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Abstract

For newly synthesized ternary Zintl phase LiSbTe,, absorption, fluorescence, and excitation spectra indicate that it
has an E, of 4.46 eV, and there is an absorption band around 300 nm below the band gap and a Stokes-shifted flu-
orescence band around 390 nm. At both room temperature and 77 K, power dependent steady-state and time-resolved
fluorescence studies result in the appearance of another fluorescence band at about 450 and 520 nm. As the photon
power increases, the 390 nm band is blue shifted at the saturation stage with the saturation of the 520 nm band as well.
Along with fluorescence lifetime data, the results imply that the 390 and 450 nm bands correspond to shallow trapped
exciton state and deep self-trapped exciton state originating from lattice distortion, respectively, and the 520 nm band is
from the surface trap state coupled to the frozen solvent environment. The upper limit distance between the trap sites
corresponding to 390 nm band is estimated to be about 17.6 nm by the dielectric function calculation of the gas phase
model. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

A great deal of effort has been devoted to the
preparation and the characterization of Zintl
phase materials, which consist of alkali or alkaline
earth metals and transition metals as cations and
main group elements as anion units. The coexis-
tence of ionic and covalent bonds in intermetallic
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phases was investigated by Eduard Zintl for the
first time. The name of Zintl phase follows Zintl’s
contributions to this field. For NaTl, Tl atoms
form a diamond network structure in which anion
charges are compensated by donation of valence
electrons from Na, which is located near the Tl
atoms. As a result of electron transfer from cation
to counter anion, most Zintl phases exhibit the
characteristics of a normal valence anion unit,
which retains 8-N rule of classical valence rule for
insulators. However, they show metallic lustre and
brittle properties in contrast to insulators and
typical intermetallic phases. To explain such
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properties, Klemm proposed the pseudoatom
concept for the anion unit, which would show
structural characteristics of complicated multiple
and cluster bondings as well as the possibility of
vacancy formation. Most Zintl phase materials
exhibit a variety of structural morphologies satis-
fying the Zintl-Klemm concept, which is the
combination of Zintl’s proposition and Klemm’s
pseudoatom concept. Since Zintl phase materials
lie at the so-called “Zintl border”, they are often
considered to be semiconductors between insula-
tors and intermetallic phases [1,2].

For the last several decades, binary and ternary
Zintl phase materials containing chalcogenides
(i.e., S, Se, or Te) have been extensively studied for
their structural, electronic, magnetic, and optical
properties [3-9]. In particular, the tellurides ex-
hibit a wide range of novel properties in solutions
and solid salts due to their various structural
possibilities in which each atom is more than two
coordinated [9]. Haushalter et al. reported ternary
tellurides of the type M,SnTe, (M =Cr, Mn, Fe,
Co), which show spin-glass property in amor-
phous forms [10-12]. Jung et al. prepared inter-
metallic compounds of the formula M;(SbTe;),
(M =Cr, Mn, Fe, Co, Ni) by rapid precipitation
of metal halides and the Zintl phase of K3SbTe; as
a precursor in polar solvent [1]. M;(SbTe;), ter-
nary intermetallic compounds show spin-glass
behavior at the extremely low temperature of 3-5
K at which magnetic bubble [13] or magnetic hole
[14] is generated under irradiation of laser.
The unusual magnetic domain generation is
caused by local disruption of the spin-glass
state in amorphous morphology [15]. The poten-
tial applications of Zintl phase materials and
intermetallic compounds to semiconductor and
bubble memory devices require more fundamen-
tal spectroscopic information on band gap, elec-
tronic energy state, and electronic response time,
ete.

Recently, Zintl phase LiSbTe, was newly syn-
thesized from a solid state reaction process at the
temperature of 941 K and the detailed synthetic
procedure was reported in Ref. [16]. Kovba et al.
reported X-ray powder diagram that was indexed
as a cubic NaCl type structure with the lattice
parameter of a=610.906(7) pm [17]. From the

crystal structure, It is known that Li and Sb atoms
are randomly occupied in Na position. Evain et al.
reported that the anharmonicity structural analy-
sis indicated a strong atomic displacement of lat-
tice atoms due to the size difference between Li and
Sb. The maximum electron density of cation site
was, therefore, found quite different from that of
the octahedral center due to the high polarizing
property of Li [16]. Moreover, net covalent
bonding character in LiSbTe, due to the unique
property of Li atom makes it different from con-
ventional Zintl phase materials.

In this study, we report the electronic energy
states of Zintl phase LiSbTe, and their electronic
energy dynamics for the first time. For these
studies, steady-state absorption and fluorescence
studies, excitation power dependent steady-state
fluorescence and time-resolved fluorescence studies
at both room and liquid nitrogen temperatures
were employed.

In addition to the electronic energy dynamic
studies, the trial method to estimate the distance
between the trapped exciton sites is suggested by
the measurement of the optical absorption spectra
and the calculations using the gas phase model for
the excitons in solid lattice, based on the blue shift
phenomenon of a specific emission band at the
band saturation which depends on photon power
density.

2. Experimental detail
2.1. Sampling

Zintl phase, LiSbTe,, of a metallic gray crys-
talline was finely ground and the fine powder type
specimen with 100 nm average diameter of SEM
image was used in the experiment. It is air stable
and insoluble in polar solvents due to its covalent
bonding characteristic of Li’Sb°(Te’), rather
than the ionic bonding of Li"Sb’*(Te’"), or
Li"Sb"(Te™), [16].

At room temperature, highly viscous ethylene
glycol was used as a supporting medium for the
powder type sample. For low temperature (77 K)
measurement, transparently frozen ethanol and a
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quartz NMR tube and an optical Dewar bottle
were utilized.

2.2. Steady-state absorption and fluorescence

The absorption and fluorescence spectra were
measured with a UV-VIS spectrophotometer
(Shimadzu, UV-160A) and a fluorimeter (Hitachi
F-4500), respectively. In addition to the absorp-
tion and emission spectra, the fluorescence exci-
tation spectra were also measured.

The optical pathlength was estimated from the
average particle size of 100 nm, the density
(11.42 g/cm?), and the amount per unit area, which
was used to obtain the absorption coefficient and
also for the calculation of the distance between the
trap sites.

2.3. Photon power dependent steady-state and time-
resolved fluorescence

For the power dependent studies, the funda-
mental wavelength of 337 nm from a pulsed N,
laser (Laser Photonics LN1000) was used for high
power photon source, which has about 800 ps
pulse duration and the maximum energy of 1.4 mJ
per pulse. The various excitation power was con-
trolled by using the combination of calibrated
neutral density filters.

A photomultiplier tube (Hamamatzu R-928)
and a monochromator (Acton Research Corp.
SpectraPro-275) were connected to a xy-plotter for
steady-state measurements and a 500 MHz digital
oscilloscope (Hewlett Packard 54520A) was ap-
plied for time-resolved fluorescence at various
photon powers. To remove the Rayleigh and
Raman scattering, the high frequency cutoff filter
was placed before the detection setup.

Finally, in order to obtain the lifetimes and the
corresponding amplitudes, the time-resolved fluo-
rescence signals were fitted through iterative least
square exponential deconvolution process with an
instrumental response function (IRF) measured at
the same condition. Although the quality of the
time-resolved fluorescence signals do not appear as
good due to electrical noise, they were well fitted
with IRF as shown in Fig. 4(a).

3. Results and discussion
3.1. Electronic energy states of Zintl phase LiSbTe,

The absorption spectrum of Zintl phase LiS-
bTe, is shown in Fig. 1. Generally, the band gap
energy of a solid state semiconductor can be esti-
mated from the red edge of its absorption. The
spectral shape of the band gap transition does not
exhibit the Lorentzian or Gaussian structure but a
continuously growing shape from the start of the
band gap transition. The direct band gap energy of
Zintl phase LiSbTe, can be estimated from the
absorption spectra of Fig. 1 as about 278 nm
(4.46 eV), which is fitted by the equation:
a(w)hv = A(hv — Eg)l/z, where a(w) is the absorp-
tion coefficient, Av is the photon energy, and E, is
the direct band gap. Fig. 1 indicates an absorption
shoulder at about 300 nm which is responsible for
the confined electronic absorption state corre-
sponding to the fluorescence band, as shown in the
inset of Fig. 1. Therefore, it is considered that the
absorption band around 300 nm is not from a
phonon-involved indirect absorption process but a
weakly bounded electron-hole paired exciton
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Fig. 1. Absorption spectrum of Zintl phase LiSbTe, at room
temperature. The inset is the steady-state excitation spectrum
(---) at the 400 nm detection and the fluorescence spectrum (—)
at the 300 nm excitation at 77 K. The arrow mark indicates the
direct band gap estimated from the parabolic fitting of the
absorption spectrum.
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state, which often presents lower than the fre-
quency of the band gap transition [18].

The inset of Fig. 1 shows the fluorescence
spectrum excited at 300 nm and the fluorescence
excitation spectrum detected at 400 nm at 77 K.
Both the excitation and fluorescence spectra have a
mirror image with a large Stokes shift of about 100
nm. In the liquid phase, the intrinsic Stokes shifted
fluorescence can occur due to the different degree
of stabilization during solvation process in its ex-
cited and ground states. However, in the solid
phase, the large Stokes shift can occur by the self-
trapping of exciton or biexciton in a solid lattice at
its excited state and matrix stabilization [19].

3.2. Electronic energy dynamics of Zintl phase
LleT€2

The steady-state absorption and emission
studies indicate that the Zintl phase LiSbTe, has a
band gap energy of about 4.46 eV and at least one
sub-band gap of the electronic energy state, which
induces a large Stokes shifted fluorescence. Fig. 2(a)
and (b) shows the power dependent steady-state
fluorescence spectra at room temperature and
77 K, respectively.

The fluorescence intensity increases at room
temperature, with the peak at about 390 nm and
shoulders at about 450 and 520 nm as the excita-
tion power density increases. The peak at 390 nm
was also observed in the low power steady-state
fluorescence of the inset of Fig. 1. However, the
shoulders at 450 and 520 nm did not obviously
appear in the low power result. These shoulders
become more clearly observed in the power de-
pendent steady-state fluorescence spectra at 77 K
and, as shown in Fig. 2(b), the 450 nm fluorescence
band is even more intense than the 390 nm band
contrary to the result of the room temperature
case. As the excitation power increases at 77 K,
450 nm band consistently increases whereas the
390 nm band becomes saturated at the excitation
power density of 4.77 x 10’ mW/mm?. To observe
the changes of the peak position and area of each
band more precisely, the fluorescence spectra at
77 K were fitted with the Gaussian functions. The
fitted sub-bands of the spectrum at the excitation
power density of 7.54 x 10" mW/mm? is shown in
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Fig. 2. (a) Steady-state fluorescence spectra of Zintl phase
LiSbTe, at room temperature with various laser power densi-
ties. (b) Steady-state fluorescence spectra of Zintl phase
LiSbTe, at 77 K with various laser power densities. It is shown
that the 390 nm band of the saturated fluorescence spectrum
becomes blue shifted by 10 nm, compared to the unsaturated
spectra. The laser power density of the saturation point is
marked with the arrow (—).

Fig. 3(a). It scems that the fluorescence spectra
consist of at least three Gaussian sub-bands, which
are peaked at 380, 450, and 520 nm at this satu-
ration power.

From the band fitting results, the two interest-
ing points are recognized. The first is the satura-
tion of the 390 and 520 nm bands. The second is
the blue shift of 390 nm band with its band satu-
ration. Fig. 3(b) represents the relative integrated
areas of three fitted Gaussian bands. It is observed
that the 520 nm band saturates at the lowest ex-
citation power of 2.99 x 10’ mW/mm?, and the
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Fig. 3. (a) Steady-state fluorescence spectrum at the excitation
power density of 7.54 x 107 mW/mm? fitted with three Gaus-
sians. (b) Integrated areas (I) of each fluorescence band ac-
cording to various laser power densities: the inset shows the
linear dependence of fiowi(= 5390 nm + 1450 nm + I500 nm) to the
excitation power density. The arrow marks indicate the satu-
ration points.

390 nm band becomes saturated at 4.77 x 10" mW/
mm?. On the other hand, the intensity of the
450 nm band increases more rapidly as the 390 and
520 nm bands begin to saturate. The inset in
Fig. 3(b) indicates the linear dependence of total
fluorescence intensities to the excitation power,
implying the exclusion of any nonlinear process.
From this respect, it is known that, at the low
excitation power, the intensity of each band in-
creases without band saturation, however, as the
excitation power increases, the 390 and 520 nm

bands become saturated and the excited state
populations of these bands are transferred to the
450 nm band. These saturation phenomena are
also shown in the results of time-resolved fluores-
cence measurements. At room temperature, there
are not any noticeable changes of the 400 and
450 nm fluorescence decay curves with the change
of the excitation power. On the other hand, the
amplitudes of the time-resolved fluorescence life-
times were changed depending on the excitation
power at 77 K. Fig. 4(b) and (c) shows the fitted
lifetimes at 400 and 450 nm detection wavelengths,
respectively, and Fig. 4(a) represents a typical de-
convoluted exponential fitting.

The fluorescence decay at 400 nm detection
shows two exponential decay components, which
are 3 and 14 ns and the 450 nm fluorescence
emission indicates 4 and 14 ns lifetimes. In
Fig. 3(a), it is shown that there are two sub-bands
of 380 and 450 nm at 400 nm emission, and the 450
and 520 nm bands contribute to the 450 nm de-
tection. In each case, after the saturation points,
the relative amplitude of the slow component in-
creases and that of the fast component decreases
with increasing excitation power. It also supports
the fact that the populations of the 380 and 520 nm
emission states are transferred to the 450 nm
emission state after their saturations. From all the
points above, we can assign that the lifetimes of
3, 14, and 4 ns correspond to the 380, 450, and
520 nm emission states, respectively.

There are two possible explanations for the
nonlinear increase of the 450 nm emission and the
saturation of 380 and 520 nm states as follows.
One is a high-density excitation effect in which
recombinations caused by collisions, such as
electron-hole, electron—exciton, and exciton—
exciton collisions, increase as the number of the
photoexcited carriers increase [20]. The other is
the change of the photoexcited carrier recombi-
nation route because of the population saturation.
When LiSbTe, is excited below the saturation
power, some of the photoexcited species relax
through radiative recombination paths without
the saturation of the fluorescence state, and the
others relax into the lower energy trapped states
with fast nonradiative decays. The increase of
the excitation power induces the saturation of
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Fig. 4. (a) Typical deconvolution fitting of the time-resolved
fluorescence decay signal. (b) Fitted parameters of the fluores-
cence decay of Zintl phase LiSbTe, at 400 nm detection with
various laser power density (77 K); (O) fast lifetime component
(~3 ns), (@) normalized amplitude of fast component, ((J) slow
lifetime component (~14 ns), (l) normalized amplitude of slow
component. (c) Fitted parameters of the fluorescence decay at
450 nm detection (77 K); (A) fast lifetime component (~4 ns),
(A) normalized amplitude of fast component, (OJ) slow lifetime
component (~14 ns), () normalized amplitude of slow com-
ponent. The arrow marks indicate the saturation points.

radiative recombination centers and then the flu-
orescence intensities from the recombination sites
do not increase any more with the excitation
power. It is the point where the excess population
of the upper 390 nm saturated states begins to be
transferred into the unsaturated 450 nm emission
state at the photon density of 4.77 x 107 mW/mm?

and also the saturated lower state of the 520 nm
band also starts to transfer to the 450 nm state at
the photon density of 2.99 x 107 mW/mm?;
therefore, its excess population being transferred
at the 450 nm emission state results in the fluo-
rescence intensity increasing more rapidly [21,22].
Although either of these two mechanisms can be
expected to occur with increasing excitation pow-
er, the result of the fluorescence lifetime indicating
no dependence of photon density supports the
population saturation model. Generally, as men-
tioned in the Section 3.3, when the recombination
is caused by the collision mechanism, the lifetimes
should become faster as excitation photon density
increases.

The other noticeable point is the blue shift of
the 390 nm band. From the three bands, convo-
lution fitting of the power dependent steady-state
fluorescence spectra at 77 K, the blue shift of ap-
proximately 10 nm was observed at the 390 nm
band, whereas there is no distinguishable band
shift for the other bands within our experimental
error range. Fluorescence spectra were compared,
in Fig. 2(b), before and after the band saturation.
The blue shift of 390 nm band occurs with the
population saturation. Such a shift has been
known, in ZnS, from the following relationship
between the band gap energy E, and the fluores-
cence energy Ey,, at the electronic energy trap
state [23]:

2

Etrap:Eg_(D++D7)+M7 (1)
where Ey,, is the fluorescence energy of the elec-
tronic energy trap state, E, is the band gap energy,
D, D_ is the trap depth, and R is the distance be-
tween the two trapped charges. When the sample is
excited by low excitation power, there is no blue
shift observable since the distance, R, between the
trapped charges contributing to the radiative re-
combination is far enough to be ignored for the
last term in Eq. (1). However, when the distance
between the two trapped charges becomes close
enough to interact each other with the population
saturation, the last term of Eq. (1) cannot be
negligible. This effect causes the blue shift of the
saturated fluorescence band.
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3.3. Characteristics of each electronic energy state
in Zintl phase LiSbTe,

The laser fluence dependence of the relaxation

process can be explained as follows. The simple
model to this process is given by the following
kinetic equation [24]:
I s — Bols] —wlsT 2)
where [S]| represents the concentration of singlet
exciton, og is the singlet exciton generation rate
constant, f is the direct mono excitonic recom-
bination rate constant, and 7yg is the direct
recombination rate constant by exciton collision.
At a low concentration of singlet excitons,
Bs[S] > 7s[S]>. Thus, Eq. (2) is reduced to
0[S]/0t = as — Pg[S]. It implies that, at low exciton
concentration, the singlet exciton-singlet exciton
interaction is negligible, and therefore, the major
relaxation route is expected to be through mono-
excitonic decay channel [25]. For high concentra-
tion of singlet excitons, fs[S] < 75[S]*. Then Eq. (2)
is reduced to 3[S]/0t = as — y5[S]*. In this case, the
typical singlet exciton annihilation process in-
volves the following exciton—exciton collision
processes [25]:

S+ S HSTJrSo"S] +So+phonon (3)

Si+S;, —e+h (4)

where the asterisk (*) denotes a state of high vib-
rational excitation (hot excitons). Typically, it
undergoes a fast relaxation process in which Sj is
nonradiatively deactivated to the S; state.

Under the extremely high laser fluence condi-
tion and the case of inelastic collisional process,
since the multiple particle interactions can occur in
the diverse ways, such as, singlet exciton-singlet
exciton, singlet exciton—triplet exciton, and singlet
exciton—charge carrier collision, much faster re-
laxation than the monoexcitonic decay are usually
observed [25]. In our time-resolved fluorescence
results, however, for the range of the applied ex-
citation power density, any change of the lifetime
components was not observed. Therefore the not-
so-prevalent exciton—exciton collision channel
does not account for the observed laser fluence

dependence of the photoexcited decay behavior in
this study.

The temperature dependence of the time-
resolved fluorescence decay curves at both room
and liquid nitrogen temperatures was investigated
at the low excitation power without the saturation.
Fig. 5(a) and (b) shows the comparison of the
room and low temperature fluorescence decays
detected at 400 and 450 nm, respectively. Fig. 5(a)
shows that the time-resolved fluorescence at 77 K
decays faster than that at room temperature. It
implies that, at the 400 nm detection, the ampli-
tude of the fast component becomes greater
at liquid nitrogen temperature. On the other
hand, Fig. 5(b) indicates that the fluorescence
decay curves of the 450 nm emission show less
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Fig. 5. (a) Time-resolved fluorescence decay curves of Zintl
phase LiSbTe, detected at 400 nm and 1.50 x 10° mW/mm? at
room temperature and 77 K. (b) Time-resolved fluorescence
decay curves of Zintl phase LiSbTe, detected at 450 nm and
1.50 x 10° mW/mm? at room temperature and 77 K.
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temperature dependence. If the dominant mecha-
nism limiting the mean free path in exciton diffu-
sion is the scattering by phonons, the diffusion
coefficient of exciton D(T) should be proportional
to 7-'/2 [26]. According to this model, phonon
modes decrease, as the temperature is lowered, so
that exciton can diffuse longer distance in solid
lattice with less interference between phonons and
excitons. Therefore, the number of exciton colli-
sion, which causes radiative recombination in lat-
tice becomes greater and results in relatively larger
amplitude of the fast component. At a higher tem-
perature, however, lots of phonon modes existing
in the solid lattice interfere with the exciton diffu-
sion through the lattice so that the number of
exciton collisions for radiative recombination be-
comes smaller [26]. The fast component, therefore,
has a relatively small amplitude. Such temperature
dependence of the lifetime implies that the 390 nm
fluorescence band which has the fast component of
3 ns may occur from the free exciton or the shallow
trapped exciton states. Furthermore, the tempera-
ture dependence of the 390 nm band at the low
temperature and the saturation phenomenon at high
laser fluence strongly suggest that the 390 nm band
is from the phonon coupled shallow trapped exci-
ton state with diffusive recombination governed by
the processes such as exciton—phonon scattering.

As shown in Fig. 5(b), little temperature de-
pendence of 450 nm band suggests that it is due to
deep trapped localized exciton states. In fact, the
lattice local disorders of Zintl phase LiSbTe, from
the lattice distortion cause the formation of lo-
calized exciton states [16] and bring the enhance-
ment of self-trapping processes to these states [19].
The possible factors for the lattice distortion may
come from the atomic size difference between Li
and Sb, which are randomly positioned at the
cationic site of NaCl type octahedral sites of Li-
SbTe, and the higher polarizing property of Li
compared to Sb, which makes the electron density
maximum of Li cation different from the normal
cationic octahedral center [16].

The characteristics of 520 nm band are still
uncertain. However, it is thought that the major
decay channel of this state occurs probably from
the surface trap states by the interactions between
the surface state of LiSbTe, and the frozen glassy

ethanol solvent environment. Chestnoy et al. sug-
gested that the excited electrons were quickly
trapped into impurity sites or defect centers, which
can either transfer the electron to a surface mo-
lecular acceptor or recombine with the nearest pre-
existing trapped hole [27]. The spectral broadening
of 520 nm emission may come from the inhomo-
geneity of the size distribution of the sample. In
addition, at room temperature, the contribution of
this band to the total fluorescence is small, and it
is not saturated at high laser fluence, which is
probably due to the large thermal interaction with
the solvent environment. At the low temperature
of 77 K, however, the less thermal interaction with
solvent enhances the contribution of this emission
and it becomes saturated under high laser fluence
and furthermore, the excess population of this
state is transferred to 450 nm self-trapped localized
states, probably, through the significant spectral
overlap between 450 and 520 nm fluorescence
bands.

3.4. The calculation of the upper limit distance
between two shallow trapped excitons

As previously mentioned in Section 3.2, it was
observed that there was an approximately 10 nm
blue shift of the 390 nm band at the saturation
excitation power. The blue shift of this band can
be interpreted by the increase of the third term in
Eq. (1), which is caused by the shortened distance
between the shallow trapped excitons. Now, it is
suggested that the distance, R, between the shallow
trapped excitons at the beginning of the saturation
point can be estimated using Eq. (1) and the per-
mittivity (¢) in this media by treating excitons in
lattice as the gas phase harmonic oscillator [28].

The fluorescence energy of the trapped state
Eap 1s explained by Eq. (1) as mentioned before:

2

4meR’

Etrap :Eg - (D+ +D*) +

When the incident beam is so weak that there is no
saturation, the third term in Eq. (1) can be ignored
because of the large distance between shallow

trapped excitons. Therefore, E{ = becomes

' = E,— (D, +D.). (5)

trap —
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As Eq. (9) is substituted for Eq. (1),

2
e
Evap = Eppgp + -5 - 6
trap trap +4T56R ( )
Therefore, the distance between two shallow
trapped excitons are obtained as follows:

e? e

Ane(Eyap — El,))  4MeAE ()

trap

Here, the electronic charge is known and AEy,, is
measured to be 10 nm from the blue shifted fluo-
rescence. Thus, if the permittivity (¢) of Zintl
phase LiSbTe, at the emission state is given, R can
be obtained easily from Eq. (7). However, ¢ cannot
be obtained directly from the electrical method or
the refractive index measurement due to its pow-
der type sample condition with the average diam-
eter of 100 nm. Therefore, its value can only be
estimated by the optical method with an absorp-
tion spectrum under low laser fluence and the fit-
ting related to refractive index and dielectric
function. For the estimation of ¢, the electronic
energy state of the excited state is assumed to be
similar to that of the ground state. This makes it
possible for the permittivity obtained by the exci-
tation spectrum to be applied to the case of the
blue shift of 390 nm band in the fluorescence
spectrum.

The permittivity ¢ in any media is K (w)éy, where
K(w) is the dielectric function and ¢, is the per-
mittivity in vacuum. K(w) is induced from the
refractive index n(w) and is also related to the
absorption coefficient o(w), which is obtained
from the absorption spectrum. a(w) in the solid is
A(w)/z, where A(w) is the absorbance and z is a
beam pathlength, which can be obtained from the
information on the average particle size, the den-
sity of LiSbTe,, and the amount in unit volume.
The filled circles in Fig. 6(a) show the transfor-
mation from o(w) to m(w). ni(w) from the ab-
sorption spectra is to be fitted with the
theoretically obtained refractive index using gas
phase model for the shallow trapped excitons. The
gas phase model regards charged oscillating par-
ticles interacting with external electromagnetic
field as a harmonic oscillator without any inter-
action between them [28]. In our studies, it is

0.004
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e Experimental data
= Fitted curve
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3 —— 1n,(0)
—8 (@)
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&
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Fig. 6. (a) Imaginary part n;(w) of the refractive index of Zintl
phase LiSbTe, at excitonic transition frequency; there are three
Lorentzian type sub-bands. (b) Imaginary part of dielectric
constant of Zintl phase LiSbTe, at excitonic transition fre-
quency. (c) Real part of dielectric constant of Zintl phase
LiSbTe, at excitonic transition frequency; the arrow mark in-
dicates the excitation frequency.

considered that, at low excitation power, the den-
sity of exciton formed by the incident radiation is
so small that the excitons in solid lattice can be
treated as noninteracting gas molecules. Therefore,
from the gas phase model, for a beam frequency
close to the resonance frequency wg, ®* — w} ~
2w0(w — @), ni(w) is induced according to the
procedure suggested in Ref. [28].

(@ — )/ (4wot)

(0 —wo)” +1/(21)*

®)

n(w) =1+
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@/ (8ayt)

(w— wo)z + 1/(21)2’

nm(w) = 9)

where n,(®) is a real part of refractive index, n;(w)
is an imaginary part of refractive index, t is the
damping time. Experimentally obtained »;(®) was
fitted by three n;(w) with Eq. (9) as shown in Fig.
6(a). It is thought that the three n;(®) curves imply
the vibrational energy states coupled to its elec-
tronically excited states at low temperature. Even
though there is a possibility of more than three
vibrational energy states in the excited states, the
fitting using three n;(w) curves agreed well with the
experimental data within our experimental error
range. From the fitting with three n;(w) curves, we
obtained the values of 7 and wf, corresponding to
each n;(w) and they were tabulated in Table 1.
With the gas phase model, three dielectric
functions of the three vibrational energy states
were obtained using the relationship between n(w)
and K(w) given by the following equations [28]:

ne(0) = 1+ (K (w) = 1), (10)
m(o) = =22 (1)

where K, (w) is a real part of dielectric function and
Ki(w) is an imaginary part of dielectric function.
Therefore K, (w) and K;(w) become

(0 — wy)/(2wot)

K.(o) =1 d 5 5 12
(@) +(a)fwo) +1/(27) (12)
() ~ — 2 ) (13)

(0 — o) +1/(21)*

With the values of t and ? that result from the
ni(w) fitting, K.(w) and K;(w) were obtained ac-
cording to the excitation frequencies as shown in

Table 1
Fitted parameters from the experimentally observed n;(w) with
gas phase model

Parameter  n; (w) nip () niz(w)

a)[z) (s72) 4.261 x 10% 1.282 x 10% 9.162 x 10%
T (s 4.031 x 1071 2910 x 10715 2.652 x 1071
K; 1.001 1.002 1.001

Fig. 6(b) and (c). To estimate the separation dis-
tance between the shallow trapped excitons exist-
ing in the lattice at their saturation laser fluence,
K. (w)g, of its excitation frequency was applied to &
in Eq. (7) due to the relatively very small value of
Ki(w). The calculated average distance at the ex-
citation wavelength of 337 nm was about 17.6 nm.
That is, the value 17.6 nm suggests the upper limit
distance between two shallow trapped excitons at
our laser fluence. The 390 nm band can be shifted
further to the shorter wavelength as even higher
laser fluence is applied to the sample, which sug-
gests a distance shorter than 17.6 nm.

4. Conclusions

A newly synthesized ternary Zintl phase
LiSbTe, is studied, for the first time, in order to
investigate the fundamental electronic energy
states by steady-state absorption, fluorescence,
and fluorescence excitation spectroscopies. The
results indicates that it has £, of about 4.46 eV and
there exists an absorption band around 300 nm
below the band gap and the highly Stokes-shifted
fluorescence band around 400 nm, which is often
the case in chalcogenide compounds.

At liquid nitrogen temperature (77 K), the
power dependent steady-state fluorescence studies
revealed that other fluorescence bands appeared at
about 450 and 520 nm. Both 390 and 520 nm
emission bands were saturated at high laser flu-
ence, and the 390 nm band shifted to the shorter
wavelength by 10 nm at the laser fluence of the
band saturation. From the power dependent time-
resolved fluorescence studies at 77 K, it is known
that 390, 450, and 520 nm emission bands had
lifetimes of 3, 14, and 4 ns, respectively. The life-
time fitting of the fluorescence decay curves results
in the amplitude changes of each lifetime compo-
nent with an increase in the excitation power being
in agreement with the results of the power depen-
dent steady-state fluorescence spectra.

From the saturations and the comparisons of
the fluorescence decay curves at 400 and 450 nm at
both room and liquid nitrogen temperatures, it is
suggested that the 390 nm band corresponds to the
phonon coupled shallow trapped exciton states
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with diffusive recombination governed by pro-
cesses, such as exciton—phonon coupling, and the
450 nm band is from the deep-trapped localized
exciton states induced by the lattice distortion,
which seems to originate from the atomic size
difference between Li and Sb and also the higher
polarizing property of Li than that of Sb, and the
broad 520 nm band occurs from the surface trap
states interacting with the frozen solvent environ-
ment with a wide particle size distribution in our
experimental limit.

The trial calculation for the separation distance
between the trap sites was accomplished by ap-
plying the gas phase model to the excitons in the
solid lattice. From the calculation, the upper limit
distance between the shallow trapped exciton sites
responsible for the 390 nm emission band is ob-
tained to be about 17.6 nm.
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