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This study investigates the temperature-dependent decay dynamics in highly mismatched
ZnSe 950Te0 050 alloy using photoluminescence (PL) and time-resolved PL spectroscopy. The PL
peak energy exhibits a V-shaped dependence on temperature (10-300 K), indicating strong carrier
localization. Kohlrausch’s stretched exponential law, in which the deduced stretching exponent f is
highly consistent with the V-shaped PL peak shift, closely corresponds to the complex decay
curves over a wide temperature range. Additionally, the PL lifetime 7 initially increases and then
monotonically declines as the temperature increases. These findings agree excellently with the low
electron-hole binding energy upon thermal ionization of weakly bound electrons. © 2012 American

Institute of Physics. [doi:10.1063/1.3687187]

Highly mismatched alloys (HMAs), whose fundamental
properties are drastically modified through the substitution
of a relatively small fraction of host atoms with those of an
element of a distinctly different size and electronegativity,
are currently attracting considerable interest. ZnSe;_,Te,
and ZnSe;_,O, are well-known examples of II-VI HMA:s,
exhibiting giant band gap bowing and reductions in both
pressure-dependence and temperature-dependence of the
band gaps.' ™ These unusual properties are well explained in
the framework of the band anticrossing (BAC) model.®’
According to this model, the electronic structure of the alloys
is determined by the interaction between defect states intro-
duced by the minority Te or O atoms and the extended states
of the host semiconductor matrix. As a result, the conduction
band (CB) or the valence band (VB) splits into two subbands
(E, and E_) with distinctly nonparabolic dispersion rela-
tions.® Since the electronegativity of the incorporated Te/O
atom is less/greater than that of the host Se atom, isovalent
defect states form near the VB edge (VBE)/CB edge (CBE).
Accordingly, the interactions that occur in ZnSe;_,Te, and
ZnSe;_,0O, are thought to be VB anticrossing (VBAC)
and CB anticrossing (CBAC), respectively. Although exten-
sive effort has been made to engineer the band gaps of
ZnSe;_,Te, and ZnSe;_,O,, the recombination dynamics
and carrier lifetimes in these complex systems have seldom
been addressed. We have shown recently that the mechanism
of carrier recombination in ZnSe, 94700 53 undergoes a com-
plex change from one that involves trapped excitons to one
that involves free excitons, causing an S-shaped photolumi-
nescence (PL) peak shift and a monotonic decrease in PL
lifetime with increasing temperature.’ The incorporation of
Te and O generates hugely distinct localization energies and
band anticrossing structures in ZnSe,l_3 in which dissimilar
temperature-dependent carrier dynamics in ZnSe;_,Te, from
that in ZnSe; O, are expected. This study explores compre-
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hensively the decay dynamics in ZnSeqos0T€0.0s50 by using
temperature-dependent PL and time-resolved PL (TRPL)
spectroscopy. In contrast to ZnSeg 94700.053, ZnS€0 950 T€0.050
exhibits clear changes in temperature-dependence of the PL
peak energies and PL lifetimes.

7nSeq 950Tep 050 film with thickness of ~0.5 um was
grown by molecular beam epitaxy on (001) GaAs substrate.
The Te content was determined by energy-dispersive x-ray
analyses. PL and TRPL were excited using a 200 ps pulsed
laser diode (405 nm/2.5 MHz/1 mW). The PL and TRPL sig-
nals were dispersed using a 0.55 m spectrometer and
detected using a multichannel LN,-cooled charge-coupled
device and a photon-counting avalanche photodiode. The
decay traces were recorded using a time-correlated single
photon counting approach (Time-Harp, PicoQuant). PL exci-
tation (PLE) was conducted using an Xe lamp and dispersed
by a 0.32 m monochromator.

Excitation power-dependent PL measurements of
ZnSe 950 Te€p 050 at 10 K show a redshift and an asymmetric
linewidth broadening of the PL peak as the laser power
decreases. The PL peaks shift by about 23 meV as the laser
power is decreased by three orders of magnitude. A ZnSe ref-
erence sample exhibited no change in peak position over the
same decrease in power. The decrease in PL peak energy as
the power decreases indicates that the density of states exhib-
its an exponential tail, which is formed by Te clustering or
alloy fluctuations, thus implying possible carrier localization.
Local regions of higher Te concentration are associated with
lower energy states. These phenomena can be observed from
the temperature-dependent PL spectra of ZnSeg 9s0T€0.050,
which are presented in Fig. 1.

Figure 1(a) shows the temperature-dependent PL spectra
of ZnSe( 9s50Tep 050 With the indicated peak positions. At low
temperatures (<140 K), the PL peaks shift monotonically to-
ward lower energies as the temperature increases; these shifts
are accompanied by asymmetric linewidth broadening. This
behavior can be understood in terms of exciton localization in
a variable potential that is formed by the distribution of Te

© 2012 American Institute of Physics
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FIG. 1. (Color online) (a) Temperature-dependent PL spectra of
ZnSep.050Teq 050 and (b) corresponding PL peak energy versus temperature.
Dashed curve in (a) is PLE spectrum of ZnSe 950T€ 050, detected at the PL
peak and 10 K. The black arrow indicates the band edge. Inset in (b) sche-
matically depicts carrier decay paths; only three trap states are considered
for simplicity.

atoms. Above 140 K, a pronounced blueshift of the peak is
observed as the temperature increases, and a high energy
shoulder appears, causing significant PL linewidth broaden-
ing. Figure 1(b) plots the temperature-dependent PL peak
energies, determined from Fig. 1(a). The PL peaks exhibit a
V-shaped (redshift-blueshift) energy shift as the temperature
increases. As compared with the S-shaped (redshift-blueshift-
redshift) energy shift of ZnSeq 94700053 [in which electrons
are delocalized in the free state at high temperatures owing to
the small localization energy (~20 meV)],> the V-shaped
energy shift of ZnSeg os0Te€g 050 Over the same range of tem-
peratures (10-300 K) implies a rather deep localization (in
which the holes are still localized in Te trap states at room
temperature). From the PLE spectrum of ZnSegos0Te0 050
detected at the PL peak (2.43 eV) and at 10 K, it is clear that
this emission is preferentially excited via band-to-band proc-
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esses. Additionally, a large Stokes shift of ~200 meV from
the band edge (~2.63 eV) is measured by PLE. This value
matches the PL binding energy (E, — Ep;) obtained else-
where,' verifying that the emissions within the specified tem-
perature range are all caused by localized excitons.

To gain insight into the decay dynamics of ZnSe 95
Teg.0s0, Fig. 2(a) shows the temperature-dependent TRPL
spectra. Clearly, many interesting conclusions can be drawn.
(i) As the temperature increases up to 70 K, the PL lifetime
(1) increases; as the temperature increases further, T monot-
onically declines. (ii) None of the PL decay profiles exhibits
monoexponential decay. (iii) All of the TRPL spectra
(10-180 K) on a double logarithmic scale are straight lines
[inset in Fig. 2(a)], which are strong evidence that the PL
decay profiles of ZnSeq9s0Teos0 follow the Kohlrausch’s
stretched exponential law.? These facts demonstrate peculiar
and complex carrier dynamics in ZnSeqgsoTeg 0s0. Hence,
the decay curves of ZnSe( 9s0Teq 050 are all fitted using the
stretched exponential function,® / 6 =1I- e T>ﬁ, where f§
is the stretching exponent and reflects the relaxation rates
involved in the decay process. The gradient of the TRPL
data on a double logarithmic scale, as plotted in the inset,
yields .

Figures 2(b) and 2(c) plot the measured PL lifetime
7 and f versus temperature for ZnSeg 9s50Te 50, respectively.
Unlike PL lifetime 7, f§ initially decreases with increasing
temperature to a minimum at 140 K, and then increases with
a further increase in temperature. Notably, the kink in
[ appears at 140 K, which is consistent with that in the
V-shaped curve of PL peak energies in Fig. 1(b). The config-
uration relaxation model that is shown in the inset in
Fig. 1(b) explains this phenomenon. At 10 K, the photoex-
cited holes are localized in the nearest potential trap states
whereas electrons are more weakly bound by a Coulomb
force, causing the average optical transition energy of the
localized exciton peak to be lower than the low-temperature
band gap measured by PLE. The initial decrease in f is
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attributed to the increase in the number of additional recombi-
nation paths for the excitons as the temperature increases,
because these less mobile holes gain extra energy that enables
them to transfer to deeper Te traps (path I), causing a rapid
redshift in the PL peak. Simultaneously, as the temperature
approaches 140 K, some of the trapped holes are thermally
activated to repopulate states of higher energy. Therefore, the
PL linewidth increases at the high energy shoulder, and both
PL peak energy and f reach their local minima there. The fur-
ther reduction of f§ herein is caused by the coexistence of two
directional carrier transfers. However, as the temperature
increases further, an increasing number of holes gain enough
energy to transfer to states of higher energy (path II) and
recombine. Thus, the recombination from path I gradually dis-
appears, increasing f§ and causing a blueshift in the PL peaks.
Above 260 K, holes suddenly move up to higher-energy states
(path III) with an energy that differs from that associated with
path II, causing a sharp PL peak blueshift. The TRPL images
of ZnSeqo50Te€0.050 at 10 K and 160 K, shown in Figs. 3(a)
and 3(b), further confirm the aforementioned carrier effects.
At 10 K, the emission peak shifts monotonically to lower
energy over time. However, this redshift of the emission even-
tually ends and is replaced by a shift toward higher energies at
160 K. The phenomenon becomes even more pronounced at
higher temperatures.

The initial increase in PL lifetime 7, shown in Fig. 2(b),
is readily understood as follows. In ZnSe( 950Teq 050, holes
hop among proximal Te traps and remain much more tightly
bound than electrons. As the temperature rises, electrons
tend to reach an equilibrium distribution between the posi-
tively charged Te traps and the CB. Therefore, the weakly
bound electrons are ionized and move away from the
strongly localized holes for an increasing proportion of their
lifetimes, extending the radiative lifetime (t,). This explana-
tion applies only if the nonradiative processes are negligible,
which they are, as confirmed by the almost constant inte-
grated PL intensity (/p;) in the same temperature region
[Fig. 2(d)], because the measured PL lifetime t comprises
both radiative (t,) and nonradiative (t,,) components and is
given by 17! = r,_’l + rn’,,l. A standard way to extract 7, from
the measured PL lifetime t is to determine the radiative
efficiency 5(T) = /(T + 7). measured

From the
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FIG. 3. (Color online) TRPL images of ZnSeg 950T¢€0,050 at (a) 10 K and (b)
160 K.
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temperature-dependent Ip;, 7, can be determined using
7,(T) = =(T)/n(T), by assuming 1(T) = Ip.(T)/IpL(10K).

The derived temperature-dependent radiative lifetimes
(t,) are also plotted in Fig. 2(b) and fitted using the following
equation:®

0 (T) = 5,(0)/[1 - «(T)); ()

where y(T) = Cexp(—é&.—/kT) is the probability that a cen-
ter is ionized by loss of an electron; 7,(0) is the radiative life-
time at T=0 K; C is a constant; ¢,, is a characteristic
energy that is of the order of the electron-hole (e-h) binding
energy, and k is the Boltzmann constant. The fitting results
yield 1(0)=512%x03ns, C=146*0.02, and e,
,=8.6*0.1meV. Such a low e-h binding energy in this
temperature range is highly consistent with the increase in 7,
upon the thermal ionization of electrons. However, as the
temperature increases, the lifetime time difference between
the PL lifetime 7 and the radiative lifetime 7, is associated
with the fact that the nonradiative recombination starts to
affect the PL decay.

The carrier dynamics of ZnSegosoTe€p0s0 discussed
herein exhibit various dissimilarities with those of
ZnSeo_947Oo_053.5 The PL peak energy of Znse().gsoTCo‘()SQ
exhibits a V-shaped shift, while that of ZnSe( 94700053
exhibits an S-shaped shift. Increasing the temperature ini-
tially increases the PL lifetime 7 of ZnSe( 950Te€0 050 to 70 K,
with a nearly constant /p;. However, both the PL lifetime t
and the Ip; of ZnSe( 94700 053 decrease monotonically as the
temperature increases.” These inconsistencies are attributed
to the distinctly different localization energies and BAC
structures of ZnSeq 950T€0 050 and ZnSe( 94700 053. The local-
ization energy is associated with the energy difference
between isovalent Te/O trap states (E7."/E;) and the new
VB edge (E,)/CB edge (E_). In ZnSe;_,O,, since the O
defect state is above the CB of ZnSe, the BAC interaction
causes the formation of a relatively wide lower E_ subband
and a smaller localization energy (E_ — E;"~ 20 meV).>”’
However, the BAC model predicts that a narrow lower E
subband is formed in ZnSe,_Te,, resulting in a larger local-
ization (E7," — E, ~ 200 meV) because the Te defect state
arises above the VB of ZnSe (inside the band gap).*"” More-
over, ZnSe is intrinsically n-type and holes are its minority
carriers. For ZnSegos0Tegs0, the minority carriers are
trapped and tightly bound to the Te atoms due to VBAC.
Hence, the electrons are much more easily thermally ionized
and able to move away from the trapped holes. However,
owing to CBAC, O atoms trap the majority carriers and the
minority holes are tightly bound in ZnSe( 94700 053, causing
the decay dynamics to differ markedly from those of
ZnSe.050T€0.050-

In summary, this study investigated the decay dynamics
in ZnSe( o50Tep 050 HMA as a function of temperature. The
V-shaped dependence of the PL peak energy implies that
localized excitons, in which the holes are deeply trapped,
dominate all optical transitions from 10 to 300 K. The relax-
ation model that is based on the deduced temperature-
dependent 5 and V-shaped PL peak energy clarifies clearly
the complicated carrier recombination. Initially, PL lifetime
T increases with temperature up to 70 K, with almost
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constant /p;, reflecting a prolonged radiative lifetime T,.
These results are further supported by the derived e-h bind-
ing energy (¢,., ~ 8.6 meV), which is associated with the
thermal ionization of weakly bound electrons. The experi-
mental results indicate that the carrier dynamics and decay
lifetimes of HMAs can be engineered further by additional
electron or hole doping.

This work was supported by the Ministry of Education
and the National Science Council under Grant No. NSC 100-
2119-M-009-003.
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