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TV-VI Compounds and Alloys 4o be held March gh 25, 1972 :
at Philadelphia, Pennsylvanla

: v %
Wavelength Modulation Spectra of PbS, PbSe, PbTe, and SnSe.

S Kohn, Y. Petroff, P. Y. Yu, and Y. R. Shen, Department of’ Phy51cs,

University of Callfornla, Berkeley and IMRD Lawrence Berkeley Lab.,

Berkeley, California“9h720.-—We have used the wavelength modulation
tecnnique te measure éhe derinative speetra dR/Rdw of singie crystale
of PbS, PbSe, PbTe; and SnSe between 1.5 and 6 eV at several tempera-
tures from 5 to 3dO°Kh The samples were cleaved and stored in the‘He

" atmosphere before measurements. As & conseéuence,»surface contamination
was avoided. We have obserned all the structures previously detected
by normal reflectivitr and electroreflecﬁance meaeurements. Invaddition,
we have seen many new structures. The spectra generally beeome better:
resql#ed at low temperatures, but some of the structuree ehow stronger
temperature dependence than others in both the pesition and the‘strength.

| In particular, one component in the E_-pesk depends very strongly on

3

temperature and becomes very pronounced through sharpening at low

temperatures. We haveninterpreted the spectra in terms of interband

transitions with the available band structures for these compounds.

¥ Work supported by the U. S. Atomic Energy Commission.
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Optical properties of IV-VI cOmpounds’have been the subject of
much investigationl’2 In the visible and near uv, the observed spectra
agree fairly well wifh those calculated from the available band struc—
tures?_7ﬁoveﬁer, the band structure-calcuiations have predicted some
fine.structufe in the spoctra which cannot bﬁ"eésily'oboefved in fhev
ordinary reflectivity measurenents because o} their limited resolution.
As is well known, derivative spectroscopy can effectively improve the
resolution. Derivatiyé‘refieotivity-measurements-on lead saltoa_lo and
v»on PbXSnl'_X

since -these compounds have high dielectric constants and usually high

Tell-alloys have actually been performed. Unfortunately,

carrier concentrations, their‘electroreflectance spectra appear to
':‘change with fhe de bias; the modulation frequéncy, and the modulation
amplitude.8’9 This mékes interpretation of the electroréflectance)>
spectra very difficult. With wavelength-modulotion reflectivity spectra,
“however, no such difficulty exists;12 Using our wavelength-modﬁlation
spootrometer, ne havo obtained both the feflectiyity spectra Rvand'
thévlogarithmic derivative opectra.dR/RdE for PbS, PbSe, be¢, and .
" 8nSe. The spectra cover the region from 1.5 to 6 éV in a temperature
. range from 5 to 300°K. To our knowledge, no.reflectivity measurements
on SnSe have ever been reported. |

The detailed construction of the wavelength;modulation 5pectrometér
has been described elseWhere.12 We used in our measuremepts the
particular modo of opsration which yields simultaneoosly the spectra of
R(A) and dR(A)/RdX. The spectra were then converted into R(E) and

dR(E)/RAE on a computer. With an appropriate Kramers-Kronig transfor-

v mation, we were also able to obtain El(E), 62(E), dEl(E)/dE; and d€2(E)/dE.
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The surfaces of-the samples under.investigation were all prepared

by cleavage. After cleaving, tﬁe sample Vas quickly transferred iﬁto
the opticel’dewar‘and stored in He atmosphere. The spectra thus obtained
were always reproducible.
" The obsérved,speetra for PbS, PbSe, PbTe, and SnSeAat 5°K are

presented in Figs. 1, 2, 3; and b respectively.13 In Table I, the
approximate positions of all the structure observed in the spectra are
given, with the weak etructure indicated by (W). The main reflectivity
peaks in the Spectra are denoted by E .

E2, and E_ according to the

1’ 3

notations of Cardona and Greenaway.l We notice that there are close
similarities between the spectra of the lead salts. As observed by
Cardona and Greenaway,l the main peaks in‘the reflecti&ity spectra-are
found to shift to lower energies as the compounds vary in the sequence
of PbS, PbSe, and PbTe. We have, however, observed in the.aerivative
vsﬁectra a number of distinot fine structure on fop of the main peaks. .
These fine structore are generally_not easily observable in the
ordinary feflectivity spectra. They become less pronounced and usuelly
shift;together with the main peaks to higher energies as the temperature
inoreases.

While the lead salts have the rock salt structure, SnSe has an
orthorhombic structurel.3 As a result, the spectrum of SnSe does not
closely reeemble those of the lead salts. However,rwe can’ still group’

2 3
.if'we believe that the reflectivity peaks of SnSe and PbSe should be

the structures in the spectrum of SnSe into E, and E vregions, especially

~only shifted slightly from each other, as in the case of SnTe and PbTe.

The geheral characteristics of the SnSe spectrum are similar to those
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of the lead ;alts.

.. To interpref our spectra, we use the following scheme. vFirst, we
use the refleéctivity and bséudopdténtial band-structure calculatién of
Tsang and Coheﬁlh to identify the structure in the spectrum of PbTe.
THen, utilizing the fact that the spectra for thése:coqpounds are
closely similar; we try to identify the étructu%e in the spectra of

FoS, PbSe, and SnSe.

Tsang and Cohenlh have calculated €. (E) and €

1 (E) for PbTe from

2

their empirical pseudopotential band-structure calculation. Their

82 spectfum agree well with the avallable spectra for PbTe except for

some fine structures. More recently, using their €. and € they have

1 2’

5 We have

also calculated the logarithmic derivapive»dR/RdE for PbTe.
compared their theoretical spectrum with our experimenfal dR/R4E
spectrum. Except for small differepces in‘magnitudes and position of
some of the structures, the agreement between the twg spectra is
remarkably goodf In particular, the theoretical spectrum reproduces
not only the major structure'but also the fine structure in the experi-
mental spectrum. We therefore believe that their assignmentlh of
the structure in the spectrum of PbTe is basically correct. Tﬁe E2
peak is a compqsité peak due to critical point tranéitioné between

bands 5 and 7 at Z and between bands 5 and 6 at A. The volume ef}ect-
invthe fegions around these critical point transitions is alsc important

| | - 5,15

and gives rise to the fine structures in the E

5 péak between 2 and 3 eV.

The E3 peak is due to transitions between bands 4 and 6 near A and

between bands 4 and T near L. The fine structures between 3.5 and 5.4

eV are probably due to the volume effect in the region around A (3-6,7)
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and I (4-7). The Eh peak with its fine strucfure at 5.9 eV is due
to transitions in the region hear X. The ﬁaximum of thé Eh peak is
outside the range of our spectrometer. |
Because of the close éimilarity between the band-structures3’
and the observed refiectivity spectra of the four compounds under inves-
Eiéﬁtion, we tentaﬁively assign the peaks and fine structure in the
épéctra of»all four compounds - by corresponaence to the spectrum of PbTe.
The assignment is given in Table I. Because the separations between
various bands become widér as the compoundé vary from PbTé to.SnSe,
PbSe, and then PbS, the peaks and the associated fine structure shift
" to higher energies accordingly. However, sincé SnSe has quite different
crystal structure than tﬁe others and since there is no available band
structure on SﬁSe, our,assighment for the SnSe spectrum in Table T should
be regarded~as?only suggestive.

We should mention that although the band structures of PbTe obtained

by various authors3_5’7 look gqualitatively similar, they have appreci-

éble'quantitétive difference. Since the band structure calculation of
Tsang and Cohen for PbTe appears to explain our derivative reflectivity
spectruﬁ of PbTe fairly Well, siﬁilar calculations for the other IV-VI
coﬁpounds will tell us whether our tentative assignment of fhe‘stfuc—
tures in the reflectivity spectra of'the other éompounds is correct.

In measﬁring thé reflectivity spectrum of PbS as.a function of .
temperature, we observed a pronounced sharpening in the fine structure
at 5.08 eV as the tempefature decreases. This sharpening is'obéeryable-
even bet;een liquid nifrogen and liquid helium temperatures. . fhis ié

shown in Fig. 5. No other structure in the spectra of all four compounds
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has' a similar behavior. The sample used in this .measurement was n-type
with a carrier concentration of -~ 1016/cm3 as obtained from Hall effect
‘measurements. However, when we repeated the measurement on an n-type

3

sample with a carrier concentration of ~ 10;8/cm , this S.OS—eV structure

became less pfonounced at. low temperétufe, aﬁd did not show appreciable
change as the temperature varied from 80 to %OK. This result, similar
to what was'bbserVed for the Ei peaks of Gel6, indicates that this
rsﬁructure is not simply due to band transitions. The strong temperature
depeéndence together with the‘depéndence on the carrier density seems

to suggest that the structure may be due to =xcitonic effect. According

peak is due to M. aad M_ critical point transi-

3 1 2
7

tions at I and 4, and hence, based on the Toyozawa model,

to Herman et'al.')4 the E
hyperbolic‘

peak. One may use the high dielectric
18

excitons can exist in. the E3
" constant of PBS to argué against the idea of excitons in PbS.
However, in our case, the excitons involving electrons in the ﬁigh
conduction bands may see a smaller effective dielectric constant than
even the high-freqﬁeﬁcy dielectric_constant €+ .The free carriers tend
to screen the attractive interaction between eieptrons and holes, and
this would explain why the excitonic effect decreases with higher .
carrier concentrétion in our observation.

.. In conclusion, webhaye shown that the wavelength modulation
reflectivity épectra >f PbS, Pb563 PbTe, and SnS¢ generally exhibit
more detailed structufé than ordinary reflectivity spectra. The spectra
of all four compounds, are similar. Assignment of the structure in the
spgctra is bgéed on the recent pseudopotential calcqlaﬁionsfof Tsang

3 peak of PbS was found

and Cohen for PbTe. A fine structure in the E
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to depend on carrier concentration and strongly on temperature. It is
proposed_that this structure can be associated with a hyperbolic

exciton.
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PbTe PbSe : B o SnSe  Critical Point
: . ' Assignment (c)

This paper Other work This Paper Other work  This paper Other work
(a) () - (a) ()

, 1.24 - 1.53 1.59 1.9 1.85 1.85 £(56)
E, region : 1.78 - 2.15 1.98 - - L{5~T)
. 2.46 '
' : . (a)
2.16(W) : : 1.97(wW) 3.35 3.3
2.25(W) _ 2.18(wW) 2.0
' . 2.3
E2 region ' ' : 2.8L(wW) ‘ 2.6 L{5+7)
2.36 (b) (a) (b)) (a) (v)
‘ 2.56(W) 2.18 3.12 3.0 2.95 3.66 3.7 3.k9 3.2 A(5+6)
3.3 4.0 Lo -
3.8 L.s L6
. 5.08 -
. . (b) (a) (b) (b)
E; region 3.h7 .3.3h b7 L6 L.65 5.31 5.27 k.3 A(L->6)
v ' L.83(w) _ 5.22 5.75(W) E 5.58 (7))
5.9 . . .
(a) ~ D. E. Aspnes and'M ‘Cardona, Phys. Rev. 173, 71k (1968)
(b) M. Cardona and D. L. Greenaway, Phys. Rev. 133, Al685 (1964).
. )
(c) M. L. Cohen and Y. W .Tsang, in The Phy51cs of Semimetals and Narrow Gap Semlconductors, ed. by _?
. I
Carter and Bates, (Pergamon Press, New York, 1971). N
. o : oN
Note: .Structures marked by (W) after them correspond to weak shoulders in the reflectivity spectrum

TABLE I
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FIIGURE CAPTIONS

Fig. 1. 'Refléctivity and logéfithmic derivative of the reflectivity

| for PbS at T = 5°K. |

Fig. 2. Reflectivity and logarithmic derivative of the reflectivity
for PbSe at T = 5°K. e

Fig. 3. Refléctivity and iégarithmic dériVatiVe of thé:réfiectivity
for PbTe at T = 5°K. |

Fig. L. Reflectivity and logarithmic derivative of the reflectivity.
for SnSe at T ; 5°K. |

Fig. 5. Reflectivity.and logarithmié derivative of the reflectivity
for PbS at differeﬁt temperatufes, showing thé fine structure at

.5.08 eV.
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