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The absorption spectra of evaporated thin films of ZnS, CdS,
ZnSe, CdSe, ZnTe, CdTe, PbS and PbTe -in the 36 - 150 eV region
are reported, The measurements were perfofmed using the DESY
electron synchrotron as a radiation source. A sharp doublet
associat?d.with transitions from the 3p core levels of Zn to the
conduction bands (3p -+ ¢) is observed for ZnS, ZnSe and less
clearly for ZnTe., The splitting of this doublet seems due to
spin-orbit interaction. Other less pronounced structure

(Se 3d + ¢ in ZnSe, Cd u4p + ¢ in CdTe) is also observed but
most spectra are dominated by broad transitions similar to the
atomic 4 + £ transitions observed in this region for Kr and Xe.
The number of effective electrons whose oscillator strength has
been exhausted at a given energy is obtained by integrating the
absorption coefficient, In the compounds containing the heavy
elements Te and Pb all outermost d-electrons of the core have

exhausted their oscillator strength at 150 eV,
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I. Introduction

The intrinsic optical properties of the IIb-VIb family of semiconductors
and insulators with zincblende and wurtzite structure have been the
object of cbnsiderable study1_3. The measurements, usually performed

on single cfjstals with the normal inciéence-féfiection techniqﬁe, have

been confined to the region of photon energies below 30 eV 6, Transmission.

measurements with vacuum-deposited polycrystalline samples’, limited
because of substrate absorption to the 1. - & eV energy region, have
shown substantial agreement with reflectivity measurements on bulk single

crystals,

In the 1 - 10 eV repion the optical properties of the IIb-VIb materials
are dominated by direct interband transitions between the valence and
conduction bands. The absorption coefficient has an absolute maximum in’
the near ultraviolet (around 6 eV) where most of the oscillator strength
is concentrated. The band structure assignment of this maximum, usually
labeled E,, gas been extensively discussed in the litepaturgz.
Additional structure is observed at bgth sides of this maximum; we shall

1

interaction and located at photon energies below EQ. The line shape of

mention in particular the Ei’ B, + Al peaks, sp}it by spin-orbit

these peai.s is known to be strongly affected by exciton interaction .
Exciton effeets are also responsible for the rich structure observed in

the neighborhood of the fundamental edgel.

In the 10 - 30 eV region transitions from the outermost 4 electrons of the
cation core into the conduction band are observed”. These transitions are

centered around 15 eV and have an approximate width of 4 eV. Fine structure



in these transitions has been observed for Cd% but most of the reported
data show a single peak. HQWever, structure at the d peaks could have
been missed in these experiments because §f the inadequacy of the dis-
crete liﬁe.sources conventionally used. Such structure would be related
to stpucture‘in the density of conduction states and to the spin-orbit
splitting of the d-core levels: the bands formed by these leyels should
have negligible width other than lifetime broadening!®. The relationship
between the spectrum of the 3d+c transitions of cell, a material closely

related to the II-VI compounds, and the density of conduction states has

been pointed out recently .

The intrinsic obtioal properties of the lead chalcogenides (IVb-VIb
compounds with rocksalt structure) have also been extensively studied.
Reflectivity measurements have been performed up to 25 eV13, while trans-’
mission measurements on vacuum deposited films have béen confined to
energies below 6 eV!3'1%  Transmission measurements are particularly
attractive foé these materials because of the possibility of preparing

high-quality single crystal Ffilms by epitaxial deposition on cleaved

alkali halide substratesl",

The results of transmission measuremenfs on lead chalcogenides are in
essential agreement with those of reflectivity measurements. They show
structure presumably due to valence- to conduction band transitions below
20 eV and the beginning of structure due to transitions.from the outermost
d electrons of Pb above 20 eV. The absorption éoefficient shows a broad

absolute maximumraround 3 eV (E2) with some weak structure before and




after this méximumu This structure is broader and not as well defined as
that observed for the zincblende family; hence the band structure
assignment of the observed peaks has remained somewhat uncertain.
OPtiEal cdgstants calculations from band structﬁre, such as those
performed recently by Buss and Paradal!® for PbTe, should ;ontribute

to the identification of the observed structure.

In this papef we report measurements of the absorﬁtion coefficieﬁt of
ZnS,VCdS, ZnSe, CdSe, ZnTe, CdTe, PbS and ?bTe at room temperatﬁre in the
36 - 150 eV region, The measurements were performed on films vacuum-
deposited on thin carbon substrates. The choice of materials was deter-
mined, in part, by the fact that they yiéld‘reasonably crystélliné films
vhen deposited on substrates at room temperature. From our experience

with these films in the visible and neaf uv we can-statg that tﬁe width

of the.structure observed in the 36 - 150 eV region ({kji eV? is not
determined by crystalline imperfections in our films: The transmission
technique was éhosen over that of normal'incidehce reflection because of
the small reflectivity of our materials (< 0,01) in the 36 - 150 eV region,
which increases the error due to scattered light of long wavelengths.

Most of the structure observed is rather broad and is believed related

to the d+f structure observed in atomic spectbals, in the.solié rare gaseél7,
and in the alkali iodides!®, Sharp doublet structure has been observed fé;-
the Zn compounds, especially ZnS and ZnSe, This structure is related to |
transitions from the outermost core levels of Zn to the conduction band

and exhibits a splitting equal to that expected for these df;evels (spin-
orbit éplitting # 3 eV19), The absorption spectrum of ZnSe exhibits-algo
sharp structure related to transitions originating at tﬁe butermést 3d

levels of Se,



IT. Experimeﬁtal Procedure

The absorption experimenfs were performed using as a radiation source the
DESY elect;oﬁ synchbotronZG’zl. For the standard synchrotron operating
conditions (final energy between 3 and 7 GeV) tﬁe photon flux on the
entrance slit is 1012 photons/(sec.eV. cm?) at 100 eV photbn‘energy. The
samples were placed in front of the entrance slit of a nglandvgrazing
incidence ﬁonochromator. A gold-coated grating with 2406 lines/mm and

a blazing angle of 4° 16' was used in firgt order with an angle of
incidence of 12° 30'; it provided an average resolution of 0,1 R with

20 um slits. The detector was a Bendix M 306 6pen magnetic electron

multiplier,

The phétomultiplier response in the absence of a sample had a maximum
at a photon energy of about 100 eV due,‘in part,rtb the blazing of the
grating and to the spectral distribution of the synchrétron radiation.
As a result of the rapid decrease in the photoﬂ flux‘bélow 100 eV the
influence of hﬁgher order radiation at a first<order éettiﬁg of 50 eV
is not ﬁegligible. In order to avoid this problem we used as filters
unsupported Al £ilms about 1500 & thick. The sharp absorption edge of
this metal at 72.7 eV ensures virtually pure first order radiation
between 36 and 72 eV. Measurements at 72 eV with and without filter in-
dicate a tolerable amount of higher order padiafion‘(é 5 %) at this and
higher enérgies. The upper photon energy limit of our measurements was
determined by the small radiation intensity available with the small
grazing angle required and the beginning of the scattered liéﬁt

associated with the zero order spectrum.-




The samples were prepared by vacuum deposition at pressures about 10 6
Torr "in situ" and "ex situ", The substrates were 20 pg/cm? carbon films
supported by a 70 um copper grid; they wére kept‘at room temperature
during evaporation. The film thickness was determined while evaporating
with-é quarti film-thickness monitof. After e#aporation the thickness

of a film deposited on a glass substrate, placed next to the carbon
substrate @uring evaporation, was measured by the Tolansky method: results
consistent to better than 20 % with those of tﬁe quartz monitor were found,
The results of the Tolansky measurements were used to evaluate the absorp-
tion coefficients since they were thought to be more reliable than those
of the quartz monitor. From the consistency of the results obtained for
several samples we believe, however, that the absorption coefficients
reported here are affected by a scaling error of about 20 % due to un-

certainties in the thickness determination,

As already men{ioned, measurements were performed both with samples
deposited on t%e substrates "in situ"iand with samples prepafgd in an
external évaporator; no differences were found between samples of the
same material prepared by either procedure. In situ preparation has the
advantage of permitting.the measurement of the transmissivity of the
substrate immediately befdre deposition. Tﬁis feature becomes important

when the sample transmissivity is large.

ITI, Results . .
. Figure 1 shows.the absorption spectra of CdS and ZnS at room temperature.
This figure represents the composite results of a number of measurements

with several samples of thicknesses around 2000,8. The results are presented



both in megabarns per diatomic molecule (1 Mb = 10718 em? cross section),
for the purpose of comparison with atomic absorption daté, and in em 1,
The cross section scale in this and subsequent figures has been chosen
.common for poth compounds; the absorption coefficient scale is then
different because of the difference'in'laftiée'constants. The results

- of this and subsequent figures were obtained from transmission measure-
ments only, without reflection corrections. The normal incidenc§
reflectivity of the samples was measured independentlf in some cases
and shown to be well below 0,01 throughout our experimental region:

this fact makes reflection corrections unnecessary, Transmission
measurements with.samples of various thicknesses also confirmed this

conclusion,

The ZnS.spectrum of Fig. 1 shows a relatively sharp doublet between 90

and 1OQ_eV.‘The average position of these peaks, as resulting from

several measuréments, is given in Table I, The estimated accuracy of

these peak ehergies is %0.1 eV. We have also listed in Table I the energy

of the,MII,III X-pay emission threshold?? and.the calculét;d energy (below
zero) of the corresponding 3p levels of Znl?, Table I suggests that the
observed doublet is related to transitions from thése oﬁtermost p electrons
of the Zn core into excited (conduction band) states, The observed splitting
(2.85 eV) is close to the calculated spin-orbit splitting of these p
electrons (3.2 eV). The CdS spectrum shows only broad structure with a
méximum around 60 eV, While the CdS films are expected to have the wurtzite
structure, no essential differencgs'bétween the zincblende and wurtzite spec-

tra should exist in our experimental region?3,




The absorption spectra of ZnSe and CdSe are shown in Fig. 2, In contrast
with Fig. 1lthe absorption of CdSe below iOO eV is stronger than that of
ZnSe. This fact will be discussed quantitatively in the next section. The
cadmium compound shows also only broad étructure with a maximum at an
eﬁergy sligﬁtly higher than that ofnCdé. ThélZﬁSe'shows also-the dodblet
which we have associated with the MII,II£ édge of Zn. A slightly broader
peak is observed at 59 eV: comparison with calculations of atomic level319
and soft X-rays emission data’? suggests that this peak is related to the
HIV,V edge of Se {see Table I). The spin-orbit splitting expected for this

edge (v 1 eV) is too small to be resolved with the line width observed for

this peak (v 6 eV, not resolution limited).

We show in Fig. 3 a blown up version of the MI?,III peaks of ZnS and ZnSe.
For the purpose of the discussion in the next section, we include in this
figure .the density of conduction states calculated for ZnS by Herman et
al.3. As shown in this figure and in Table I, this doublet, occurs in ZnSe
at an energy 0.3 to 0.% eV lower than in ZnS, In this régard it is
interesting to point out that the fundémental gap of ZInS ig about 1.1 eV

higher than that of ZnSe, The doublet of Fig. 3 is about twice stronger

for ZnSe than for ZnS.

Pigure 4 shows broad maxima with some superimposed structure for the
absorption spectra of ZnTe and CdTe. The absorption coefficients at the
" maxima are considerably higher than those of Figs. 1 and 2, Some faint
structure corresponding roughly to the doublets of Fig. 3 can be seen
near the maximum of the ZnTe spectrum (gee Table IS but the assignment

.is somewhat arbitrary since more than a doublet is observed. Scattered



light prevents, in view of the strong absorption background, the
possibility.of enhancing the observed finé structure by measuring
thicker samples..The CdTe spectrum exhibits, beside some structure
near the maximum, a hump at 65 eV which; gccording to Table I, could

be related to the N edge of Cd,

IT,II1

Figure 5 shows the absorption spectra of PBS and PbTe, No fine structure
appears in these spectra but a change in slope in the PbS spectrum at

80 eV could be related to the OII,III threshold of Pb (see Table II).

A compilation of the positionsof the absolute maxima in the spectra of
Figs. 1, 2, % and'5, together with the absorption cross sectiomsat the

maxima, is présented in Table III.

IV, Discussion

We show in Table II the X-ray emission thresholds and the energies of the
atomic core levels which could produce optical structure in our photon .
energy region. As already mentioned, relatively narrow étructure has been

observed in the Zn compounds associated with the MII 111 edge of Zn, in
¥

CdTe associated with the N edge of Cd, and in ZnSe associated with

II,IiI

the MIV v edge of Se. The reason why such narrow structure does not appear
]

for all materials measured can be associated with the existence of the

broad maxima to be discussed later., The strength of the maxima (especially

. for the compounds of Te and of Pb) and possibly broadening due to inter-

channel inté&raction!® prevent the appearance of such structure,

" We have shown in Fig. 3 the Miq IHpeaks of ZnS together with the density
, .
of conduction states calculated for this materialld, It is possible to

speculate that the first peék {lower energy)-df the experimental doublet
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is a reflection of the first peak in the density of states, while the
observe& higher energy péak is the unresolved broadened version of the
second and!tﬁird peaks in the density of states. The spin-orbit splitting
of the d coré levels, however, obliges us to exﬁect the superposition of
two similér density-of-states-type spectra separated by the.spin-orbit
energy (v 3 eV), The low-energy component of this superpositioﬁ ghould
have a stréngth about 2/3 of the high energy component.lHence a triplet,
and not a doublet would be expected from ?he éensity of states of Fig. 3
‘on the basis of the agreement given above., One must therefore eitheg
conclude that one of the expected peaks is suppressed because of a

small oscillator strength or that the observed spectra are atomic-like
excitonic (Frenkel} excitations not bearing a direct relationship to the
density of conduction states. ile do not feel we can, at present, elucidate
any further this question, which is of great interest in connection with
the interpretation of fine structure also obseﬁved in this region for

the alkali halides!® and the solid rare gasésl7.

The broéd uéually dominant components of the observed spectra bear a

strong similarity to the broad spectra observed for gaseous and sol;d

Kr and Xel®°17 in the soft X-rays region. Similér broad spectra have also
been reported for the alkali jodides!® and for a number of heavy elements?",
For comparison we have listed in Table III the énergy of the broad maxima
and its cross section for Kr and Xe. These maxima in the atomic spectra:
have been attributed to d+f transitions, with the f levels above the
ionization threshold {sometimes referred to as delayed d thréshold)ls.

These transitions are particularly strong when there aré_unoccupied_f

states belonging to the same "shell" as the initial filled @ levels



f’li-

(e.g. for the 5th and lower rows of the pgriodic tabléE_Cd, Te, Xe, Pb).
It is clearly apparent from Table III and our figures that the observed
broad maxima are paﬁticularly strong fop'compounds with Te and Pb, in
agreement ﬁ}th the atomic argument givqn above. For reasons which we do
not know, the corresponding maximum of Cds is extfemely weak, Recenf
work by Harrison et al.?S on the photoionization cross section of atomic
Cd shows a broad maximum at an energy similar to that of €dS (Pig. 1)

but with a considerably larger cross section (v~ 15 Mb at the maximum)}.

An examination of Tables II and III indicates that the broad maxima of
all tellurides are mostly due to the d*f (same shell) transitions of Te..
For PbTe,this‘maximum may be shifted to slightly lower energies because
of thé étrong superposition of d+f transitions of Pb thch have a maximum
at 58 eV (see PbS). The thresholds of these d transitions lie all at
around 50 eV and hence the delay of the d+*f maximum is quite large. A
detailed study of the threshold region (below 37 eV), to be performed at
a later date, is desirable for the sakg of completeness, The weaker broad
spectrum of CdSe seems dominated by thé d+f transitions (same shell also)
of Cd (see also CdS). That éf ZnSe, with a maximum.at 120 eV, should be

a superposition of d+f transitions of Z2n and Se plus p*d transitions of
Zn: it is weaker than for the tellurides_ané for CdSe since all the

transitions mentioned have initial and final states in different atomic

-sﬁells.

For a more quantitative treatment of the broad parts of the spectra it

is convenient to calculate the density of effective electronic whose




- 12 -

oscillator strength has been exhausted between energies E, and E, 24226
| Ey
Neff(electrons/molecule) = 2,3 + 1015 a3 a(E)ndE
' E
1
1 (1)
E, .
= 9,1 » 1015 n{E)o(E)dE
El

In Eq. (1) a is the lattice constant and n(E) the real part of the
refractive index., A calculation of the imaginary part of the refractive
index k(E) from the observed absorption coefficients indicates that
n(E) differs from 1 by no more than 10 % (the maximum values of n
should be similar to those of k for the observed line widths)., In

view of this and of the qualitative meaning of N .., we set n(E) =1

for the evaluation of Eq. (1) from our experimental values of a(E). The’

values of Négf calculated with E, = 37 ey are shown in Figs., 6 - 9
as a function of Eoe The effective number of electroné per molecule
whose oscillator strength is exhausted in our experimental region, 1. e.,
the ordinates of Fig., 6 - 9 for E = 150 eV,‘ are fabulated undey Neff
in Table III, It is clear from this table-that Neff amounts to all of |
the 53 electrons of Pb for PbS and these electrons plus tﬁe 4d electrons
of Te for PbTé. For CdTe and ZnTe also practically all of‘the outermost
core d-electrons are exhausted in our experimental regién {slightly less
for ZnTe). This number becomes smaller for the.selenides, undoubtedly
related to the fact that the d+f transitions of Se do not take place

within the same shell., Somewhat against these simple considerations, only

a small number of d-electrons are exhausted for CdS (1.3 electrons/atom),



=13 -

This fact indicates a certain non-additivity of the afomic absorption
cross sections, while about 10 d electrons per Cd atom are exhausted in
our region for CdTe, only 1,3 are exhausted for CdS. The study of the region

below 30 eV should help clarify the location of the remaining oscillator

strength,
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Table I.

Position (in eV) of "sharp" peaks identified in the soft X-ray

" spectra of ZnS, ZnSe, ZnTe and CdTe. Also, corresponding

emission thresholds reported by Bearden and Burr?? and binding

Skillmanl?,

‘energies of the assigned core levels calculated by Herman and

For convenience we use in this paper both the atomic and the

X-ray level assignments for thregholdé and edges, i.e. K

corresponds-to 1s, LI to '2s, LII,III to 2p ‘etc..
Bearden Herman
ZnsS ZnSe ZnTe CdTe and and
Burp Skillman
90,9 90.6 8a.4 86,6 - 91.6
Zn (3p)
93.75 93,35 393 94,8
: -B5 67 74,9
cd (up)
80,4
59 57 66
Se (3d)
67




Table II. 'Enérgies (in eV) of X-ray emission thresholds (b) and atomic
core levels which may produce structure in the soft X-rays spec-
 tpa (a) of the Cd, Zn and Pb chalcogenides related to the

spectral region of interest in this paper.

d-electrons p-electrons
(a) (b) {a) (b)
s - - ' 172 165
2
173 ' P
66.1 - 166 162
Se 57 ad © 3p
87.0 172 168
S5 - 135
Te 40 id 110 kp
52,9 126
17.3 ' 91.6
Zn 8.1 3d | 87 3p
\ 17,7 o 9,8
18.8 7,9
cd 9,3 ud - . 67 . Up
19,5 80. 4
32,9 19.2 97.5
Pb 5d 86 5p
35.8 21.8 115

a) F. Herman and S. Skillman, Ref. 19

b) J.A. Bearden and A.F. Burr, Ref. 22



"Table III.

‘strength is exhausted between 36 and 150 eV, energy Em

Effective number of electrons Neff whose oscillator

ax

(in eV) and strength (Umax) of the absolute absorption

maximum in the same region for several material considered

here and for gaseocus Kr and Xe,

eff (%%%EEE%EE? .Emax (eV) omax‘(Mb)
ZnS 3.7 ‘ 92 3.9
cds 1 1.3 60 | 2.1
ZnSe 8 e 120 10
Ccdse 12 0 18.5
ZnTe 1 18 : 89 35,5
CdTe 26,5 _ 90 | 38,5
PbS 10.6 | - 58 1 20
PbTe 25 .| .e - |3
Kr (a) 2 _ 200 3.5
Xe (a) 10 . 100 29

(a) obtained from Ref. 16,



Figure Captions

Fig. 1
Fig., 2
Fig. 8
Fig. H
Fig. 5
Fig. 6
Fig., 7
Fig. 8
Fig. 9

‘Absorption spectra of ZnS and CdS at room temperature in the

~ soft ‘X-rays region. In this and subsequent figures the vertical

scale on the left represents megabarns per diatomic molecule and
is common to both compounds. The vertical scales on the rigth
represent absorption coefficients and are different for each

compound,

Absorption spectrum of ZnSe and CdSe at room temperature in the

soft X-ray region.

Absorption doublet observed for ZnS and ZnSe in the 85-100 eV

region, This doublet is associated with the HII 111 edge of n.
)
Also, density of conduction states (arbitrary scale and origin of

energies) calculated by Herman et al.? for 2nS.
;
Absorption spectra of ZnTe and CdTe at room temperature in the

soft X-ray region,

Absorption spectra of PbTe and PbS at room temperature in the

soft X-ray vregion.

Effective number of electrons whose oscillator strength is

exhausted between 36 eV and the emergy L,, for CdS and ZnS.

Effective Number of electrons whose oscillator strength is ex-

hausted between 36 eV and the energy E,, for CdSe and ZnSe,

Effective number of electrons whose oscillator strength is

exhausted between 36 eV and the emergy E,, for CdTe and ZnTe.

Effective number of electrons whose oscillator strength is

exhausted between 36 eV and the énergy’ E,, for PbS and PbTe.
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