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Optical absorption and photoluminescence in the defect-chalcopyrite-type semiconductor ZnIn2Te4

Shunji Ozaki, Sei-ichi Boku, and Sadao Adachi
Department of Electronic Engineering, Faculty of Engineering, Gunma University, Kiryu-shi, Gunma 376-8515, Japan

~Received 29 July 2003; published 1 December 2003!

Optical absorption and photoluminescence~PL! spectra have been measured on the defect-chalcopyrite-type
semiconductor ZnIn2Te4 in the 1.1–1.6 eV photon-energy range at temperatures between 11 and 300 K. The
temperature dependence of the direct-gap energy of ZnIn2Te4 has been determined from the optical absorption
spectra and fit using the Varshni equation and an analytical four-parameter expression developed for the
explanation of the band-gap shrinkage effect in semiconductors. The PL spectra show an asymmetric emission
band at;1.4 eV, which is attributed to donor-acceptor pair recombination between quasicontinuously distrib-
uted donor states and acceptor levels. At temperatures above 90 K, the band-to-band emission begins to appear
at the high-energy tail of the donor-acceptor pair recombination. A double-exponential fit analysis of the PL
spectra suggests an acceptor level of 64 meV and an unidentified shallow level of 9 meV. An energy-band
scheme has been proposed for the explanation of PL emission in the defect-chalcopyrite-type semiconductors.

DOI: 10.1103/PhysRevB.68.235201 PACS number~s!: 78.20.Ci, 78.40.Fy, 78.55.Hx
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I. INTRODUCTION

The ternary semiconducting compounds, AIIBIII
2CVI

4 ,
have been widely investigated because of their potential
plications to electrooptic, optoelectronic, and nonlinear o
cal devices.1 Most of these compounds have defect chalco
rite ~space group5S4

2) or defect stannite~space group
5D2d

11) structure.2 In an AIIBIII
2CVI

4 defect chalcopyrite
compound, A, B, and C atoms and vacancy are distribute
follows:3 A on (a/2,0,c/4), B on (0,0,c/2), (0,a/2,c/4), C on

(a,b̄,g), (ā,b,g), (b,a,ḡ), (b̄,ā,ḡ), and vacancy on
~0,0,0!. ZnIn2Te4 is one of the defect chalcopyrite family an
is known to have an ideal chalcopyrite structure,4 i.e., its
lattice parameters are simply given bya5b5a/4, g5c/8,
and c52a. Although the material has been the subject
many research efforts, many fundamental properties are
sufficiently evaluated or are even unknown.4

Very little is known about the optical properties o
ZnIn2Te4 .3,5–9 Boltivets et al.7 used optical absorption an
photoconductivity techniques to study the intrinsic abso
tion edge of ZnIn2Te4 and obtained a value ofEg;1.3 eV at
300 K. Mancaet al.8,9 measured fundamental-reflectivity an
photoconductivity spectra of polycrystalline ZnIn2Te4 , and
concluded that the material has an indirect gap near 1.40
~1.52 eV!, as well as the lowest direct gap near 1.87 eV~1.90
eV! at 300 K~85 K!. However, this conclusion was obtaine
relatively easily from the fact that direct transitions gener
a peak only in reflectivity, while both direct and indire
transitions are responsible for photoconductivity. Man
et al.8,9 also observed some reflectivity structures at energ
;2.2,;2.4, and;3.6 eV, but they gave no detailed discu
sion on these structures.

In our previous paper3 we synthesized bulk polycrysta
line ZnIn2Te4 and measured its pseudodielectric-functi
spectra by using spectroscopic ellipsometry. The meas
pseudodielectric-function spectra revealed distinct structu
at various critical points, and these structures were assig
to specific points in the Brillouin zone by the aid of a ban
structure calculation using empirical pseudopoten
0163-1829/2003/68~23!/235201~7!/$20.00 68 2352
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method. Room-temperature optical absorption also sho
that ZnIn2Te4 is a direct-gap semiconductor having th
lowest-direct-gap energy at;1.40 eV.

In this article, we present the optical absorption and p
toluminescence~PL! spectra for ZnIn2Te4 measured at tem
peraturesT between 11 and 300 K. The temperature dep
dence of the lowest-band-gap energyEg for ZnIn2Te4 will be
determined by the optical absorption measurements. The
pendence ofEg on T is commonly described by the empirica
equation proposed by Varshni.10 A novel analytical expres-
sion has been recently proposed by Pa¨ssler11,12 by consider-
ing the band-gap shrinkage effect in accordance with gen
equations and parameter relationships governing
electron-phonon interaction mechanism. TheEg versus T
data for ZnIn2Te4 will be analyzed using these expression
No PL measurement has been performed on ZnIn2Te4 to
date. We will observe a single, asymmetric PL emission b
at ;1.4 eV, which is attributed to transitions from the qu
sicontinuously distributed donor states below the conduc
band to acceptor levels. The quasicontinuously distributed
exponentially tailed donor states may be caused by a la
number of donors in the defect chalcopyrite or stann
semiconductors.1,13

II. EXPERIMENT

The ZnIn2Te4 crystals used were grown by the conve
tional Bridgman method reported in the previous work14

They were polycrystalline with grain size of several mm3.
The hot-probe measurements suggested that the elec
conductivity of the samples isp type. The samples were
prepared by cutting the ingot with a wire saw, by mecha
cally polishing, and finally by chemically etching with a so
lution of Br2 in methanol. Thickness of the samples w
;0.14 mm.

The halogen lamp was used for optical absorption m
surements, and the 488.0 nm line of an Ar1-ion laser~NEC
GLG3110! chopped at 320 Hz was used as the excitat
light source for PL measurements. The optical absorpt
and PL spectra were taken in the 1.1–1.6 eV photon-ene
©2003 The American Physical Society01-1
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range using a grating spectrometer~JASCO CT-25C! and a
liquid-nitrogen cooled Ge photodiode~Hamamatsu B6175
05!. The spectral resolution of the grating spectrometer u
was about 60.1 nm (60.2 meV) at the band edge o
ZnIn2Te4 . The measurements were performed using
closed-cycle refrigerator cryostat~IWATANI CRT105PL! be-
tween T511 and 300 K. Note that the experiments we
carried out on a few grains of the polycrystalline sample.
attention was, therefore, paid to the polarization depende
of the optical spectra.

III. RESULTS AND DISCUSSION

A. Optical absorption measurements

One of the most important parameters characteriz
semiconducting properties is the band-gag energyEg . In or-
der to determine the fundamental band-gap energy
ZnIn2Te4 , we measured optical absorption spectra of the m
terial. The absorption coefficienta was determined from the
experimental transmittanceT using the relation

T5
~12R!2e2ax

12R2e22ax , ~1!

where R is the reflectivity. We used a value ofR50.25
which was obtained from our previous spectroscopic el
sometry data.3

The experimental absorption spectra measured aT
511– 300 K for ZnIn2Te4 are shown in Fig. 1. The depen
dence ofa on photon energyE can be written as

a~E!5A~E2Eg!
n, ~2!

or, equivalently

a~E!1/n5A1/n~E2Eg!, ~3!

FIG. 1. Plots of the square of the absorption coefficient,a2,
versus photon energy for ZnIn2Te4 at T511– 300 K. The intercept
point on the energy axis gives the band-gap energyEg at each
temperature.
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where n51/2 and 2 correspond to the direct and indire
band gaps, respectively. We found that the fit is superior
n51/2 than for 2. This fact suggests that ZnIn2Te4 may be a
direct-gap semiconductor.3 The plots in Fig. 1 give inter-
cepts, Eg;1.49 eV (T511 K), ;1.48 eV (T5100 K),
;1.44 eV (T5200 K), and;1.39 eV (T5300 K), on the
energy axis.

Traditionally, temperature variation of the band-gap e
ergy is expressed in terms of Varshni’s formula10

Eg~T!5Eg~0!2
aT2

T1b
, ~4!

whereEg(0) is the band-gap energy atT50 K, a is in elec-
tron volts per degree Kelvin, andb is closely related to the
Debye temperature of the material~in Kelvins!. The dashed
line in Fig. 2 represents the least-squares fit of the exp
mental data to Eq.~4!. The fit-determined parameter value
are listed in Table I.

Recently, Pa¨ssler11,12 proposed an analytical expressio
which takes into account the band-gap shrinkage effec
accordance with general equations and parameter rela
ships governing the electron-phonon interaction mechani

Eg~T!5Eg~0!2
apQp

2 FAp 11S 2T

Qp
D p

21G , ~5!

where ap plays the role of aT→` limiting value of the
band-gap shrinkage coefficient2]Eg(T)/](T), Qp is ap-
proximately equal to the average phonon temperature,
the power exponentp is closely related to the overall shap
of the electron-phonon spectral function in the given ma
rial. This expression is more palatable than Eq.~4! from the
theoretical point of view. The solid line in Fig. 2 indicate
the fitted result of the data to Eq.~5!. The fit-determined
parameters are listed in Table I. We can see in Fig. 2 that
~5! shows a better agreement with the experimental dat
the T515– 300 K temperature range compared with Eq.~4!.

FIG. 2. Plots ofEg versusT for ZnIn2Te4 determined from the
optical absorption measurements. The dashed and solid lines r
sent the calculated results of Eqs.~4! and ~5!, respectively. The
fit-determined parameters are listed in Table I.
1-2
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TABLE I. Values ofEg(0), a, andb in Eq. ~4! and those ofap , Qp , andp in Eq. ~5! for ZnIn2Te4 .

Eg(0) ~eV! a ~meV/K! b ~K! ap ~meV/K! Qp ~K! p

1.493 0.60 235 0.43 138 3.2
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The effective phonon temperatureQp in Eq. ~5! is ex-
pected to be related to the Debye temperatureuD by Qp
;2/3uD .11 TheQp value listed in Table I is 138 K. We can
thus, obtainuD;207 K for ZnIn2Te4 . No uD value has been
reported for ZnIn2Te4 . We can, however, find that the est
mated value ofuD;207 K is slightly smaller or larger than
the ZnTe values ofuD;228 K ~Ref. 15! and;190620 ~Ref.
16! at T50 K, respectively, and is smaller than the Zn
value ofuD;260 K atT5300 K ~Ref. 17!. We find, from a
plot of the Debye temperatureuD versus lattice parametera
for some group-IV, III–V, and II–VI semiconductors, th
relation betweenuD anda given by lnuD510.5320.834a (a
in Å; uD in K!. This relation providesuD;249 K for ZnTe
(a56.01 Å) anduD;229 K for ZnIn2Te4 (a56.11 Å, Ref.
4!. The above estimateduD values of;207 K and;229 K
for ZnIn2Te4 are also found to be nearly equal to the ch
acteristic temperature ofb;235 K in Eq.~4! ~Table I!. Fur-
thermore, this characteristic temperature (b;235 K) is
nearly equal to an effective longitudinal optical~LO! phonon
temperatureu;284 K obtained from the relation ofku
5\vLO (;24.5 meV, Ref. 5!. The latter fact suggests tha
the major contribution to the temperature variation ofEg in
ZnIn2Te4 is apparently due to the optical phonons.

Differentiating Eq.~5! with respect toT, we obtain

]Eg~T!

]T
52apS 2T

Qp
D p21F11S 2T

Qp
D pG (12p)/p

. ~6!

The temperature coefficient]Eg /]T for ZnIn2Te4 at T
5300 K obtained from Eq.~6! is 20.43 meV/K. Manca
et al.9 reported the ]Eg /]T value for ZnIn2Te4 to be
20.6 meV/K. This value was, however, estimated from th
measured photoconductivity peaks by assuming thatEg has
the same temperature dependence as the photoconduc
peak energy. We can also point out that our obtained]Eg /]T
value is very close to that for ZnTe (20.45 meV/K)18 but is
much smaller than that for In2Te3 (20.59 meV/K).19

B. PL measurements

Figure 3 plots the PL spectra obtained for ZnIn2Te4 at
temperatures between 11 and 300 K. The arrow indicates
position of the band-gap energyEg at each temperature. It i
evident from Fig. 3 that at low temperatures the PL spec
show a single, broad emission band peaking at;1.4 eV. At
higher temperatures than;90 K, a new emission band ap
pears at the high-energy side of the;1.4-eV emission band
~see Fig. 4, below!. Note that the single, broad emission ba
observed at low temperatures is strongly asymmetric w
tail at the low photon-energy side. This type of luminescen
band has been commonly observed in such II– III2– VI4 de-
fect chalcopyrite or stannite semiconductors such
23520
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ZnGa2Se4 ,20 ZnIn2S4 ,21 CdGa2Se4 ,22 CdIn2S4 ,23,24 and
CdIn2Te4 ~Ref. 25! ~see also Refs. 1 and 13!.

In order to explain the observed PL spectra, we consi
that the density of states in the conduction-band tail depe
exponentially on the energy distance from the unpertur
conduction-band edge21

ND~E!5H ND
0 exp@m~E2Ed!#, E<Ed ,

0, E.Ed ,
~7!

whereEd is the so-called ‘‘demarcation level’’ of the dono
band andm is the slope of the conduction-band tail. Th
slope parameterm is assumed to be independent ofT. The
exponential donor states may arise from the failure in
periodic distribution of the stoichiometric voids in the defe
chalcopyrite structure.13 Aneddaet al.26 measured the photo
conductivity of CdIn2S4 and found a high density
(;1020 cm23) of electron trap levels with an exponenti
distribution in energy. They explained such higher dens
electron traps in terms of higher disorder in the cation s
lattice. The same electron traps as in CdIn2S4 have been
observed in ZnIn2Te4 ~Ref. 9! and other isostructura
AIIB2

IIIC4
VI crystals.1,13

The acceptor states are assumed to exhibit a broad
Gaussian distribution given by

NA~E!5NA
0 expF2

~E2EA!2

G2 G , ~8!

whereNA
0 is the acceptor concentration,EA is the acceptor

ionization energy, andG is the broadening parameter of th
acceptor states.

FIG. 3. PL spectra of ZnIn2Te4 measured atT511– 300 K. The
vertical arrows indicate the positions of the band-gap energyEg .
1-3
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The temperature dependence of the integrated PL in
sity for the;1.4-eV peak did not show a simple exponent
behavior, exp(EA /kT), defined by an activation energyEA of
the acceptor states. We found that the experimental res
can be well explained by a double-exponential fit.27 Note that
the photogenerated carrier distribution in localized sta
cannot be described by thermal equilibrium conditio
Therefore, we modify Eq.~8! by taking into account the
double-exponential fit model as27

NA~E,T!5
NA

0

11Ae2EA /kT1Be2EX /kT expF2
~E2EA!2

G2 G .
~9!

The donor-acceptor~DA! recombination emission inten
sity I DA(E,T) can be finally given by the convolution inte
gral as21

I DA~E,T!5PE NA~E8,T!ND~E81E!dE8, ~10!

where P is the DA pair transition probability which is as
sumed to be independent ofE andT. The parametersG and
Ed influence essentially the peak width and asymmetry of
spectrum, respectively. Them value to be fit-determined be
low is 26.7 eV21.

Figure 4 shows the fitted results of the PL spectraI (E,T)
with Eq. ~10! measured atT511, 160, and 300 K. It is clea
from Fig. 4 that the experimentalI (E,T) spectrum atT
511 K shows excellent agreement with our theoretical c
culation; however, no good agreement can be found betw
the experimental and calculated spectra forT5160 and 300
K. In order to improve the fit, therefore, we consider
additional contribution that is caused by the band-to-ba

FIG. 4. Theoretical fits of the PL spectraI (E,T) for ZnIn2Te4

measured atT511, 160, and 300 K. The dashed and dotted lin
represent the DA pair (I DA) and band-to-band emission componen
(I BB) obtained from Eqs.~10! and ~11!, respectively, while the
heavy solid line indicates the sum of these components. The ver
arrows indicate the positions of the band-gap energyEg .
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emission. The spectrum of the band-to-band emission ca
modeled using a Gaussian line shape as

I BB~E,T!5SBB expF2
~E2Eg!

2

G2 G . ~11!

The contribution toI (E,T) of the band-to-band emissio
I BB(E,T) is shown in Fig. 4 by the dotted lines. We can s
that by considering this term, the fits with the experimen
data atT5160 and 300 K can be greatly improved, as ind
cated by the heavy solid lines in Fig. 4.

The temperature-dependent strength parameter of the
pair emission can be represented from Eqs.~7!–~10! as

SDA~T!5
SDA

0

11Ae2EA /kT1Be2EX /kT , ~12!

with

SDA
0 5ND

0NA
0 P. ~13!

In Fig. 5~a!, we show the variation ofSDA(T) as a func-
tion of temperatureT for ZnIn2Te4 . The solid line represents
the calculated result of Eq.~12! with SDA

0 51.3731022, A
5421, andB56.6. The activation energies determined he
areEA564 meV andEX59 meV, respectively. The band-to
band strength parameterSBB(T) in Eq. ~11! is also plotted
againstT in Fig. 5~a!. It is found thatSBB can be satisfacto-
rily approximated to be independent ofT.

The broadening parametersG in Eqs.~9! and ~11! versus
T are shown in Fig. 5~b!. The solid lines represent the best-
results using an expression based on the Varshni’s equa
of Eq. ~4!:

G~T!5G~0!1
aGT2

T1bG
, ~14!

s

al

FIG. 5. ~a! Temperature variation of the strength parameters
the DA pair (SDA) and band-to-band emissions (SBB) in ZnIn2Te4 .
The solid line (SDA) shows the calculated result of Eq.~12!. ~b!
Temperature variation of the broadening parametersG for the DA
pair and band-to-band emissions for ZnIn2Te4 . The solid lines
show the calculated results of Eq.~14!.
1-4
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where G(0) is the T50 K value, aG is in eV per degree
Kelvin, andbG is a characteristic temperature~in Kelvins!.
The parameter values determined here areG(0)528 meV
~50 meV!, aG51.631024 eV/K (1.1431023 eV/K), and
bG5150 K ~1500 K! for the DA pair ~band-to-band! emis-
sion. The characteristic temperaturebG5150 K for the DA
pair emission corresponds to an effective phonon ene
\vq5ku;13 meV. This value is considerably smaller th
the LO phonon energy of 24.5 meV for ZnIn2Te4 .5 This fact
suggests that the major contribution to the lifetime broad
ing of the DA pair emission is due to acoustic phonons.
the other hand, the characteristic temperatureb51500 K
(\vq,eff5ku;130 meV) for the band-to-band emission
much larger than the LO phonon energy,\vLO524.5 meV.
We can, thus, consider that the broadening parameterG in the
band-to-band emission accounts for the distribution of
electronic states rather than being the consequence o
original concept~i.e., phonon and/or disorder lifetime broa
ening!. In fact, the band-to-band emission can be obser
only when the uppermost edge of the exponentially tai
donor levels crosses the conduction band~see Figs. 6 and 8
below!.

Figure 6 shows the ‘‘demarcation level’’ widthEd plotted
against temperatureT for ZnIn2Te4 . For comparison, the
temperature dependence ofEg is plotted by the heavy solid
line. As similar toEg , Ed decreases with increasingT. How-
ever, its temperature change is found to be considera
smaller than that ofEg . As a result, a crossover occurs b
tweenEg andEd at T;90 K. Our PL analysis did not requir
the band-to-band contributionI BB at T<90 K, but required it
at T above 90 K. It is, thus, considered that forT.90 K
(Ed.Eg) a part of the donor electrons in the demarcat
levels can be transferred to the conduction band, resultin
an appearance of the band-to-band emission.

The PL spectra measured atT<90 K showed only the
broad asymmetric emission band peaking at;1.4 eV ~i.e.,
well below the band-gap energyEg). In order to confirm the

FIG. 6. Variation of the ‘‘demarcation level’’ widthEd as a
function of temperatureT for ZnIn2Te4 . For comparison, the tem
perature variation ofEg is shown by the heavy solid line. The ban
to-band emissionI BB appears only whenEd.Eg (T.90 K).
23520
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;1.4-eV emission band as actually due to the DA pair em
sion, we examined the excitation intensity dependence of
PL peak energy and integrated emission intensity atT
511 K. Figure 7 presents the results of these experiment
is found that the PL peak energy increases from 1.392
1.404 eV as the laser intensity increases from 0.02
2 W/cm2. For the DA pair recombination, the excitation las
powerI ex can be expressed, as a function of PL peak ene
Ep , as28

I ex5I 0

~Ep2E`!3

~EB2E`22Ep!
expS 2

2~EB2E`!

Ep2E`
D , ~15!

whereI 0 is a proportionality constant,EB is the emitted pho-
ton energy of a close DA pair separated by a shallow im
rity Bohr radius, andE` is the emitted photon energy of a
infinity distant DA pair. The heavy solid line in Fig. 7 repre
sents the fitted result of the experimentalEp values to Eq.
~15!. The fit-determined parameters areEB51.45 eV and
E`51.36 eV. We can find that these parameters indeed
isfy the DA pair emission requirement ofE`<Ep
51.392– 1.404 eV<EB .

The integrated PL intensityI versusI ex can be given by
the simple power law28

I}I ex
g . ~16!

The dimensionless exponentg is known to be 1,g,2 for
free-exciton or bound-exciton emission andg<1 for free-to-
bound or DA pair emission. The light solid line in Fig.
represents the fitted result of the experimental data to
~16!. The obtained value ofg50.97 supports an assignme
of the 1.4 eV PL to DA pair recombination.

Finally, we show in Fig. 8 the schematic energy-band d
grams and PL emissions observed in ZnIn2Te4 for ~a! T
511 K, ~b! 90 K, and~c! 300 K. The conduction-band an
valence-band densities of states can be represented b
well-known expressions ofNC}(E2EC)1/2 and NV}(EV
2E)1/2, respectively. The exponentially tailed donor states

FIG. 7. Excitation intensity dependence of the PL peak ene
(Ep) and integrated PL intensity for ZnIn2Te4 measured atT
511 K. The heavy and light solid lines show the calculated res
of Eqs.~15! and ~16!, respectively.
1-5
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Eq. ~7! and broadened Gaussian-like acceptor states of
~9! are also plotted in Fig. 8. The acceptor levels determi
here are centered at 64 meV above the top of the vale
band (EA). The double-exponential quenching behavior
the I DA emission suggests the presence of another impu
or trap level with an activation ofEX59 meV. We could not,
however, give an assignment whether it is an acceptorlik
a donorlike level.

The PL band caused by transitions from the exponenti
tailed donor states to the broadened Gaussian acceptor l
showed the typical DA pair recombination characteristics
seen in Fig. 7. It is easy to consider that in the vaca
tetrahedral semiconductors like ZnIn2Te4 the vacancies in
the cation sublattice are the origin of the exponentially tai

FIG. 8. Proposed energy-band scheme and electronic transi
in ZnIn2Te4 at ~a! T511 K, ~b! 90 K, and~c! 300 K. The band-to-
band emissionI BB appears only whenEd.Eg (T.90 K).
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donor states and Gaussian-like acceptor levels.26 The photo-
generated electrons in the conduction band can be efficie
transferred, via energy relaxation, to the exponentially tai
donor states. The donor-related emission is, thus, the do
nant PL mechanism in ZnIn2Te4 , and has been observed
all temperatures investigated (T511– 300 K). Reflecting the
exponentially tailed donor states, the observed DA emiss
band is strongly asymmetric with tail at the low photo
energy side.

Both Eg andEd decrease with increasingT, but they have
clearly different temperature dependences that result i
change of their energy order atT;90 K. At T above 90 K
~i.e.,Ed.Eg), the band-to-band emissionI BB tends to appear
at the high-energy side of the mainI DA peak. As seen in Fig
8~c!, an intermixing of the exponential donor an
conduction-band states is the cause of the appearance o
band-to-band emission.

IV. CONCLUSIONS

We have measured the optical absorption and PL spe
on the defect-chalcopyrite-type ternary semiconduc
ZnIn2Te4 in the 1.1–1.6 eV photon-energy range atT
511– 300 K. The temperature dependence of the low
direct-gap energyEg has been fit using two individual mod
els. The PL spectra have been shown to originate from tr
sitions between the quasicontinuously distributed do
states and acceptor levels located at 64 meV above the to
the valence band. A change in energy order betweenEg and
Ed ~donor ‘‘demarcation level’’ width! is observed to occur a
T;90 K. At above 90 K (Ed.Eg), the band-to-band emis
sion tends to appear at the high-energy tail of the don
acceptor pair emission, due to an intermixing between
quasicontinuously distributed donor and conduction-ba
states.
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