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Optical properties and electronic band structure of Znin,Te,
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Optical properties of the defect-chalcopyrite-type semiconductor ,Zejrhave been studied by optical
absorption, spectroscopic ellipsometry, and x-ray photoelectron spectroscopy. Optical absorption measure-
ments suggest that Znife, is a direct-gap semiconductor having a band gap-af40 eV. The complex
dielectric-function spectra(E)=¢4(E)+ie,(E), measured by spectroscopic ellipsometry, reveal distinct
structures at energies of the critical points in the Brillouin zone. Analysis of the numerically derfi#d
spectra facilitates the precise determination of the critical point paramiteesgy position, strength, and
broadening By performing the band-structure calculation, these critical points are successfully assigned to
specific points in the Brillouin zone. The measured x-ray photoelectron spectrum is also presented along with
the density-of-stateBl(E) calculation.
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[. INTRODUCTION indirect transitions are responsible for photoconductivity.
Mancaet al.”® also observed some reflectivity structures at
The ternary semiconducting compoundl$B)'CY' have energies~2.2, 2.4, and 3.6 eV, but gave no detailed discus-
been widely investigated because of their potential applicasion of these structures. .
tions to electro-optic, optoelectronic, and nonlinear optical N our previous pap@lrwe synthesized bulk amorphous
devices! Most of these compounds have defect chaIcopyriteZ”|”2Te4 and measured its pseudodielectric-function spectra

space qrous S2) or defect stannitespace arous D1t by using spectroscopic ellipsometi§6E). The measured
(sp group Sy n elsp group Pz spectra showed a strong resemblance to those of amorphous

1] \| .
structure? In anA'"B;'C;' defect chalcppyrlte compouréﬂ, tetrahedrally bonded semiconductors, such as amorphous Si,
B, andC atoms and the vacancy are distributed as follows. Ge, and GaAs. The optical energy gap of amorphous
on (a/2,0c/4), B on (0,0¢/2) and (Ca/2c/4), C on 7 Te, was determined to be 1.13 eV. Dielectric-related
(a,8,7), (@,B8,7), (B,a,7), and (8,a,7), and the vacancy optical constants, such as the complex refractive index, ab-
on (0, 0, 0. ZnIn,Te, is one of the defect chalcopyrite family sorption coefficient, and normal-incidence reflectivity, were
and is known to have an ideal chalcopyrite strucfuire;, its  also presented and modeled using a simplified model of the
lattice parameters are simply given by=B8=al4, y=c/8, interband optical transitions.
and c=2a, as shown in Fig. 1. Although the material has The purpose of this study is to investigate both experi-
been the subject of many research efforts, many fundamentaientally and theoretically the electronic energy-band struc-
properties have not been sufficiently evaluated or are eveture of crystalline ZnlgTe,. The experimental techniques
unknown® used here are optical absorption, SE, and x-ray photoelectron

Very little is known about the optical properties of spectroscopyXPS). The complex dielectric-function spec-
Znin,Te,. *~® Neumanret al? studied the infrared reflectiv- trum &(E)=¢,(E)+ie,(E) of a semiconductor is closely
ity of ZnIn,Te, in the wave number range from 170 to 4000 related to its electric energy-band structure, which can be
cm 1 at room temperature. The measured infrared reflectivdrawn from features called critical point€P’s). SE is an
ity spectra were well described by a single harmonic oscillaexcellent technique for investigating the optical response of
tor model with transverse opticdlTO) and longitudinal op- semiconductors. On-line digitization of the data permits fast
tical (LO) mode frequenciesnro=176-3cm ! and w o  and efficient analysis of the structure observed in the spectra
=198+4 cm !, respectively. They also determined thein terms of standard analytical line shapes for interband
mean optical(high-frequency dielectric constants,,=(1/  CP’s. Numerical differentiation of the data facilitates this
3)(2¢.,, +£.) to be 7.1 0.3° wheree,,, ande,, are the analysis.® To our knowledge, however, no SE study has
dielectric constants for light polarized perpendicular and parbeen performed on crystalline Znire, to date. XPS is com-
allel to the tetragonal axis, respectively. monly used for the investigation of the electronic energy-

Boltivetset al® used optical absorption and photoconduc-band structure of semiconductors. It is possible to directly
tivity measurements to study the fundamental absorptiomletermine the core-level energy relative to the valence-band
edge of ZnlgTe, and obtained a value d&y~1.3eV at 300 maximum without the need to consider core excittrihe
K. Manca et al.”® also measured fundamental-reflectivity XPS measurements had been performed on almo&t 1V,
and photoconductivity spectra of polycrystalline zsWie,.  111-V, ***>*® and 11-VI semiconductof$*>*® and also on
They concluded that the material has an indirect gap nesgome ternary chalcopyrite compounds ZngefRnd
1.40 eV(1.52 eV}, as well as the lowest direct gap near 1.87CdSnAs,*’ but not on ZnlgTe,. The band-structure calcu-
eV (1.90 eV} at 300 K (85 K). However, this conclusion was lation of ZnIn,Te, has only been made by Meloet all®
obtained relatively easily from the fact that direct transitionsThey, however, simply assumed Zple, to have a
generate a peak only in reflectivity, while both direct andpseudocubic structure space (grewgy), not the actual
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FIG. 1. Crystal structure of defect-chalcopyrite-type semicon- Photon energy (eV)

ductor ZninTe,.
FIG. 2. Square of the absorption coefficienf, as a function of

structure of defect chalcopyrites). The spin-orbit interac- Photon energy for ZnlTe, These plots give an interceyif,

tion was also neglected in their calculation. We thus calculate” 1-40 €V (direct band-gap energypn the energy axis.

the electronic energy-band structure of Zfile,, considering

the spin-orbit interaction, and compare it with our measure

results.

&)ﬁ angle of photoelectrons was 45°, and the analyzer pass
energy was set at 11.8 eV. Before XPS measurements, argon-
ion sputter etching was performed to obtain a clean sample

surface.
Il. EXPERIMENT

The ZninTe, crystals used in this study were grown by ll. RESULTS AND DISCUSSION
the conventional Bridgman method. The quartz ampoule
graphitized by acetone was filled with a charge of Zn:In:Te
=1:2:4 mixture in atomic ratio and then sealed off under One of the most essential semiconducting parameters is
10 ®Torr. Zn, In, and Te were 99.9999% pure. The ampouldhe band-gap energy. In order to obtain the fundamental
was slowly heated to 1100 °C, melted, and then equilibrate®and-gap energy of Znjite,, we have measured the optical
for at least 3 days. The crystals were grown by slowly low-absorption spectra of this material. The absorption coefficient
ering the ampoule to achieve its cooling rate-ef.5°C/h. @ was calculated from the measured transmittafiagsing

The ZninTe, crystals obtained were polycrystalline with the expression
a grain size of several minThey were not contained spuri- 2 —ax
ous phases, such as ZnTe andThy. The x-ray diffraction — (1-R)’%e
trace for crystalline ZnljTe, has already been shown in Fig. 1-RPe 2%
1 of Ref. 9. The angles and relative strengths of the diffrac-

. ; i whereR is the reflectivity. We used a value of 0.25 fBr
tion peaks were found to be in good agreement with thosq.his value was obtained from the present stiidge Fig
reported by Hahret al? (a=6.11 A andc=12.22 A). 8(b). below '

The samples used' for opjucal and XPS. measurements Figure 2 plots the square of the absorption coefficient,
were prepared by cutting the ingot with a wire saw, by me-

: D ) . . .. as a function of photon energy for Zplre, at room tem-
;hs?c:ft?glz gfo gﬂ?%;ﬂg;ga"y by chemically etching with perature. All the samples measured had appreciable transmis-

sion losses(~70 cm 1) in the wavelength region far re-

The optical absorption measurements were carried out U$ oved from the absorption edge. We understand that
ing a JASCO V-570-DS spectrometer at room temperature cattering from grain boundaries can account for these losses

\Tvgi ih(l)cg;ens;;of the samples used for these measuremeritr?]ce they were found to be essentially independent of wave-

The SE equipment was of the poIarizer—sample—rotatingl—ength' Therefore, these losses were subtracted as the back-

A ) ground absorption.
analyzer typgDVA-36VW-A, Mizojiri Optical, Co, Ltd.). A P . .
150-W xenon lamp was used as the light source. The SE da@we can see in Fig. 2 that at absorption coefficients above
t

A. Optical absorption and SE results

@

_1 . _
were measured over the photon-energy range of 1.2-55 e 0 cm™, the dependence on photon enefggan be writ
- 9 n as
at room temperature. The angle of incidence and the polar-
izer azimuth were set at 70° and 30°, respectively. a(E)=A(E—Eq)Y2 )
The XPS measurements were performed at room tempera-
ture with a ULVAC-PHI model 5600 spectrometer, using This dependence is expected for direct optical transitions.
MgKa; , lines (~1254 eVj as an x-ray source. The taking- The plots in Fig. 2 give an intercef,~1.40 eV (direct
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77— quantity derived from the SE data by means of the two-phase
I Znin,Te, | (ambient—s_ubstrglenodgl.lg It would be exactly equal to the

true bulk dielectric function of a given sample if its surface is
perfectly abrupt and free from residual overlayers, but these
ideal conditions can be never achieved in practice. It is also
noted that ZnlgTe, crystallizes in the tetragonal structure. It
is thus optically anisotropic and has two dielectric-tensor
componentse, =&, and g;=&,. While most of the SE
works have been confined to optically isotropic materials, the
usefulness of this technique in the study of anisotropic sys-
tems has been demonstrat8@ecause of the polycrystalline
samples used in this study, we have not tried to measure the
optical anisotropy of ZnlTe, at all.

The experimentad,(E) spectrum shown in Fig. 4 reveals
the CP’s at~1.4, 3.6, 4.2, and 5.1 eV. The shoulderlike
structures can also be found atl.8, 2.1, and 2.6 eV. The
o i . 4', . |6 . s'; o .~1.4—eV CPis dye to transitions at the fundamental absorp-

Photon energy (eV) tion edge(see.Flg. 2 The ~2.1, 2_.6, and 3.6-eV CP struc-
tures agree with those observed in Refs. 7 arid-8.2, 2.4,

FIG. 3. Pseudodielectric-function spectrur(E) for znin,Te, ~ and 3.6 eV. _
measured by SEsolid circles. The solid and dashed lines represent ~ 1he experimentat,(E) spectrum of crystalline ZnkTe,
the calculated:,(E) spectra forEL ¢ andEllc, respectively. is quite different from that of amorphous Zplie, (see Fig.

2 in Ref. 9. It is well known that the breakdown of the
band-gap energyon the energy axis. We also plotted the crystalline per|od'|C|ty causes the d|§appearance of the sharp
dependence upon the photon eneBgypf a2 It showed, Structures found i (E) of the crystalline substance. As seen
however, a poorer linear relationship than that in Fige2)( 1N Fig. 2, the fundamental absorption gap of crystalline
We thus support the contention that ZsWe, is a direct ZNInzTé is ~1.40 eV. On the other hand, the optical energy
band-gap semiconductor. On the contrary, Maetal®  gap of amorphous Znjie, was determined to be 1.13 8V. -
concluded that it is an indirect band-gap semiconductor] "€ smaller band gap observed in the amorphous material

They also concluded that Znf8e, (not Znin,Te,) is a direct May be caused by the localized stafes., band tail. The
band-gap semiconductor. maximum |nsZ(E) of ar.norphous.ZnI,i_nTe4 was observed at
We show in Figs. 3 and 4 the pseudodielectric-functionE~2-5€V, while that in crystalline Znlie, occurs atE
spectras;(E) (Fig. 3 ande,(E) (Fig. 4 of Znin,Te, mea- ~4€V. Such a low-energy shift in the, maximum has

sured by SHsolid circles. The pseudodielectric function is a een observed in many amorphous semiconduttors.
In order to determine more accurately the CP energy po-

sitions, we have performed a second-derivative-fit analysis

T L T T T L T
E, ZnlnTe, | of the pseudodielectric function using the standard CP

E”“ - model*®

7=300K A '

d%(E) [—n(n—1)Ad?(E—E.+il)""2, n#0,
dE? | A E—E +il) 2 n=0,
3

where the CP is defined by the amplitulleCP energyE,,
broadeningl’, and phase anglée. The exponenth has the
value —1/2 for a one-dimensional CP, [fogarithmic, i.e.,
In(E—E. +il")] for a two-dimensional CP, and 1/2 for a
three-dimensional CP. Discrete excitons can be represented
by n=-1.

Figure 5 shows the second-derivative spectra
d?e,(E)/dE? andd?e,(E)/dE? for Znin,Te, (open circles
They are obtained by numerically differentiating thes$E)
data. The solid lines represent fits to Eg). These fits are

FIG. 4. Pseudodielectric-function spectru(E) for Znin,Te, ~ carried out simultaneously for both the real and imaginary
measured by SEsolid circles. The solid and dashed lines represent Parts using a least-squares fit procedure.

Photon energy (eV)

the calculateck,(E) spectra forELc and Elic, respectively. The In Fig. 5, the relatively strong structures are identified at
vertical arrows indicate the positions of the CP&,£E;) foundin ~ 3.60, 4.13, and 5.08 eV. These structures are found to be well
the calculated:,(E) spectra. fitted with n=—1 (i.e., discrete excitonsThe weak three-
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FIG. 5. Second-derivative spectrad?s,(E)/dE? and

d?e,(E)/dE? for ZnIn,Te, (open circles The solid lines represent .
. - i eV [see also Fig. (&), below]. The top and bottom valence
fits of the second-derivative spectra to E8). The vertical arrows L g- @ | P

indicate the positions of the CP'E€¢—Eg) determined from the subbands h?vﬁ widths cl)f abOLE)t 4 and 1 eVI,.kres.pectlver. The

standard CP fitting. The fit-determined CP parameters are listed iﬁymmetry of the top va enc_e ant. 7 is p like in nature.

Table |. The I's, g valence bands lie about 0.3 eV below the top
valence band'¢. 7, due to the crystal-field splitting. By con-

dimensional CP’s rf=1/2) are also identified at energies sidering the spin-orbit interaction, t1&,, 4 band splits into
1.40, 1.80, 2.58, and 3.05 eV. Table | summarizes these rd-s+g and I'g, 7 bands. The spin-orbit splitting energy is
sults. ~0.9 eV. The symmetry of the lowest conduction bdhd g
is s like in nature. There exist upper conduction bahds -
B. Electronic energy-band structure and XPS results andI's. g at about 1 and 2 eV above the lowest conduction
dl3and I's g, respectively. The quadruply degeneralég, g

To our knowledge, there has been no study of the ban' +I'g, 7 conduction bands are also present-&.5 eV above
structure calculation of the defect-chalcopyrite-type semi-

conductor ZnlgTe,. Because of this, we have calculated the}EeFliZWgsitn%?:;:Zu&g? ;Tﬁ;i'igge dti)raer;(tj ;grl:gf::!psggmj
electronic energy-band structure of this material based on th ' . . .
empirical pseudopotential metha@PM).2 The pseudopo- f;mductor, in agreement with our experimental resblg.
tential form factors for Zn, In, and Te were extracted from .We have also calculated the density-of-states spectrum
the pseudopotentials of ZnTe and InSb given in Ref. 23. NCN(E) and measured the XPS spectriE). These results
further attempt was made to fit the pseudopotential to experiélre shown in Fig. 7. Th&l(E) spectrum .was plotted by
ment. Because of no experimental information about thereferring t0 the tob of the valence band. The measui(&)
s_p|n-0rb|t splitting of_ZnI@Te4, we assumed that this mate- spectrum was corrected for contributions from inelastically
rial has the same spin-orbit parameter as Z#{Te. ttered electrorl

Figure 6 shows the calculated energy-band structure orc? here electrons. Ki is d q
Znin,Te,. The bands are labeled following Refs. 25 and 26. The strongest peak in(E) at —10 eV is due to Zn

; core electrons. The two diffuse peaks centered-at5 and
The valence band consists of two subbands separatedrby "4 eV can also be clearly found.pThese peaks, marked | and

II, may correspond to transitions from the upper valence sub-

TABLE I. CP parameters for Znlie, determined by fitting band having a bandwidth of4 eV (see Fig. 6. There is also

with Eq. (3). a shoulder on the low-energhigh-binding-energy side of
cP E. (eV) n A(10%) 6 (deg T (eV) the Zn 3 peak. This shoulder, marked lll, is considered to
be due to the lower valence subband centered Ht.5 eV,
Eoas 1.40 1/2 15.0 220 0.34 with a width of ~1 eV [Fig. 7(a)]. The measuret(E) spec-
E, 1.80 1/2 7.0 125 0.22 trum suggests that the total valence bandwidth in ZFehis
E, 2.58 1/2 9.0 80 0.24 ~14 eV. A broad XPS peak is also found a¥.5 eV. This
Es 3.05 1/2 4.5 60 0.30 peak may be due to Indicore electrons excited by Mg
= 3.60 -1 1.0 30 0.35 Kajz 4 satellite lines.
Es 4.13 -1 1.7 30 0.48 The imaginary part of the dielectric function can be cal-
Es 5.08 -1 29 40 0.85 culated from the electronic energy-band structure using the

relatiorf®
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| TrrToTorTrrr T andE,(k) is the energy difference between the conduction
[ @ Znln, Tey | and valence band#=2 andi=x,y correspond to light po-

1 larized perpendicular to the axis (ELc), and #=1 andi
7 =z correspond to light parallel to the axis (Elic). The
] integration is performed over the entire Brillouin zone, tak-
ing into accountk-dependent momentum-matrix eleméht.
The real part of the dielectric functios (E) is obtained by
performing a Kramers-Kronig transformation of(E).
] The solid and dashed lines in Fig. 3 represent the calcu-
. lated ¢,(E) spectra of Znlgle, for EL c andElc, respec-
1 tively. The solid circles show the experimental data. The
7 same results, but fot,(E), are shown in Fig. 4. The CP’s
1 obtained from thiss,(E) spectrum, with comparison to the
experimental data, are given in Table II.

The onset of the absorption edge in the calculatg(dE)

] spectrum occurs at 1.30 eV f&l ¢ (Eqg) and at 0.95 eV
o~ N for Elic (Ega). These are the direct band gaps in Ziik at
-15 -10 -5 0 5 I'[Ts,8—Ts.g(ELc) andTg,7—T's, g(Elic)]. The band-
Energy (eV) structure calculation also suggests the presence of CP’s at
_ _ ~1.8-6.2 eV(E;—E;; see Table I\. The calculated:,(E)

FIC_S. 7. (a) Theoretical density-of-states spectriN(E) and (b) spectrum forEL ¢ is dominated by theE, and Es peaks,
experimental XPS spectruffE) for Znin,Te,. while the prominent peak seen in(E) for Elic is E5. The
2 Eg peak is clearly found foEL ¢, but not forEllc.

The contributions ta,(E) of the interband transitions in
the specific parts of the Brillouin zone are summarized in
Table II. TheEga, Egg, andE; structures are dominated by

X O Eq,(k)—E]dk, (4) transitions at thd” point. The E, structure may originate
wherel|k,c) and|k,v) represent the periodic part of the wave from transitions at thé\ andI" points forEL ¢ and at theN
functions of the conduction and valence bands, respectivelyoint for Ellc. The E; structure may originate mainly from

N(FE) (arb. units)

I(E) (arb. units)

e?h4 d
82(E)Zm§i: szf (k,C|d—Xi|k,V>

TABLE II. Experimentally determined CP energies, together with those obtained from the empirical
pseudopotential calculation. The valence bands are labeled 1-32 and the conduction bands are from 33.
Transitions using these notations are given in parentheses.

Calc.
Elc Elic
Expt. Energy Energy
CP (eV) (eV) Transition (eV) Transition
Eon 1.40 0.95 ['(31,32-33,34f
Eos 1.30 I'(29,30-33,34¢
E, 1.80 1.8 I'(29,30-33,34¢ 1.8 I'(31,32-33,34f
E, 2.58 2.7 N(31,32-33,34) 2.7 N(29,306-33,34)
(29,30 33,34}
Es 3.05 3.1 N(31,32-33,34) 3.1 N(31,32-35,36)
N(29,30-35,36) N(29,30—33,34)
E, 3.60 3.9 N(27,28-35,36) 3.9 N(31,32-39,40)
P(27,28-35,36) P(31,32-39,40)
Es 4.13 4.2 N(25,26-35,36) 4.2 S(27,28-33,34)
P(25,26-35,36) S(31,32-37,38)
Es 5.08 4.9 N(29,30-41,42)
P(25,26-39,40)
S(27,28-35,36)
E, 6.2 N(25,26-43,44) 6.2 N(31,32-53,54)
L(31,32-49,50) N(29,30-51,52)
I'(31,32-51,52)
Tsr8—Is18-
T 755
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tions, and other many-body corrections may thoroughly in-
fluence e, at zero energy. Note that such effects are not

I included in the present calculation.
04 Finally, we show in Fig. 8) the theoretical normal-
§ r incidence reflectivity spectr&®(E) for ELc and Elic of
0‘3_ Znin,Tey. TheR(E) spectrum, calculated from the SEE)
02— data, is plotted in Fig. @) by solid circles. The spectrum

Photon energy (eV)

FIG. 8. (a) Theoretical andb) experimental normal-incidence
reflectivity spectra for Znlgire,. The solid circles are obtained from
the SE¢(E), while the open circles represent tREE) spectrum
measured by Mancet al. (Ref. 8. The vertical arrows irfb) indi-
cate the positions of the CP'&€¢—Eg).

transitions at theN point for bothEL c and Ellc polariza-
tions. TheE, peak is mainly due to transitions at tNeandP
points for bothE L ¢ andEllc. TheE; peak is also dominated
by transitions at theN and P points for EL c and at theS
point for Ellc. The Eg structure, seen only foEL c, arises
principally from regions at thé&l, P, andS points. At higher

energy, theE; structure may be caused by transitions at th

N, L, andI" points forEL ¢ and at theN point for Ellc.
The optical dielectric constant, estimated from the ex-
perimental ¢, spectrum in Fig. 3 is~7.0 [e,=¢4(E

measured by Mancat al® is also plotted in Fig. &) by
open circles. To our knowledge, this was the only optical
spectrum measured in the visible-ultraviolet region of
Znin,Te,. The experimentaR values of~0.4 at theE, peak
are in reasonable agreement with the theoretical one.

IV. CONCLUSIONS

We have studied the optical properties of the defect-
chalcopyrite-type semiconductor Znlie, by means of opti-
cal absorption, SE, and XPS. Bulk Zgle, crystals were
grown from stoichiometric melts by the conventional Bridg-
man method. The optical absorption spectrum suggests that
the fundamental absorption edge in ZjTlg, is dominated
by direct optical transitions Ey~1.40eV). The complex
dielectric-function spectra of Znjie, have been measured
by SE in the photon-energy range between 1.2 and 5.5 eV.
The measured (E) spectra reveal distinct structures at the
E, CP's (nh=0-6). The energy position, strength, and
broadening of these CP’s have been successfully determined
by performing a second-derivative analysisedE). These
CP’s have been assigned to specific points in the Brillouin
zone by the aid of a band-structure calculation using EPM.
The electronic density-of-states spectrtdtE) of Znin,Te,
has also been obtained using XPS and discussed along with

ethe band-structure calculation.
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