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National Chiao Tung University
Abstract

ZnSe;Te, (x = 0.42) epilayerssgrown by molecular beam epitaxy were
studied by photoluminescence (PL) and time-resolved photoluminescence
(TRPL). The recombination time varies ‘with Te concentration from a few
nanoseconds to tens of nanosecond. The recombination time reaches a
maximum value of about 78 ns when x increases from 0 to 0.10. The increase of
the recombination time is attributed to the increasing localization potential with
Te concentration. As the Te composition is further increased, the exciton
recombination lifetime decreases with x. This behavior can be explained by the
hybridization of Te localized states and the host valence band states. This
tendency can be further supported by the dependence of the PL line width,
exciton binding energy, and thermal activation energy on the Te concentration.
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Chapter 1 - Introduction

In recent years, isoelectronic centers (ICs) in semiconductors have attracted
much interest due to their distinct physical properties from normal
semiconductors. Semiconductor with IC is formed by partially replacing a host
atom by another atom with the same number of valance electrons. Because the
replaced atoms are of different electro-negativity from the original atoms,
electrons or holes (depends on the content of replaced atoms) can be localized in
such IC trap states [1]. It was shown in recent studies on GaNP and GaNAs, the
interaction between N isoeléctronic traps-and-the conduction band edge of GaP
and GaAs has a great effect on‘theit band structures [2]. In II-VI compound
semiconductors, the effect of IC were also studied in ZnTeO [3] and ZnSTe [4].
However, the recombination dynamics of ZnSeTe has not been studied in detail,
despite this compound semiconductor has been realized as high-brightness blue
and green light-emitting diodes [5]. The difference in electro-negativity between
Te and Se atoms results in the isoelectronic Te-bound excitons and affects the
optical properties of ZnSeTe [1, 6]. Furthermore, the decay dynamics of
Te-bound excitons in ZnSe;_,Te, ternary alloys are very important to understand

the emission mechanism of the bright light emitting devices. In comparison with
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binary compound semiconductor ZnSe, the luminescence decay rates are two
orders of magnitude smaller than that of ZnSeTe. For example, Fu et al., [7]
Reznitsky et al., [8] and Gu ef al., [9] respectively found that the decay time of
20, 38, and 30 ns for ZnSe;_ Te, of x = 0.010, 0.018, and 0.120. However, the
dependence of decay time on the Te composition of ZnSe,Te, remains
unexplored.

In chapter 2, the sample preparations using Veeco Applied EPI 620
molecular-beam epitaxy (MBE) system are introduced. In addition, the
photoluminescence (PL) and time-resolved PL (TRPL) measurements are decided.
In chapter 3, the results of PL and TRPE measurements will be discussed. Finally,

a brief conclusion of current work-is given in-chapter 4.



Chapter 2: Experiment

In this chapter, the growth of ZnSe; Te, (0.005 = x = 0.42) samples
and the experimental techniques used in this thesis were described. The

experimental techniques include photoluminescence (PL), and time-resolved PL

(TRPL).

2.1 Sample preparation

The ZnSe; Te, (0.005 =% = 0.42) epilayers were grown on GaAs (001)
substrates by the EPI 620 niolecular beam epitaxy (MBE) as shown in Fig. 2-1.
EPI 40 cc low temperature cells were used for evaporation of the elemental solid
sources: Zn, Se, and Te. The cell temperatures of Zn were fixed at 300 °C. The
cell temperatures of Se were set between 178 °C and 162 °C. The cell
temperatures of Te were between 230 °C and 310 °C. The temperature of
substrate was fixed at 300 °C. During the growth, reflected high-energy electron
diffraction (RHEED) was used to moniator the process of epitaxial growth. The
Te concentration was determined by energy dispersive x-ray (EDX)

measurements.



2.2 Photoluminescence (PL) system

The schematic setup of the photoluminescence system is shown in Fig. 2-2.
The samples were loaded on the cold finger of a closed cycle cryostat. The
temperature can be controlled between 10 and 325 K. The sample was excited
by a GaN pulsed laser (405 nm) with a pulse width of 50 ps and a repetition rate
of 2.5 MHz. The incident laser beam is focused on the sample by a convex lens
(L;). The combination of a set of convex lenses (L, and L;) guide the
luminescence into the double-grating spectrometer. A SPEX 1403
double-grating spectrometer «€quipped »with a thermoelectrically cooled
photo-multiplier tube (PMT;R928, Hamamatsu) is used to detect the PL spectra.
The spectrometer is controlled by-a computer which is used to store and plot the

collected data.



2.3 Time-resolved photoluminescence (TRPL) system

The setup of TRPL system is shown in Fig. 2-3. The GaN pulsed laser (405
nm) with a pulse width of 50 ps and a repetition rate of 2.5 MHz was used as an
excitation source. The laser light was focused on the sample by a convex lens
(L;). The combination (L, and L;) lenses guides the luminescence into the
double-grating spectrometer. The signal is dispersed by a 0.85 m double-grating
spectrometer and detected by a high-speed photomultiplier tube. The singles
were further analyzed by a computer plug-in time-correlated counting card. The

overall temporal resolution of the TRPL mieasurement is about 300 ps.



Fig 2-1. Veeco Applied EPI .§20"moleg1.“11ar beam epitaxy (MBE) system.
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Closed-cycle refrigerator
SPEX 1403 Double-Grating Spectrometer

sample

GaN pulsed Laser: 405 nm
Repetition rate: 2.5 MHz
Pulse width: 0.05 ns

Fig. 2-2. The experimental setup of the PL. measurements.



Closed-cycle refrigerator

SPEX 1403 Double-Grating Spectrometer
sample

GaN pulsed Laser: 405 nm
Repetition rate: 2.5 MHz

Pulse width: 0.05 ns
Trigger

Fig. 2-3. The experimental setup of the TRPL measurements.



Chapter 3: Results and Discussion

In this chapter, we study the recombination kinetics of ZnSe,-_,Te, ternary
alloys with wide Te composition ranges from 0.005 to 0.420 by PL and TRPL

measurements. The results are described below.

3.1 Photoluminescence study of ZnSe, ,Te,

The normalized PL spectra of ZnSe;Te, (0.005 = x = 0.42) at 13 K
are shown in Fig. 3-1. It is obvious that the main peak of PL emission shifts to
lower energies with the increasing0f X, from:2.66 to 2.17 eV for x = 0.005 and
0.42, respectively. These "PL emissions have generally been attributed to
excitons bound to isoelectronic’ Tege«(atoms and/or clusters) in ZnSe [6]. As
shown in Fig 3-1, the PL peak at 2.78 eV for the x = 0.005 sample is attributed
to excitons localized at a single Te atom (Te;) [1]. A peak at around 2.66 eV is
attributed to the Te, complexes [6], which dominates the PL spectrum for x =
0.005 sample. When the Te concentration is further increased, the PL emissions
evolve from the Te, complexes to the exction bound to Te,(n = 3) clusters [6].
The origins of different PL emissions are indicated by dashed lines in Fig. 3-1.

Fig. 3-2 shows the exciton binding energy as a function of Te composition.

The energy difference between the band gap of ZnSe,,Te, alloy and the
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measured PL peak energy is defined as the exciton binding energy (denoted as
Ep) [10]. The band gap of ZnSe, ,Te, can be written as
E,(x)=1.57x* - 1.953x+2.82, (1)
which is fitted by Brasil et al.[11] from their optical results, as plotted in Fig.
3-3 with our PL peak energy data. From Fig. 3-2, it can be seen that binding
energy increases as the Te concentration increases. The binding energy reaches a
maximum of about 272 meV when Te is increased from 0 to 10 %. However,
when Te composition is further increased, the binding energy decreases
monotonically. This is because the exciton localization of Te isoelectronic
centers is closely related to-the size of the Te; clusters. The larger Te, clusters
have higher binding energy. Nevertheless, when the Te, clusters become to large
enough, the difference between the isoelectronic potential and the host atomic
potential will be reduced.

Fig. 3-4 shows the measured PL line-width as a function of Te composition.
The composition dependence of the line width has a similar tendency to the
dependence of exciton binding energy on Te concentration. The full width at
half maximum (FWHM) of the PL spectra increases from 120 to 160 meV as x
increases from 0.005 to 0.060. As the Te concentration is further increased,

monotonously drop of the FWHM can be observed. The huge line-width
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broadening cannot be totally ascribed to Te compositional fluctuation because
the line-width broadening of non-isoelectronic ternary semiconductors is only
16 ~39 meV in Zn; Mg, Te (0.10 = x = 0.52), 10 ~ 40 meV in Zn; Mn,Te
(0.10 = x = 0.56) [12] and 10 ~ 50 meV in AlGa, N (0 = x = 0.50)
[13].

Due to the fact that a strong localization is accompanied by isoelectronic
centers and results in the increase of the line-width of the photon emission.
However, it is difficult to specify the line-width of one specific isoelectronic
center, because more than onesTe, centets.are involved in the PL spectrum in
most samples. Nevertheless, for the samples-with small Te composition (x =
0.005 — 0.060), the dominated*PL peaks’ roughly correspond to the Te,
complexes and Te, clusters. Therefore, it is reasonable to assume that the
line-width increases as the Te impurity evolves from Te, complexes to Te,
clusters.

The temperature dependence of the integrated PL intensity (/p;) can be

expressed as

IO
1+ dexp(-E, / k,T)’

1, (T)=

(2)
where T is the temperature, kg is the Boltzmann constant, /; is the integrated PL

intensity at 0 K, 4 is a constant, and E,, is the thermal activation energy [14 - 16].
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E, 1is responsible for the thermal quenching of PL intensity in the
temperature-dependent PL spectra. The PL intensity versus temperature of
ZnSejo4Teg 06 epilayer is shown in Fig. 3-5. The thermal activation energy of
ZnSey94Te 06 epilayer can be fitted using equation 2 as shown in Fig. 3-5.

Figure 3-6 presents the thermal activation energies E, as a function of Te
composition of all the ZnSe,Te,—, samples. As the Te concentration of the
ZnSe, Te,_, alloys increases from 0.005 to 0.100, E, increases initially from 88 to
130 meV. If the Te concentration is further increased, the thermal activation
energy decreases monotonously. The stemperature-induced quenching of
luminescence in the epilayersymainly attributes to the thermal dissociation of

excitons into free electrons and holes [16].
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3.2 Time-resolved photoluminescence study of ZnSe;_,Te,

In order to understand the recombination mechanism of ZnSe,_,Te,, the
TRPL measurements were performed. The PL decay times were focused on the
peak position of each PL spectrum. At low temperature, the PL is dominated by
the radiative recombination and the nonradiative recombination could be
neglected. Therefore, the measured decay time can be regarded as the radiative
recombination lifetime of the bound excitons. The PL decay profiles were
plotted in the logarithmic scale, shown in Fig. 3-7. As the Te content increases
from 0.5 to 10 %, the PL_decay lifétime increases. However, when Te
composition is further increased, the PLi“decay-lifetime decreases monotonically.
Additionally, the decay profiles“are clearly non-single exponential decay. It
could be due to different emission origins from various isoelectronic centers,
which results in multiple exponential PL decay. Therefore, all the TRPL spectra

can be fitted by using stretched exponential

/ s
I(t) = IO cXp —(;] , (3)

where [ is the stretching parameter, and I(t) is the PL intensity as a function
of time [17 — 25]. Stretched exponentials have been used to describe the
localized states that act as traps and cause a distribution of trap energies [17].

The stretched exponential fitting method was first used by Chen ef al.[18] for
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disordered semiconductors. Figure 3-8 presents the PL decay curves in a double
logarithmic scale and fitted by stretched exponential function.

The PL decay lifetimes as a function of Te concentration are shown in Fig.
3-9. The recombination lifetime varies from a few nanoseconds to tens of
nanoseconds with different Te concentration. When x is small (x<<0.100), the
lifetime increases with x. As the Te content increases, the recombination lifetime
increases and reaches a maximum at about 78 ns for x = 0.10. This implies that
when the Te isoelectronic centers gradually evolve from Te, complexes to Te,
clusters, the corresponding radiative recombination lifetime increases. The Te,
clusters have deeper localized;short-range potentials and thus result in a larger
binding energy. Therefore, the bound exciton states are more localized in the
real space, leading to the reduced electronic - hole overlap for the self - trapped
excitons and excitons localized at one center tunnel over barrier to another
center. As a result, the radiative recombination lifetime increase [7, 26, 27].
When x >0.100, however, the PL decay times are found to decrease with further
increase of x. It is due to the fact that when the Te, clusters become large
enough, the bound exciton states decrease (such as FWHM). Thus, the
difference between the different localize states will be diminishing resulting in

the formation of the hybridized states and towards the band state of ZnTe. The

14



decrease of recombination lifetime with x reflects the decreasing percentage of
excitons that tunnel between different localize states [7, 28]. For x close to 0.420,
the delocalized nature of the host band states leads to the observed short
recombination lifetime.

Figure 3-10 shows the PL decay time as a function of the monitored emission
energies for the three samples. The general trend is that when the monitored
energy decreases, the measured decay time increases. This result is consistent
with the fact that the lower energy position corresponds to larger Te, clusters [1].
For example, for the sample of x=0.005,/the high energy side of the PL contain
the contribution of Te;, the central part-of the PL is dominated by Te, complexes,

and the lower energy side comprises the PL.contribution of Te, clusters.
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FIG. 3-1. Normalized PL spectra of ZnSe,Te, at 13 K.
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FIG. 3-2. The dependence of exciton binding energy on Te content.
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FIG. 3-3. The dependence of the PL peak energy on Te content. The solid

curve is band gap energy of ZnSe,Te, at 13 K from Ref. [11].
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FIG. 3-5. The PL intensity versus temperature of ZnSe¢,Te s epilayer.
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FIG. 3-7. TRPL spectra of ZnSe,,Te, (0.005 = x = 042)at13 K.
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Chapter 4: Conclusions

In summary, the decay dynamics of ZnSe;, Tey (0.005 = x = 0.42)
epilayers were investigated by TRPL measurements. The PL lifetime was
analyzed by using the stretched exponential function. The recombination lifetime
varies from a few nanoseconds to tens of nanosecond with Te concentration. As
the Te content increases, the recombination lifetime increases and reaches a
maximum at about 78 ns for x = 0.10. It is because the more Te content causes
larger localization potential. As’‘the Te eémposition further increases (x > 0.10),
the recombination lifetime decreases with the increasing of Te concentration. This
is due to the fact that the hybridization between the different localize states will be
diminishing resulting in the formation of the hybridized states and towards the
band state of ZnTe. The decrease of recombination lifetime with x reflects the
decreasing percentage of excitons that tunnel between different localize states.
This tendency was supported by the dependence of the PL line width, the exciton

binding energy, and thermal activation energy on Te concentration.
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