ex-
citon binding energies, etc. , which still stand as
the accepted values of these parameters. These
same investigators then extended their intrinsic
exciton work to a study of bound excitons' (im-
purity and native-defect excitons), a study which
has contributed greatly toward our understanding
of the complicated defect state in CdS, and, in-
deed, in all the II-VI compounds.

Although the various free-exciton transitions
are not too difficult to observe in the low-temper-
ature reflection and absorption spectra of high-
quality CdS crystals, it is usually much more dif-
ficult to observe these same transitions in emis-
sion spectra. In fact, emission spectra with suf-
ficient detail to resolve the intrinsic exciton ex-
cited states can be obtained only from very high-
quality strain-free single-crystal platelets, at
temperatures near 1'K; also, the intrinsic ex-
citon transitions are weak in emission and are not
usually detected, except in long photographic ex-
posures of the spectrum.

In the present paper we report the first work on
intrinsic exciton emission spectra from thin CdS
platelets. It is the purpose of this paper to re-
port the observation of A — and B-band intrinsic

exciton states (ground and excited states), as de-
duced from emission spectra at 1.2 'K, and to com-
pare these results with the previously reported
absorption and reflection spectra of Thomas and

Hopfield. ~' In general, the emission results are
in good agreement with those derived from absorp-
tion and reflection spectra. In emission, however,
the excited configurations are seen in greater de-
tail, as the present data show. A further purpose
is to consider a small energy difference (-4 meV)
which is always observed between the n= 1 and
n=2 states of the A and B exciton series, a dif-
ference not to be expected on the basis of a simple
hydrogenic approximation, assuming equal masses
for the A- and B-band holes. This observation is
illustrated diagramatically in Fig. 1.

II. EXPERIMENTAL RESULTS

Shown in Fig. 2 is a densitometer trace of a typi-
cal, unpolarized, intrinsic exciton emission spec-
trum of CdS. Clearly resolved are the n= 2, 3,
and 4 peaks of the A-band series, followed by the

n = 2, 3, and 4 peaks of the B-band series. The
I'5~ A (n= 1) and f3 (n= 1) exciton ground states are
indicated at their appropriate positions on the
photon energy scale (although these states are not
shown in the spectral trace, their precise spec-
tral positions have been determined and are given
in Table 1). Based on a binding energy of 0.028
eV, ' we note that the @=2, 3, and 4 states of the
B band fall at energies above the band gap, a fact
which doubtless makes their observation difficult
in absorption spectra.

The excited states .of the A-band excitons are
shown in the polarized emission spectra of Fig.
3. The solid-line spectral trace was recorded
for emission polarized with E~ C; the dashed-line
spectrum is for E il C. We note that the n = 2$,
n=SS, and n=4peaks are clearly resolved and
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TABLE I. Measured values of ground and excited
exciton states in CdS (energies in eV).
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FIG. l. Energy-level diagram for intrinsic excitons
in CdS, A and 8 valence bands.

that they are the prominent features observed in
the E~C mode of polarization. In the E II C po-
larization, the n = 2S, n = 2P, n = SP, and n = 3D
peaks are observed, as predicted by selection
rules. Although the n = 4 peaks appear in both
modes of polarization, and are slightly displaced
from one another, the experimental spectral res-
olution was not sufficient to sort out the n = 4 ex-
cited config x ations.

In order to observe the excited states of the
B-band excitons it was necessary to use wide
spectrometer slits and long photographic ex-
posures. Slit widths - I mm, with exposure times
ranging up to two hours, were required to photo-
graph the emission. Since wide slits were re-
quired, one does not observe structure in the ex-
cited states as was possible for the A. -band ex-

citons. The ground-state B-band excitons are
shown in Figs. 4(a) and 4(b). In Fig. 4(a), the
emission is shown for E ii C; for Fig. 4(b) the
polarization is E ~ C. One sees both the longi-
tudinal and transverse excitons. The measured
longitudinal-transverse splitting is 1. 6&& 10 eV.
If one assumes for the B-band exciton the same
oscillator strength and refractive index that
Thomas and Hopfield assumed for the A band, one
calculates a value of 1.8~10 eV for the longi-
tudinal-transverse separation, which agrees very
well with the splitting measured in the present
results. The experimentally measured energies
for the ground and excited states of the A- and
B-band excitons are compiled in Table I.

From Fig. 2 one observes that the energy sep-
arations between the excited states of the excitons
derived from the A and B bands are approximately
identical. However the energy difference be-
tween the ground-state B-band exciton and its first
excited state is less than the energy between the
ground-state A exciton and its first excited state.
This difference can be accounted for as described

V)I-

K.

QCI-
CO
K

I-
CO

4JI-
X

A(n=3) B(n=3)

B(n= 4)

FIG. 2. Densitometer trace of
a CdS idge emission spectrum at
1.2'K in the A- and 8-band intrin-
sic exciton region, showing unpo-
larized emission peaks which cor-
-rpspond to excitons decaying from
various ground and excited config-
urations. (Fluorescence excited by
a high-pressure Hg arc lamp. )
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for zinc blende, using j = —,
' and j =-,' eigenstates.

For wurtzite the basis is rotated so that one has
S+ n, S —p, S+p, —S —n, Ssn, »d Szp This
basis gives matrices (including crystal field ef-
fects) of the form

2.572 2.574
I I I I I

2.576 2.578 2.580 2.582
PHOTON ENERGY (eV)

in Sec. III.
III. DISCUSSION

Before investigating the energy shifts of the
n=l states of the A and B exciton, i. e. , their
deviation from hydrogenic values, let us examine
the spin-orbit &„and crystal field ~„param-
eters. These parameters have been defined in
three different ways4 6; for this report the defi-
nition of Ref. 4. will be used. If one assumes
that the top of the valence band is P like, for both
zinc blende and wurtzite, and that H„=4„L~ S,
one can write matrices of th-e form

(~.. o
0 d„0
0 0 —2&„

FIG. 3. Polarized intrinsic exciton emission peaks in
CdS, showing A-band exciton decay from various excited
configurations. The I& + Lo anti-Stokes peak belongs to
the bound exciton emission spectrum.

The ~ and &„have been determined from ex-
citon spectra, assuming that the binding energy
of the A, B, and C excitons were the same. From
the n=2, 3, and 4 exciton energies of the A and 8
band one obtains an average effective Rydberg of
0. 029 eV with little deviation. This implies that
the reduced masses for the A and 8 excitons are
approximately equal. This does not appear to hold
for the C band. Some insight to the unique charac-
ter of this lower band can be obtained by examining
the calculated band structure of the 0-VI com-
pounds. ~' It is found that the lower valence band
is quite different from the upper valence band, as
shown in Fig. 5. Moreover, the spin-orbit split-
ting parameter can be calculated to a high degree
of accuracy by relativistic orthogonalized plane-
wave methods. Using this method, the value ob-
tained for CdS is b,„=0. 038 eV. (The energy dif-
ference between the F, and I', valence bands of
zinc blende CdS is 0. 114 eV. ) This compares with
an InP calculated value, ~ =0.040 eV, for which
an experimental value, ~„0.037 eV, has been
measured (obtained from values given in Table
1V of Ref. 9).

One can also make comparisons between GaP,
InP, ZnS, and CdS spin-orbit para, meters. The

CdS, l.2OK
B- BAND EXCITONS Ell C

C(IS, I.2 K

B-BAND EX EiC

FIG. 4. (a} B-band intrinsic ex-
citon emission in CdS, showing the
ground state B(n=&} for E Il C. (b)
B-band exciton emission peak for
KJ C. Note that the ground state
splits into its longitudinal and
transverse components in this mode
of polarization.
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Calculated CdS
Energy Bands Near k=O.

TABLE II. Valence-band parameters for CdS, past
and present work.

E~-&a
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(eV)

and 6&
(eV) (eV)

FIG, 5. Calculated
energy bands in CdS,
showing the shape of the
conduction valence bands
over a small range of k,
near k=0 (after Euwema
et al. , Ref. 7).
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wurtzite structures are applied. In the notation
used in Ref. 12, one has

b Eg(1$) = Ro(B) -AD[A qSq(0) +ARSq(E„—Ee)

calculated value for GaP is ~„=0.030 eV; its
experimentally measured value is ~„=0.033 eV.
In moving along the isoelectronic sequence from
GaP to InP, one finds an increase in the spin-orbit
parameter. The same type of increase is expected
in going from ZnS to CdS. If one uses the old en-

ergy differences for the top valence bands in CdS,
i. e. , E~ —E~ = 0.016 eV and Ew Ec = 0. 073 eV,
one obtains ~„=0.020 eV. Using the measured
value of the present work for E& -E&, together
withthe old value of E& -Ec, one finds that &„
= 0.022 eV. The experimentally measured values
of 6„for zinc blendeandwurtzite ZnS are 0.024
and 0.031 eV, respectively, giving a 4„for CdS
which is less than that of ZnS. If one assumes
that the exciton binding energy is the same for
excitons which derive from the top three valence
bands in CdS (as is sometimes done), one obtains
a calculated spin-orbit parameter which is at
least 50/g too small. Thus using the calculated
value for 4„of CdS and the value E& —E~ = 0.011
eV, one obtains a crystal field parameter of 0.018
eV and E&-Ec=0.120 eV, as shown in Table I.

Since the static dielectric constants are crucial
to exciton parameter calculations, it is important
to note carefully the values which were used here.
The perpendicular and parallel components of the
static dielectric constant in CdS have been mea-
sured and at room temperatures are given by
e,= 9.35 and e„ = 10.33. At 77 K they are c,
= 8.48 and a„=9.48. The ratio cjc for room tem-
perature is 0. 905 and for 77 'K it is 0. 895. Ex-
trapolating these results to 0 'K one has c,= 8. 18,
&„=9.19 and the ratio is 0. 890.

Returning now to the corrections to the n=1
states of both the A and B excitons, the results of
Baldereschi and Lipari if, t2 who derived the en-
ergy shifts of the 1S levels for bothzincblendeand

+A, S,(E„E,)]}-, (8)

EEs (1S)= Ro(B~ -Ao[A4S((0) +A g Si(EB —Ec)

+A, S,(E, -E„)]j . (4)

Using the parameters af Table II, one has S~(X)
& 0 as well as the A&'s. Thus to have a decrease
between the position of the ground-state excitons
as given by Figs. 8 and 4 (i. e. , a shift of B 1S
exciton state to higher energy), the parameters
B~ and Bz must take on values different from those
obtained in Ref. 12. Both B~ and B2 are related to
another parameter 6 which is obtained from four
valence band parameters (given in Table I of Ref.
12). In turn these four parameters are not well
known but estimates of their relative magnitudes
may be made. If one lets the parameter labeled
T in Ref. 12 increase in magnitude relative to the
others, a fairly good fit to experiment can be ob-
tained. This indicates that Eqs. 3 and 4 are at
least of the right form.

IV. CONCLUSION

In this investigation it has been possible to
identify the F» and I"5& exciton states which de-
rive from the B band in CdS. The splitting is al-
most the same as that predicted by Hopfield and
Thomas for theA band, as can be seen from
Table I. The energy shift of the ground-state B
exciton was found to be different from the A-band
ground-state exciton. By using the work of Bal-
dereschi and Lipari it was found that one could
explain the results as pointed out in Sec. ID. It
was also found that in order to obtain the correct
spin-orbit parameter for the quasicubic model,
one has to use different band parameters and a
different binding energy for the C-band exciton.



I'- P OINT VALENCE -BAND ENERGY L E VE LS IN Cd S

D. G. Thomas and J. J. Hopfield, Phys. Rev. 116,
573 (1959).

D. G. Thomas and J. J. Hopfield, Phys. Rev. 122,
35 (1961).

3D. G. Thomas and J. J. Hopfield, Phys. Rev. 128,
2135 0962).

M. Balkanski and J. des Clorzeaux, J. Phys. Radium
21, 825 (1960).

S. Adler and J. Birman, Gen. Telephone Electron.
Res. Develop. J. 1, 2 (1961).

J. J. Hopfield, J. Phys. Chem. Solids 15, 97 (1960).

R. Euwema, T. Collins, D. Shankland, and J. DeWitt,
Phys. Rev. 162, 710 (1967).

D. Stukel, R. Euwema, T. Collins, F. Herman, and
R. Kartum, Phys. Rev. 179, 740 (1969).

G. Wepfer, T. Collins, and R. Euwema, Phys. Rev.
B 4, 1296 (1971).

D. Berlincourt, H. Jaffee, and L. R. Shiozawa, Phys.
Rev. 129, 1009 (1963).

A. Baldereschi and N. O. Lipari, Phys. Rev. B 3,
439 O.971).

N. O. Lipari, Phys. Rev. B4, 4535 (1971).

PHYSI CA L RE VIE W B VOLUME 6, NUMBER 6 15 SE PTEMBER 1972

Pressure Dependence of the Refractive Index of Amorphous Lane-Pair Semiconductors ~

Mare Kastner
DePa&ment of Physics, The University of Chicago, Chicago, Illinois 60637

(Received 22 May 1972)

The pressure dependence of the refractive index (dn/dP) of several amorphous chalcogenide
semiconductors is reported. dn/dP is positive for materials containing group-Vl elements in
twofold coordination (lone-pair semiconductors), whereas it is negative for tetrahedral semi-
conductors. Furthermore, dn/dP is the same for the amorphous and crystalline phases of a
given semiconductor. Although a one-oscillator (Penn) model adequately predicts dn/dP for
tetrahedral semiconductors, a similar approach does not predict the positive dn/dP of lone-
pair semiconductors. Local-field corrections appear to be the cause of the positive dn/dP.
The Lorenz-Lorentz description of the local field predicts dn/dP in agreement with experi-
ment for most molecular lone-pair materials. It fails, however, for materials containing
large concentrations of group-IV elements. The limitations of the local-field correction in
describing dn/dP of partially molecular semiconductors is discussed.

INTRODUCTION

The pressure dependence of the refractive in-
dex of semiconductors is related to the pressure-
induced shifts of the principal interband absorp-
tion processes. For tetrahedral semiconductors
and compounds of the A"8 "type, Phillips' de-
scribes the principal interband absorption by a
single-oscillator model, with an oscillator of en-
ergy E, , a modified Penn gap. The value of
E, is actually determined from the refractive in-
dex n by

n' —1 = (h(u~/Z, )', (1)

where &u~= (4sNes/m)'~ is the plasma frequency
Ã is the density of valence electrons participating
in the principal interband absorption. The plasma
frequency changes with pressure as the reciprocal
volume. For group-IV elements the dependence
of E on interatomic spacing a follows the em-
pirical relation

E ~a"
With this information, Van Vechten3 calculated

the strain dependence of the refractive index. He
obtained good agreement with the experimental

values for the group-IV elements. One obtains
the same value of (1/n) (dn/dP) for the amorphous
and crystalline phases of the same substance.

Thus one can use g as a measure of E, which is
associated with the strength of the chemical bond.
The volume dependence of n can test to what ex-
tent this association is valid. The simple approach
of Phillips and Van Vechten is especially attractive
in the case of amorphous semiconductors where
the physical properties cannot be described by
band theory, and one might hope to relate observed
physical properties to the chemical bonding.

Phillips's theory has been limited to A" B
compounds. Most amorphous semiconductors
are, however, lone-pair (LP) semiconductors—
those containing group-VI elements in twofold
coordination. These, of course, are not A"B
materials. The purpose of this work is to de-
termine to what extent n is a measure of bond
strength in amorphous LP semiconductors.

This paper reports measurements5 of the pres-
sure dependence of the refractive index z or of the
optical path length nl (f is the sample thickness) of
amorphous layers of As~S3, As2Se„GeSez,
GeSe Te, and of the alloy glass Ge&6As35 Te28 Sg.
We find that (1/n) (dn/dP) is positive for these


