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Optical properties and electronic band structure of ZnIn2Te4
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Optical properties of the defect-chalcopyrite-type semiconductor ZnIn2Te4 have been studied by optical
absorption, spectroscopic ellipsometry, and x-ray photoelectron spectroscopy. Optical absorption measure-
ments suggest that ZnIn2Te4 is a direct-gap semiconductor having a band gap of;1.40 eV. The complex
dielectric-function spectra«(E)5«1(E)1 i«2(E), measured by spectroscopic ellipsometry, reveal distinct
structures at energies of the critical points in the Brillouin zone. Analysis of the numerically derived«(E)
spectra facilitates the precise determination of the critical point parameters~energy 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-statesN(E) calculation.

DOI: 10.1103/PhysRevB.64.085208 PACS number~s!: 71.15.Dx, 78.20.Ci, 79.60.Bm
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I. INTRODUCTION

The ternary semiconducting compoundsAIIB2
IIIC4

VI have
been widely investigated because of their potential appl
tions to electro-optic, optoelectronic, and nonlinear opti
devices.1 Most of these compounds have defect chalcopy
~space group5S4

2! or defect stannite~space group5D2d
11!

structure.2 In anAIIB2
IIIC4

VI defect chalcopyrite compound,A,
B, andC atoms and the vacancy are distributed as follows3 A
on (a/2,0,c/4), B on (0,0,c/2) and (0,a/2,c/4), C on

(a,b̄,g), (ā,b,g), (b,a,ḡ), and (b̄,ā,ḡ), and the vacancy
on ~0, 0, 0!. ZnIn2Te4 is one of the defect chalcopyrite famil
and is known to have an ideal chalcopyrite structure;2 i.e., its
lattice parameters are simply given bya5b5a/4, g5c/8,
and c52a, as shown in Fig. 1. Although the material h
been the subject of many research efforts, many fundame
properties have not been sufficiently evaluated or are e
unknown.3

Very little is known about the optical properties o
ZnIn2Te4.

4–9 Neumannet al.4 studied the infrared reflectiv
ity of ZnIn2Te4 in the wave number range from 170 to 400
cm21 at room temperature. The measured infrared reflec
ity spectra were well described by a single harmonic osci
tor model with transverse optical~TO! and longitudinal op-
tical ~LO! mode frequenciesvTO517663 cm21 and vLO
519864 cm21, respectively. They also determined th
mean optical~high-frequency! dielectric constant«`5(1/
3)(2«`'1«`i) to be 7.160.3,5 where«`' and«`i are the
dielectric constants for light polarized perpendicular and p
allel to the tetragonal axisc, respectively.

Boltivetset al.6 used optical absorption and photocondu
tivity measurements to study the fundamental absorp
edge of ZnIn2Te4 and obtained a value ofEg;1.3 eV at 300
K. Manca et al.7,8 also measured fundamental-reflectivi
and photoconductivity spectra of polycrystalline ZnIn2Te4.
They concluded that the material has an indirect gap n
1.40 eV~1.52 eV!, as well as the lowest direct gap near 1.
eV ~1.90 eV! at 300 K~85 K!. However, this conclusion wa
obtained relatively easily from the fact that direct transitio
generate a peak only in reflectivity, while both direct a
0163-1829/2001/64~8!/085208~7!/$20.00 64 0852
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indirect transitions are responsible for photoconductiv
Mancaet al.7,8 also observed some reflectivity structures
energies;2.2, 2.4, and 3.6 eV, but gave no detailed disc
sion of these structures.

In our previous paper9 we synthesized bulk amorphou
ZnIn2Te4 and measured its pseudodielectric-function spec
by using spectroscopic ellipsometry~SE!. The measured
spectra showed a strong resemblance to those of amorp
tetrahedrally bonded semiconductors, such as amorphou
Ge, and GaAs. The optical energy gap of amorpho
ZnIn2Te4 was determined to be 1.13 eV. Dielectric-relat
optical constants, such as the complex refractive index,
sorption coefficient, and normal-incidence reflectivity, we
also presented and modeled using a simplified model of
interband optical transitions.

The purpose of this study is to investigate both expe
mentally and theoretically the electronic energy-band str
ture of crystalline ZnIn2Te4. The experimental technique
used here are optical absorption, SE, and x-ray photoelec
spectroscopy~XPS!. The complex dielectric-function spec
trum «(E)5«1(E)1 i«2(E) of a semiconductor is closely
related to its electric energy-band structure, which can
drawn from features called critical points~CP’s!. SE is an
excellent technique for investigating the optical response
semiconductors. On-line digitization of the data permits f
and efficient analysis of the structure observed in the spe
in terms of standard analytical line shapes for interba
CP’s. Numerical differentiation of the data facilitates th
analysis.10 To our knowledge, however, no SE study h
been performed on crystalline ZnIn2Te4 to date. XPS is com-
monly used for the investigation of the electronic energ
band structure of semiconductors. It is possible to direc
determine the core-level energy relative to the valence-b
maximum without the need to consider core excitons.11 The
XPS measurements had been performed on almost IV,12–15

III-V, 13,15,16 and II–VI semiconductors13,15,16 and also on
some ternary chalcopyrite compounds ZnGeP2 and
CdSnAs2,

17 but not on ZnIn2Te4. The band-structure calcu
lation of ZnIn2Te4 has only been made by Meloniet al.18

They, however, simply assumed ZnIn2Te4 to have a
pseudocubic structure space (group5Vd

1!, not the actual
©2001 The American Physical Society08-1
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structure of defect chalcopyrite (S4
2). The spin-orbit interac-

tion was also neglected in their calculation. We thus calcu
the electronic energy-band structure of ZnIn2Te4, considering
the spin-orbit interaction, and compare it with our measu
results.

II. EXPERIMENT

The ZnIn2Te4 crystals used in this study were grown b
the conventional Bridgman method. The quartz ampo
graphitized by acetone was filled with a charge of Zn:In:
51:2:4 mixture in atomic ratio and then sealed off und
1026 Torr. Zn, In, and Te were 99.9999% pure. The ampo
was slowly heated to 1100 °C, melted, and then equilibra
for at least 3 days. The crystals were grown by slowly lo
ering the ampoule to achieve its cooling rate of;1.5 °C/h.

The ZnIn2Te4 crystals obtained were polycrystalline wit
a grain size of several mm3. They were not contained spur
ous phases, such as ZnTe and In2Te3. The x-ray diffraction
trace for crystalline ZnIn2Te4 has already been shown in Fig
1 of Ref. 9. The angles and relative strengths of the diffr
tion peaks were found to be in good agreement with th
reported by Hahnet al.2 ~a56.11 Å andc512.22 Å!.

The samples used for optical and XPS measurem
were prepared by cutting the ingot with a wire saw, by m
chanically polishing, and finally by chemically etching wi
a solution of Br2 in methanol.

The optical absorption measurements were carried ou
ing a JASCO V-570-DS spectrometer at room temperat
The thickness of the samples used for these measurem
was;0.07 mm.

The SE equipment was of the polarizer–sample–rotat
analyzer type~DVA-36VW-A, Mizojiri Optical, Co, Ltd.!. A
150-W xenon lamp was used as the light source. The SE
were measured over the photon-energy range of 1.2–5.5
at room temperature. The angle of incidence and the po
izer azimuth were set at 70° and 30°, respectively.

The XPS measurements were performed at room temp
ture with a ULVAC-PHI model 5600 spectrometer, usin
MgKa1,2 lines ~;1254 eV! as an x-ray source. The taking

FIG. 1. Crystal structure of defect-chalcopyrite-type semic
ductor ZnIn2Te4.
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off angle of photoelectrons was 45°, and the analyzer p
energy was set at 11.8 eV. Before XPS measurements, ar
ion sputter etching was performed to obtain a clean sam
surface.

III. RESULTS AND DISCUSSION

A. Optical absorption and SE results

One of the most essential semiconducting parameter
the band-gap energy. In order to obtain the fundame
band-gap energy of ZnIn2Te4, we have measured the optic
absorption spectra of this material. The absorption coeffic
a was calculated from the measured transmittanceT using
the expression

T5
~12R!2e2ax

12R2e22ax , ~1!

whereR is the reflectivity. We used a value of 0.25 forR.
This value was obtained from the present study@see Fig.
8~b!, below#.

Figure 2 plots the square of the absorption coefficient,a2,
as a function of photon energy for ZnIn2Te4 at room tem-
perature. All the samples measured had appreciable trans
sion losses~;70 cm21! in the wavelength region far re
moved from the absorption edge. We understand t
scattering from grain boundaries can account for these lo
since they were found to be essentially independent of wa
length. Therefore, these losses were subtracted as the b
ground absorption.

We can see in Fig. 2 that at absorption coefficients ab
600 cm21, the dependence on photon energyE can be writ-
ten as

a~E!5A~E2E0!1/2. ~2!

This dependence is expected for direct optical transitio
The plots in Fig. 2 give an interceptE0;1.40 eV ~direct

-

FIG. 2. Square of the absorption coefficient,a2, as a function of
photon energy for ZnIn2Te4. These plots give an interceptE0

;1.40 eV~direct band-gap energy! on the energy axis.
8-2
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OPTICAL PROPERTIES AND ELECTRONIC BAND . . . PHYSICAL REVIEW B64 085208
band-gap energy! on the energy axis. We also plotted th
dependence upon the photon energyE of a1/2. It showed,
however, a poorer linear relationship than that in Fig. 2 (a2).
We thus support the contention that ZnIn2Te4 is a direct
band-gap semiconductor. On the contrary, Mancaet al.7,8

concluded that it is an indirect band-gap semiconduc
They also concluded that ZnIn2Se4 ~not ZnIn2Te4! is a direct
band-gap semiconductor.

We show in Figs. 3 and 4 the pseudodielectric-funct
spectra«1(E) ~Fig. 3! and«2(E) ~Fig. 4! of ZnIn2Te4 mea-
sured by SE~solid circles!. The pseudodielectric function is

FIG. 3. Pseudodielectric-function spectrum«1(E) for ZnIn2Te4

measured by SE~solid circles!. The solid and dashed lines represe
the calculated«1(E) spectra forE'c andEic, respectively.

FIG. 4. Pseudodielectric-function spectrum«2(E) for ZnIn2Te4

measured by SE~solid circles!. The solid and dashed lines represe
the calculated«2(E) spectra forE'c and Eic, respectively. The
vertical arrows indicate the positions of the CP’s (E0–E7) found in
the calculated«2(E) spectra.
08520
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quantity derived from the SE data by means of the two-ph
~ambient-substrate! model.19 It would be exactly equal to the
true bulk dielectric function of a given sample if its surface
perfectly abrupt and free from residual overlayers, but th
ideal conditions can be never achieved in practice. It is a
noted that ZnIn2Te4 crystallizes in the tetragonal structure.
is thus optically anisotropic and has two dielectric-tens
components«'5«x,y and « i5«z . While most of the SE
works have been confined to optically isotropic materials,
usefulness of this technique in the study of anisotropic s
tems has been demonstrated.20 Because of the polycrystalline
samples used in this study, we have not tried to measure
optical anisotropy of ZnIn2Te4 at all.

The experimental«2(E) spectrum shown in Fig. 4 reveal
the CP’s at;1.4, 3.6, 4.2, and 5.1 eV. The shoulderlik
structures can also be found at;1.8, 2.1, and 2.6 eV. The
;1.4-eV CP is due to transitions at the fundamental abso
tion edge~see Fig. 2!. The ;2.1, 2.6, and 3.6-eV CP struc
tures agree with those observed in Refs. 7 and 8~;2.2, 2.4,
and 3.6 eV!.

The experimental«2(E) spectrum of crystalline ZnIn2Te4
is quite different from that of amorphous ZnIn2Te4 ~see Fig.
2 in Ref. 9!. It is well known that the breakdown of th
crystalline periodicity causes the disappearance of the s
structures found in«(E) of the crystalline substance. As see
in Fig. 2, the fundamental absorption gap of crystalli
ZnIn2Te4 is ;1.40 eV. On the other hand, the optical ener
gap of amorphous ZnIn2Te4 was determined to be 1.13 eV9

The smaller band gap observed in the amorphous mat
may be caused by the localized states~i.e., band tail!. The
maximum in«2(E) of amorphous ZnIn2Te4 was observed a
E;2.5 eV, while that in crystalline ZnIn2Te4 occurs atE
;4 eV. Such a low-energy shift in the«2 maximum has
been observed in many amorphous semiconductors.21

In order to determine more accurately the CP energy
sitions, we have performed a second-derivative-fit analy
of the pseudodielectric function using the standard
model:10

d2«~E!

dE2 5H 2n~n21!Aeif~E2Ec1 iG!n22, nÞ0,

Aeif~E2Ec1 iG!22, n50,
~3!

where the CP is defined by the amplitudeA, CP energyEc ,
broadeningG, and phase anglef. The exponentn has the
value 21/2 for a one-dimensional CP, 0@logarithmic, i.e.,
ln(E2Ec 1iG)# for a two-dimensional CP, and 1/2 for
three-dimensional CP. Discrete excitons can be represe
by n521.

Figure 5 shows the second-derivative spec
d2«1(E)/dE2 andd2«2(E)/dE2 for ZnIn2Te4 ~open circles!.
They are obtained by numerically differentiating the SE«(E)
data. The solid lines represent fits to Eq.~3!. These fits are
carried out simultaneously for both the real and imagin
parts using a least-squares fit procedure.

In Fig. 5, the relatively strong structures are identified
3.60, 4.13, and 5.08 eV. These structures are found to be
fitted with n521 ~i.e., discrete excitons!. The weak three-
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SHUNJI OZAKI AND SADAO ADACHI PHYSICAL REVIEW B 64 085208
dimensional CP’s (n51/2) are also identified at energie
1.40, 1.80, 2.58, and 3.05 eV. Table I summarizes these
sults.

B. Electronic energy-band structure and XPS results

To our knowledge, there has been no study of the ba
structure calculation of the defect-chalcopyrite-type se
conductor ZnIn2Te4. Because of this, we have calculated t
electronic energy-band structure of this material based on
empirical pseudopotential method~EPM!.22 The pseudopo-
tential form factors for Zn, In, and Te were extracted fro
the pseudopotentials of ZnTe and InSb given in Ref. 23.
further attempt was made to fit the pseudopotential to exp
ment. Because of no experimental information about
spin-orbit splitting of ZnIn2Te4, we assumed that this mate
rial has the same spin-orbit parameter as ZnTe.24

Figure 6 shows the calculated energy-band structure
ZnIn2Te4. The bands are labeled following Refs. 25 and 2
The valence band consists of two subbands separated b;7

FIG. 5. Second-derivative spectrad2«1(E)/dE2 and
d2«2(E)/dE2 for ZnIn2Te4 ~open circles!. The solid lines represen
fits of the second-derivative spectra to Eq.~3!. The vertical arrows
indicate the positions of the CP’s (E0–E6) determined from the
standard CP fitting. The fit-determined CP parameters are liste
Table I.

TABLE I. CP parameters for ZnIn2Te4 determined by fitting
with Eq. ~3!.

CP Ec ~eV! n A (104) f ~deg! G ~eV!

E0A,B 1.40 1/2 15.0 220 0.34
E1 1.80 1/2 7.0 125 0.22
E2 2.58 1/2 9.0 80 0.24
E3 3.05 1/2 4.5 60 0.30
E4 3.60 21 1.0 30 0.35
E5 4.13 21 1.7 30 0.48
E6 5.08 21 2.9 40 0.85
08520
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eV @see also Fig. 7~a!, below#. The top and bottom valenc
subbands have widths of about 4 and 1 eV, respectively.
symmetry of the top valence bandG617 is p like in nature.
The G518 valence bands lie about 0.3 eV below the t
valence bandG617 , due to the crystal-field splitting. By con
sidering the spin-orbit interaction, theG214 band splits into
G518 and G617 bands. The spin-orbit splitting energy
;0.9 eV. The symmetry of the lowest conduction bandG518

is s like in nature. There exist upper conduction bandsG617

andG518 at about 1 and 2 eV above the lowest conduct
bandG518 , respectively. The quadruply degeneratedG518

1G617 conduction bands are also present at;3.5 eV above
the lowest conduction bandG518 . The band structure show
in Fig. 6 indicates that ZnIn2Te4 is a direct band-gap semi
conductor, in agreement with our experimental result~Fig.
2!.

We have also calculated the density-of-states spect
N(E) and measured the XPS spectrumI (E). These results
are shown in Fig. 7. TheN(E) spectrum was plotted by
referring to the top of the valence band. The measuredI (E)
spectrum was corrected for contributions from inelastica
scattered electrons.27

The strongest peak inI (E) at 210 eV is due to Zn 3d
core electrons. The two diffuse peaks centered at21.5 and
24 eV can also be clearly found. These peaks, marked I
II, may correspond to transitions from the upper valence s
band having a bandwidth of;4 eV ~see Fig. 6!. There is also
a shoulder on the low-energy~high-binding-energy! side of
the Zn 3d peak. This shoulder, marked III, is considered
be due to the lower valence subband centered at211.5 eV,
with a width of;1 eV @Fig. 7~a!#. The measuredI (E) spec-
trum suggests that the total valence bandwidth in ZnIn2Te4 is
;14 eV. A broad XPS peak is also found at27.5 eV. This
peak may be due to In 4d core electrons excited by Mg
Ka3,4 satellite lines.

The imaginary part of the dielectric function can be c
culated from the electronic energy-band structure using
relation28

in

FIG. 6. Electronic energy-band structure of ZnIn2Te4 calculated
by EPM. The numbers denote that of the irreducible representat
of double groups.
8-4
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«2~E!5
e2\4

upm2E2 (
i

(
c,n

E U^k,cu
d

dxi
uk,n&U2

3d@Ecn~k!2E#dk, ~4!

whereuk,c& anduk,v& represent the periodic part of the wav
functions of the conduction and valence bands, respectiv

FIG. 7. ~a! Theoretical density-of-states spectrumN(E) and~b!
experimental XPS spectrumI (E) for ZnIn2Te4.
08520
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andEcn(k) is the energy difference between the conduct
and valence bands.u52 andi 5x,y correspond to light po-
larized perpendicular to thec axis (E'c), andu51 and i
5z correspond to light parallel to thec axis (Eic). The
integration is performed over the entire Brillouin zone, ta
ing into accountk-dependent momentum-matrix element29

The real part of the dielectric function«1(E) is obtained by
performing a Kramers-Kronig transformation of«2(E).

The solid and dashed lines in Fig. 3 represent the ca
lated «1(E) spectra of ZnIn2Te4 for E'c and Eic, respec-
tively. The solid circles show the experimental data. T
same results, but for«2(E), are shown in Fig. 4. The CP’s
obtained from this«2(E) spectrum, with comparison to th
experimental data, are given in Table II.

The onset of the absorption edge in the calculated«2(E)
spectrum occurs at 1.30 eV forE'c (E0B) and at 0.95 eV
for Eic (E0A). These are the direct band gaps in ZnIn2Te4 at
G @G518→G518(E'c) and G617→G518(Eic)#. The band-
structure calculation also suggests the presence of CP
;1.8–6.2 eV~E1–E7 ; see Table II!. The calculated«2(E)
spectrum forE'c is dominated by theE4 and E5 peaks,
while the prominent peak seen in«2(E) for Eic is E3 . The
E6 peak is clearly found forE'c, but not forEic.

The contributions to«2(E) of the interband transitions in
the specific parts of the Brillouin zone are summarized
Table II. TheE0A , E0B , andE1 structures are dominated b
transitions at theG point. The E2 structure may originate
from transitions at theN andG points forE'c and at theN
point for Eic. The E3 structure may originate mainly from
irical
from 33.
TABLE II. Experimentally determined CP energies, together with those obtained from the emp
pseudopotential calculation. The valence bands are labeled 1–32 and the conduction bands are
Transitions using these notations are given in parentheses.

CP
Expt.
~eV!

Calc.

E'c Eic
Energy
~eV! Transition

Energy
~eV! Transition

E0A 1.40 0.95 G(31,32→33,34)b

E0B 1.30 G(29,30→33,34)a

E1 1.80 1.8 G(29,30→33,34)a 1.8 G(31,32→33,34)b

E2 2.58 2.7 N(31,32→33,34)
G(29,30→33,34)a

2.7 N(29,30→33,34)

E3 3.05 3.1 N(31,32→33,34)
N(29,30→35,36)

3.1 N(31,32→35,36)
N(29,30→33,34)

E4 3.60 3.9 N(27,28→35,36)
P(27,28→35,36)

3.9 N(31,32→39,40)
P(31,32→39,40)

E5 4.13 4.2 N(25,26→35,36)
P(25,26→35,36)

4.2 S(27,28→33,34)
S(31,32→37,38)

E6 5.08 4.9 N(29,30→41,42)
P(25,26→39,40)
S(27,28→35,36)

E7 6.2 N(25,26→43,44)
L(31,32→49,50)
G(31,32→51,52)

6.2 N(31,32→53,54)
N(29,30→51,52)

aG518→G518 .
bG617→G518 .
8-5
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transitions at theN point for both E'c and Eic polariza-
tions. TheE4 peak is mainly due to transitions at theN andP
points for bothE'c andEic. TheE5 peak is also dominated
by transitions at theN and P points for E'c and at theS
point for Eic. The E6 structure, seen only forE'c, arises
principally from regions at theN, P, andS points. At higher
energy, theE7 structure may be caused by transitions at
N, L, andG points forE'c and at theN point for Eic.

The optical dielectric constant«` estimated from the ex
perimental «1 spectrum in Fig. 3 is;7.0 @«`5«1(E
→0 eV)#. This value is in good agreement with that o
tained by Neumannet al. (7.160.3).5 However, the calcu-
lated «` value ~;6; see Fig. 3! is slightly smaller than the
experimental one. Excitonic effects, electron-phonon inter

FIG. 8. ~a! Theoretical and~b! experimental normal-incidenc
reflectivity spectra for ZnIn2Te4. The solid circles are obtained from
the SE«(E), while the open circles represent theR(E) spectrum
measured by Mancaet al. ~Ref. 8!. The vertical arrows in~b! indi-
cate the positions of the CP’s (E0–E6).
ov

in
-

,

s.
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tions, and other many-body corrections may thoroughly
fluence «1 at zero energy. Note that such effects are n
included in the present calculation.

Finally, we show in Fig. 8~a! the theoretical normal-
incidence reflectivity spectraR(E) for E'c and Eic of
ZnIn2Te4. TheR(E) spectrum, calculated from the SE«(E)
data, is plotted in Fig. 8~b! by solid circles. The spectrum
measured by Mancaet al.8 is also plotted in Fig. 8~b! by
open circles. To our knowledge, this was the only opti
spectrum measured in the visible-ultraviolet region
ZnIn2Te4. The experimentalR values of;0.4 at theE4 peak
are in reasonable agreement with the theoretical one.

IV. CONCLUSIONS

We have studied the optical properties of the defe
chalcopyrite-type semiconductor ZnIn2Te4 by means of opti-
cal absorption, SE, and XPS. Bulk ZnIn2Te4 crystals were
grown from stoichiometric melts by the conventional Brid
man method. The optical absorption spectrum suggests
the fundamental absorption edge in ZnIn2Te4 is dominated
by direct optical transitions (E0;1.40 eV). The complex
dielectric-function spectra of ZnIn2Te4 have been measure
by SE in the photon-energy range between 1.2 and 5.5
The measured«(E) spectra reveal distinct structures at t
En CP’s (n50 – 6). The energy position, strength, an
broadening of these CP’s have been successfully determ
by performing a second-derivative analysis of«(E). These
CP’s have been assigned to specific points in the Brillo
zone by the aid of a band-structure calculation using EP
The electronic density-of-states spectrumN(E) of ZnIn2Te4
has also been obtained using XPS and discussed along
the band-structure calculation.
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