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Structural and Electronic Factors Controlling the Refractive Indices of
the Chalcogenides ZnQ and CdQ (Q = 0O, S, Se, Te)
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On the basis of first-principles electronic band structure theory, we calculated the refractive indices of the zinc
blende and wurtzite structures of the chalcogenides ZnQ and CdQ (Q = O, S, Se, Te) and analyzed their trends
by calculating the total absorption power per unit formula. The calculated refractive indices are in good agreement
with the available experimental data. The total absorption power per formula unit is found to allow one to distinguish
the effect of the chromophore from that of the cell volume on the refractive indices of insulating inorganic compounds.

1. Introduction is related to the electronic polarizability of a material, and
e2(w) represents the absorption power of a material per unit
volume. The optical properties of a solid as a functiomwof
can be determined experimentally from electron energy loss

The refractive indexn(w) of an insulating material
describes its light-scattering property at a given frequency

;’n%fé?rﬂgz ?;I“g:]r;n:ﬂ?r)ﬂgcgf t?]g 'tzggeg}ﬁallgznp%sc'g?n spectroscopy (EELS) measuremérasd theoretically from
9 y ' p P electronic band structure calculatiérisy determining the

relations have been developed for a series of closely related
compounds to predict and/or rationalize their refractive €2(w) spectrum.
i dicr:as in the E)/isible range. For example. the Moss Recently, we investigated the refractive indices of seven
relationship shows that the rgef}active indemFZ:re’ases with TiO; allotropes, TiOE, and Tik on the basis of first-
decreasin po tical band and the GladstoneDale® principles electronic band structure calculatiéfisThese

) g op 9dn, T . studies showed that the experimentally determined refractive
relationship shows that the refractive indeincreases with

increasing mass density. An accurate description of optical |/1nd:|ce558ng (:r:e]te;rrn;lgei b%/ in;[\)/lg)y(l)?%t]f;: es ocdourjnn; 5232 I;é’

S:gp:ggftserzﬁqugﬁ; qusli)?n:itl)l:: ”}icr;?{;écsalogiﬁr?s;&al?iﬁthexplained not by their optical band gaps, but rather by the
9 P Prop 9 total absorption power per unit volunh&,), i.e.,np O I(e),

compound are related to the dielectric functiefw) = where

e1(w) + iex(w), which describes the linear response of the

electronic structure to the electric field of the incident light I(e) = f+oo€ () do
of energyhw.*5 At a given incident light energhiw, ei(w) o 2

@)
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(i.e.,np O pm) and implies that as long as the chromophore
is the same (i.e., atoms involved in the optical transitions
are the same with similar chemical coordination), the
refractive index does not depend sensitively on how the
electron density is distributed. This observation led us to
introduce the concept of “optical channefstyhich are

defined as chemical bonds associated with a chromophore.

With this local view of light absorption, it is easy to consider
two factors affecting optical properties, i.e., the effect of the
chromophore and that of the cell volume.

In the present work, we investigate how a chromophore

change affects refractive indices by studying the isoelectronic

series of chalcogenides ZnQ and CdQ+QO, S, Se, Te),
for which the refractive indices are believed to depend on
the optical band gapgsNumerous first-principles density
functional theory (DFT) calculations have been reported on
these phasé$.However, to our knowledge, there has been
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no systematic analysis concerning what factors govern their rigure 1. Comparison of the isotropic imaginary pastof the dielectric

refractive indices and related properties. As the ligand Q

changes from O to S to Se to Te in the chalcogenides ZnQ

and CdQ (Q@= O, S, Se, Te), it is expected that the extent
of covalent bonding of the optical channels (i.e., the-Zh

function for ZnQ (Q= O, S, Se, Te) determined from EELS experiméhts
(open circles) and from electronic band structure calculations (solid curves).
The inset shows the contributions of several transitions that take place in
B-ZnSe.

present work, we correct this deficiency by simply applying a

and Cd-Q bonds) increases gradually, and so does the cellscissors operator, i.e., by shifting the conduction bands rigidly with

volumeV per formula unit (FU). In this work, we probe how

respect to the top of the valence band until a correct band gap is

these two factors influence the refractive indices of these obtained!®1° Although this approach is too crude to simulate the

chalcogenides.

2. Calculations

We carried out full geometry optimizations (atomic positions
and cell parameters) of the zinc blende (B) and wurtzite (W)
structures of ZnQ and CdQ (& O, S, Se, Te) on the basis of
DFT calculations using the VASP cddevith projector-augmented
wave potentiald? The optimized lattice parameters are in good

agreement with the available experimental data. Using the optimized
structures, we then calculated the optical properties using the

WIENZ2k code!? In both cases, we employed the PerdeBurke—
Ernzerhof generalized-gradient approximatiofor the exchange
and correlation potential.

The imaginary part,(w) of the dielectric function is directly

accurate shape of an optical spectrum, it hardly affects the total
absorption power per unit volumEg,), which has been shown to
be the key quantity governing the refractive indices of insulating
compounds:® Thus, the band gap correction using a scissors
operator is sufficient in the present study of the optical properties
of ZnQ and CdQ.

3. Results and Discussion

3.1. Energy Dependence of the Absorption Power and
Refractive Index. For W-ZnO, W-ZnS, B-ZnSe, and B-
ZnTe, Figure 1 compares the experimentglw) spectra
obtained from EELS measuremefitsvith the theoretical
€2(w) spectra determined from our calculations. The agree-
ment is satisfactory, and the main features of the experimental

related to the electronic band structure of a solid and can be e;(w) spectra are well reproduced by the calculations. Such
computed using the one-electron orbitals and energies obtained byan agreement between DFT calculations and EELS measure-

solving the Koha-Sham equation®¥. DFT calculations based on

ments was found for B-ZnSe, B-ZnTe, and B-CdTe by

the local density approximation underestimate band gaps. This Ghahramani et & Time-dependent DFT calculations pro-

deficiency is corrected in the more advanced DFT methods such

as LDA + DMFT?¢ and self-interaction-corrected DRET In the
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4.0 - Table 2. Values ofV, I(e2), andl(ez)V for ZnQ and CdQ (Q= O, S,
—O— Experiments Se, and T&)
35 Calculation
V (A3 I(e2) I(e2)V
= 30 ‘_: ZnO w 2491 (23.82) 55.19 1374.91
~ £ B 24.79 55.63 1378.94
g BT} it Wozns zZns w 40.41 (39.62) 57.29 2315.05
£ % e s W0 B 40.43 (39.74) 57.38 2320.05
4 8 ‘ ZnSe w 47.33 (45.81) 60.51 2864.25
£ 20 00 05 10 15 20 25 30 35 40 43 B 47.59 (45.67) 60.63 2885.45
& Fery (e ZnTe w 58.94 (55.26) 65.48 3859.96
& 15 B 59.41 (56.91) 65.67 3901.13
Cds w 52.15 (49.72) 55.59 2898.84
B 52.22 (49.55) 55.62 2904.43
1.0 cdse w 59.53 (56.1) 58.39 3476.10
B 59.75 (56.11) 58.42 3490.73
0.5 CdTe w 72.30 61.11 4418.79
B 72.67 (68.11) 61.23 4449.21
0'0(') i é ; é" ; é ; é ; 1'0 1'1 1'2 ]'3 1'4 1'5 1'6 1'7 1'8 1'9 0 aThe volumes reported here correspond to those determined by the
present geometry optimization using the VASP code. Value in parentheses
Energy (eV) are the experimental results taken from X-ray diffraction analyses.

Figure 2. Comparison of the refractive indeXw) deduced from EELS .
experiments?® and DFT calculations for B-ZnS. The inset show the |hese values increase from 1.94 to 2.30 to 2.50 to 2.80 on

experimental and calculatetw) for ZnO, ZnS, ZnSe, and ZnT&. going from W-ZnO to W-ZnS to B-ZnSe to B-ZnTe. Similar
Table 1. Values ofE, andn(w) for ZnQ and CdQ (Q= O, S, Se, and values are obtained for the zinc blende or Wurt2|_te structure
Te) counterparts, because the zinc blende and wurtzite structures
of ZnQ have almost identical cell volumes per FU (Table
2). According to the Moss relationship, the increasenof

Bo(eVy Oev eV 21ev from W-ZnS to B-ZnSe to B-ZnTe can be understood
Zno ;V 34 11542 11':54 (1.94) 21(')29 (2.00) because their optical band gaps decrease from 3.9 to 2.69 to
Zns W 39 228 230 (229) 237 (238 2.25eV.However, if we include W-ZnO in the comparison,
7S ?/v 3.7 22-31% %fé (2.28) g-gg (2.36)  the Moss relationship fails; W-ZnO has a lower refractive
nse . . . . .

B 269 247 250 (246) 264 (2.60) mdgx than does ZnS (1.94 vs 2.30), although it has a smaller
ZnTe W 271 276 3.00 optical gap (3.4 vs 3.9 eV).
cds ?/v 22255 22-73% 22-%% ((22.7352)) 32-%% ((32-%93)) 3.2. Total Absorption Power versus Refractive Index.

B om 231 234 (233) 253 (253) The vaIue; ol(e2) andl(e2)V calculated for the zinc blende
Cdse W 1.7 249 255 (252) 277 (277) andwurtzite structures of MQ (M Zn, Cd; Q= 0O, S, Se,
- ?N 174 g% g% g-gi (2.85) Te) (Table 2) are plotted as a functionroin Figure 3. Both

e . . . . .
B 15 273 283 (277) 306 (3.05) I(e2) andl(e)V increase in the order MG MS < MSe <

MTe and increase with increasimg This variation ofl(e5)
, Direct energy gaps determined experimentally at room temper#ture. 5 oynacted because the light-scattering properties of an
n%(0) = €1(0). ¢Values in parentheses are the experimental results . . . A -
determined at room temperatie. insulator originates from its absorption capability. Tfe)-
V value of MQ depends only on the property of its optical

Figure 2 compares th&w) curve of B-ZnS deduced from  channel M-Q bond. Thel(e,)V values of MQ (M= Zn,
EELS experiment§ with that obtained from our DFT  Cd) increase almost linearly with increasingrhis trend in
calculations. The inset shows the corresponding comparisonghel(e2)V values reflects the fact that the extent of covalent
for W-ZnO, W-ZnS, B-ZnSe, and B-ZnTe. The energy bonding of the M-Q bond (i.e., the degree of the overlap
dependence of the refractive indices is well reproduced by between the @ip orbital and the Ms/ip orbitals) increases
our calculations. In particular, the calculations reproduce the in the order MO< MS < MSe < MTe. In the MQ series,
increase in the refractive index in the order ZrQZnS < both the cell volume per FU and the extent of covalent
ZnSe < ZnTe. Table 1 lists the available experimental bonding of the M-Q bond increase on going from O to S
refractive indices of MQ (M= Zn, Cd; Q= 0, S, Se, Te)  to Se to Te. The cell volume increase should decrease the
as well as then values calculated fdiw = 0.0, 1.0 and 2.1  refractive index. However, the increase in the covalency of
eV. The calculated refractive indices for differdint values the M—Q bond should enhance the refractive index because
exhibit similar trends. Thus, as a representative case, weit increases the probability of electronic excitation from the
discuss then values calculated fdiw = 1.0 eV, which lies np-block bands of Q (in which the @p orbitals have
well within the transparent region for all the ZnQ phases. bonding interactions with the Nhsihp orbitals) to thens/
np-block bands of M (in which the Misihp orbitals have

(23) ég‘fhgffgéfgoRi‘g%oA-? Blase, X.; Cohen, M. L.; Louie, Bhys. antibonding interactions with the @p orbitals). Figure 3b

(24) Oshikiri, M. Aryasetiawan, FPhys. Re. B 1999 60, 10754. shows that the relations betweéf,)V and n are almost

(25) Luo, W.; Ismail-Beigi, S.; Cohen, M. L.; Louie, Bhys. Re. B 2002 identical for the zinc blende and wurtzite structures, because

(26) giulc%isff}'.; Osaki, S.: Adachi, $. Phys.: Condens. Mattet003 the zinc blende and wurtzite structures of MQ have nearly
15, 3717. the same cell volumes (Table 2).
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Figure 3. (@) I(e2) vs n and (b)I(e2)V vs n calculated for the ZnQ and
CdQ series (= 0O, S, Se, Te), where thevalues were determined A

= 1 eV. The values of the refractive index predicted for CdO should lie
within the rectangular box.

Thel(e2)V vs n plots for the ZnQ and CdQ (& S, Se,
Te) series have nearly the same slope, thereby suggesting
that the extent of covalent bonding of the-\ (M = Zn,
Cd) bond varies similarly in the ZnQ and CdQ series. By
extrapolating this plot for CdQ (& S, Se, Te), tha value
of 1.95 (at 1.0 eV) is predicted for the hypothetical zinc Figure 4. Comparison of the isotropic imaginary pastof the dielectric
blende or wurtzite CdO phase. A zinc blende CdO Iayer up function for B_-Zn_O, B-ZnS, B-ZnSe, and B-Zn'_l'_e: (a) the total contribution,
to the thickness of-2 nm can be grow It would be g;)fezﬁofgr't?grﬁ';googlthe @p — Zn 4s transition, and (c) that of the Q
interesting to measure the refractive index of this zinc blende

CdO layer and verify the present prediction. predicts a highen value for CdQ than for ZnQ. However,

It is worthwhile to comment on the difference between the Cd-Q bond is longer than the ZQ bond, that is, CdQ
the ZnQ and CdQ series in théik,)V vs n plots in Figure has a greater cell volume per FU than does ZnQ (e.g., 40.43
3. The 5s/5p orbitals of Cd are more extended than the 4s/A3 for ZnS and 52.22 Afor CdS), which predicts a lower
4p orbitals of Zn, so it is expected that the-&@ bond has n value for CdQ than for ZnQ. As a consequence of these
a higher covalent character than does the-@nbond. This opposing effects, the refractive index of CdQ is only slightly
higher than that of ZnQ.

(27) Ashrafi, A. B. M. A.; Suemune, |.; Kumano, H.; Ok, Y. W.; Seong, 3.3. Uniqueness of the Electronic Structure of ZnOTo
T. Y. In Proceedings of the 28th International Symposium on gain some insight into Why 7ZnO does not follow the Moss

Compound Semiconductoirakawa, Y., Hirayama, Y., Kishino, K., . -
Yamaguchi, H., Eds.; Institute of Physics Conference Series 170; relationship, we analyze the shape of thespectra of the

Institute of Physics Publishing: Bristol, U.K., 2002; p 307. i

(28) (a) Adachi, S.Optical Constants of Crystalline and Amorphous ché)'l:e_[[]delzle (Q: O_l’_r?’ Se, Te) structu.reshdedL;]ceq frlc}m
SemiconductorsNumerical Data and Graphical Informatioiluwer our calculations. This structure type Is hypothetical tor
Academic Publishers: Dordrecht, The Netherlands, 1999 (nper- ZnO, but leads to an optical response similar to that of

ical Data and Functional Relationships in Science and Technglogy .
Hellwege, K. H., Madelung, O., Eds.; Landolt Bistein, New Series, wurtzite ZnO. Whereas the, spectrum of B-ZnO shows a

Group Ill, Vols. 17a and 22a; Springer: New York, 1982. flat feature in a wide energy region, this is not the case for
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Figure 5. Dispersion relations of the electronic band structures of B-ZnO (left) and B-ZnS (right). The extent of the Zn 4s orbital contribution is represented
by the size of the circle (the higher the extent, the larger the circle).

B-ZnS, B-ZnSe and B-ZnTe (Figure 4a). The contributions depends on the nature of its chromophore, but not on its
of the Qnp — Zn 4s transitions t@, are shown in Figure  cell volume. Thus, this quantity is important in understanding
4b, and those of the @ — Zn 4p transitions te: in Figure the optical properties of a material. The refractive indices
4c. Clearly, these contributions occur in a much wider energy of MQ (M = Zn, Cd) increase steadily in the order MO
region for ZnO than for ZnS, ZnSe, and ZnTe. As highlighted MS < MSe < MTe, even though the cell volumes per FU
for the electronic band structures of B-ZnO and B-ZnS in increase in the same order. This is due to the fact that, on
Figure 5, where the contribution of Zn 4s orbitals is going from O to S to Se to Te, the extent of covalent bonding
emphasized by means of the “fat band”_ repr_esentation, t_heof the Zn-Q and Cd-Q bonds increases, as does the
Zn 4s- and 4p-block bands are much wider in ZnO than in efficiency of the optical excitation in ZnQ and CdQ. In other
ZnS, ZnSe, and ZnTe. The latter reflects the fact that the .y the efficiency of the optical channels increases in the
Zn—Q bond and thus the cell parameter of ZnQ are much o 4o M—O < M=S < M=Se < M—Te (M = zn, Cd),

shorter for Q chan for Q_. S, Se, Te.Asgconsequence, and this effect outweighs the opposing volume effect.
the nearest-neighbor ZrZn distance is considerably shorter : .
Calculations ofl(e;)V do not require an accurate value of

|(r; ZnOZ:‘;Q':n 30t2r:)e9r AZ?er gzaodcsr?(fggzz éAQf(S)’r Z(TS)T ?0)\5 optical band gap. Thus, although known to underestimate
a fg;ult, the Zn 4s-block band, which (;overs the botto.m partOptiC_al 9aps, _DFT el_ectronic strgcture calc_ulations can
of the conduction bands, is considerably wider in ZnO than proylde useful information about optical properties of materi-
in other ZnQ species (& S, Se, Te). This is the primary als in terms ofl (z)V values.
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