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Abstract

Oxygen in ZnSe; O, acts as-an isoelectronic trap that captures excitons and complicates
the carrier relaxation paths. This study explores-the influence of O on the carrier dynamics in
ZnSe;,O, (O content up to 5.3 %) by using temperature-dependent photoluminescence (PL)
and time-resolved PL spectroscopy. Incorporating oxygen not only causes large band-gap
bowing but also strongly affects the emission lifetime of ZnSe;.,O,. Kohlrausch’s stretched
exponential law and hopping-transport model correlate well with the complex decay traces.
Moreover, as the temperature increases, the stretching exponent f initially decreases and then
monotonically increases. The results reflect a thermally activated transfer mechanism of

carrier recombination.
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Chapter 1 Introduction

In recent years, highly mismatched alloys (HMAs) have been studied extensively both
experimentally and theoretically due to their unique and interesting optical properties [1-10].
HMAs are a class of material in which the constituent anion element is partially replaced by
an isovalent element with very dissimilar properties, such as size and electronegativity. The
most extensively studies HMAs to date are III-V-N systems, such as N in GaAs and GaP,
where N plays an isoelectronic impurity. In the case of GaAsN, for example, the
electronegativity (size) of N is much larger (smaller) than that of As. The highly mismatched
electronegativity and size lead to-a profound effect on optical and electronic properties. These
properties include, for example, giant and asymmetric band-gap bowing, significant increase
of the electron effective mass, the appearance of a new optical transition (£:), nonlinear
pressure dependence of the band gap, and a reduced temperature dependence of the band gap
[1-10].

In II-VI Oxygen alloys, incorporating Oxygen into ZnSe reveals a similar highly
mismatched effect in ZnSe;.,O, [11]. Comparing O and Se, the electronegativity (size) of O is
much larger (smaller) than that of Se. The electronegativity (size) is 3.5 (0.66 A) and 2.4 (1.17
A) for O and Se element, respectively. Therefore, the dramatic changes of the optical

properties in ZnSe;.,O, can be expected. These changes in electronic band structure deviate



greatly from the predictions of the virtual crystal approximation (VCA). Previously, the large
band-gap bowing behavior of ZnSe;.,O, was described using a bowing parameter. Nabetani et
al. found that the band-gap bowing parameter of ZnSe,.,O, is about 8 eV in the Se-rich region
[12]. However, Iwata ef al. found that the bowing parameter is about 12 eV in O-rich region
[13]. These results imply an asymmetric band-gap bowing, reflecting that single bowing
parameter cannot describe the band-gap bowing of ZnSe; O, throughout the entire O
concentration.

Recently, the band anticrossing (BAC) model was proposed to explain the change of
electronic band structure of HMAs.[5]. In the case of II-VI-O system, the BAC model can be
considered as an interaction of two energy states: defect state of O and the extended
conduction band state of the host matrix. The interaction of the two types of states can be

treated as a perturbation which leads to the following eigenvalue problem:

E-Ey  Vou | _,
Vom E—-Ey| 7

where E), is the band gap of the host matrix, Eo is the O defect state relative to the valence
band, and Vpy, is the parameter describing the strength of the interaction between them. By
solving the eigenvalue problem, the two solutions can be written as,

1
E, = (Eo +Ey +[(Eo —En)* + 4V02M]2)-

N | =

It has been shown previously that the square of the matrix is proportional to the concentration

of Oxygen atoms. Consequently, the strength of the coupling Vo), can be described as



Vom = Comx'?,
where Coy, is a constant dependent on the semiconductor matrix, and x is the concentration of
Oxygen [14-15]. Shan et al. found that the BAC model explains well in the composition and
pressure dependence of the band gap in ZnSe; O, with Coy = 1.8 = 0.3 eV [16]. However,
Polimeni ef al. found no effect of oxygen on the temperature dependence of band gap in
ZnSe;,O; (x = 0.23 - 0.90 %), which deviates from the prediction of the BAC model [17].
Accordingly, we will investigate the temperature dependence of photoluminescence (PL) on
isoelectronic ZnSe,_,O, semiconductors and compare the results with previous works.

Although much research efforts have been focused on isoelectronic ZnSe; O,

semiconductors, the influence~of O on the decay dynamics in this material remains
unexplored. Recently, we have  studied the decay dynamics of isoelectronic ZnSe.,Te,
semiconductors [18]. We demonstrated that the PL decay traces are correlated well with the
Kohlrausch’s stretched exponential law [19],

I(t) = Iy - e /D",
where 71 is the PL lifetime and f is the stretching exponent varied from 0 to 1. The Kohlrausch
law has been extensively used to describe numerous complex relaxation processes [20-26].
The stretched exponential decay behavior has also been observed in single colloidal
semiconductor nanocrystals because of the presence of multinonradiative decay channels that

surround the single nanocrystal [27]. In the study of ZnSe;.,Te,, the stretched exponential



decay is attributed to the presence of Te localized states, which provide multidecay paths in

ZnSe;_,Te,. These results can be understood using energy transfer and the geometric random

site hopping-transport model [18]. According to this model, the transport sites () and the

trapping sites (Ny) distribute randomly in 3D space of a system, in which an electron can

move among the transport sites in many different ways and be captured by a trap state. Based

on the numerical simulations, Sturman et al. obtained that the value of the stretching exponent

[ decreases with the decreasing of Ny/Ny [28]. Accordingly, the applicability of the

Kohlrausch law and exploring the effect of O on the carrier dynamics in ZnSe; O is

important and of great interest. In.this thesis, we study the carrier dynamics of isoelectronic

ZnSe;.,O, semiconductors with O composition up to 5.3 % by using PL and time-resolved PL

(TRPL) spectroscopy.

This thesis is organized as follows. This chapter introduces the unusual physical

properties of isoelectronic semiconductors. Chapter 2 introduces the PL and TRPL systems

used in this thesis. Chapter 3 discusses the influence of O on the decay dynamics in ZnSe;_,O,

as functions of O concentration and temperature. Finally, Chapter 4 summarizes this thesis.



Chapter 2 Experimental Setup

In this chapter, the experimental systems used in this thesis are described. The
experimental systems include photoluminescence (PL) system and time-resolved

photoluminescence (TRPL) system.

2.1 Photoluminescence (PL) System

The experimental setup of the PL system is shown in Figure 2.1. The samples were
loaded on the cold finger of a closed cycle cryostat and the temperature was controlled
between 10 and 300 K. The GaN pulsed laser (405 nm) was used as an excitation source with
the excitation power of about 1 mW. The incident laser beam was focused on the sample by a
convex lens (L;). The PL signal from the sample was collected by a set of convex lenses (L,
and L;) and guided to spectrometer. The signal was dispersed by a SPEX 1404 0.85 m
double-grating spectrometer and detected using photomultiplier tube (PMT). The
spectrometer was controlled by a computer, which was used to store and plot the collected
data. An He-Cd (325 nm) laser was used to carry out the excitation power-dependent PL

measurements, and a density filter was added in front of the laser to adjust the laser power.



2.2 Time-Resolved Photoluminescence (TRPL) System

TRPL system was used to study the decay dynamics of excitons. The experimental setup
of TRPL system is similar to the PL system and shown in Figure 2.2. The GaN pulsed laser
(405 nm) with a pulse width of 200 ps and repetition rate of 10 MHz was used as an
excitation source. The laser beam was focused on the sample by a convex lens (L;). The
combination lenses (L, and L3) guide the PL signal to the iHR550 spectrometer, which was
equipped with a high speed PMT to detect the signal. The signal was further analyzed by a
computer with a time-correlated single photon counting method. The overall temporal

resolution of the TRPL measurement is about 200 ps.



Computer SPEX 1403

Double-Grating Spectrometer
PMT

—]

Fig. 2.1. Experimental setup of PL system.




High speed PMT

iHR 550

Closed-cycle refrigerator

Fig. 2.2. Experimental setup of TRPL system.




Chapter 3 Results and Discussion

In this chapter, we study the carrier dynamics of ZnSe; O, with O composition up to
5.3% using PL and TRPL measurements. In section 3.1, we will discuss the results of
temperature-dependent PL measurements. In section 3.2, the dependence of both temperature

and monitored energy on the decay dynamics of ZnSe;_,O, will be investigated.

3.1 Photoluminescence Study of ZnSe;.,O

ZnSe;.,O, (x =0, 0.027, and 0.053) films were grown by RF-plasma assisted molecular
beam epitaxy on (001) GaAs substrates after the deposition of a 100 nm-thick ZnSe bufter
layer. The thicknesses of all films were fixed at around 0.5.um and the O concentration was
determined by x-ray diffraction. [29]. Figure 3.1 shows the normalized PL and transmission
(T) spectra of ZnSe;.,O, (x = 0, 0.027, and 0.053) at 10 K. Clearly, a sharp near-band-edge
emission of ZnSe peaked at about 2.80 eV is observed. When O is substituted into ZnSe, the
PL emissions shift toward lower energies, 2.52 and 2.42 eV for x = 0.027 and 0.053,
respectively. As the O concentration is increased, the emissions become broader and
asymmetric. This result can be attributed to the alloy fluctuations or O clustering. Figure 3.2(a)
presents the excitation power-dependent PL spectra for ZnSe(97300.027. Increasing the laser
power by four orders of magnitude, a significant blueshift (~ 8 meV) in PL peak energy is

investigated, which implies carrier localization and filling effect. A blueshift by about 8§ meV



is also found in ZnSe( 9470053 in the same excitation power range, indicating that the broad

emissions of ZnSe).,O, are attributable to localized excitons (LE).

To clarify further the dependence of temperature on the carrier dynamics in ZnSe;.,O,,

temperature-dependent PL. measurements are performed. Figure 3.3 and Figure 3.4 show the

temperature-dependent PL spectra of ZnSe,.,O, for x = 0.027 and 0.053, respectively. The PL

peaks exhibit an S-shaped energy shift with increasing temperature, which is a typical feature

of carrier localization effect. At 10 K, a LE emissiom which is determined from the

power-dependent PL measurements can be observed. With increasing temperature, the

emission from LE shifts toward lower energy and becomes broader. When the temperature is

increased further, the LE peak quickly thermally quenches and another peak appears at high

energy shoulder between 80 and 100 K. As the temperature is increased above 100 K, the

high-energy peak becomes dominant and shift to lower energy. This emission shows a normal

Gaussian shape, while that from LE exhibits an asymmetric shape with a low-energy tail and

a sharp high-energy cutoff. Moreover, the emission yields no obvious energy shift over a

range of excitation power by three orders of magnitude as shown in Figure 3.2(b). Based on

these observations, the emission at the high energy shoulder is attributed to free excitons (FE)

thermally detrapping from the isoelectronic O trap states.

Figure 3.5(a) and 3.5(b) depict the corresponding temperature-dependent PL peak

energies for x = 0.027 and 0.053, respectively. As shown in the figures, the FE peak energies

10



agree well with the empirical Varshni fitting (solid curve),

E (T)=E,(0)-al*/(f+T), €))
where E,(0) 1s the band gap at 0 K, and « and § are the Varshni fitting parameters, listed in
Table 3.1. Increasing the O concentration, a decreases from 1.20 to 0.72 meV/K for x = 0 and
0.053, respectively. The experimental result indicates a decreased dependence of the
ZnSe;.,O, band gap on temperature. The temperature-dependent band gap energy of

ZnSe;.,O, can also be fitted using the BAC model [5],
1 2 ) }é
ED)=3 Ey+E,(T) Ao B (D] +4C54 " | 2

where Ep and Ey(T) are the energies of the O level and the ZnSe conduction band (CB) edge
relative to the top of the valence band (VB), respectively. £)/(7) can be obtained by Eq. (1)
for ZnSe. Cpy 1s a parameter describing. the strength of the interaction between the O level
and the ZnSe CB states. The result of theoretical calculation is represented in Figure 3.5 by
dashed curve. The fitting parameters are listed in Table 3.1. As shown in Figure 3.5(a) and
3.5(b), the FE energies are in good agreement with BAC model. The fitted band gap energy
using Varshni equation and BAC model at 10 K approaches the value measured from
transmission measurement (Figure 3.1). The above observations provide additional evidences
to the FE emissions. Figure 3.6 plots the band gap energy of ZnSe;,O, as a function of O
concentration at 300 K. Experimental results from previous studies are also included [16]. The

band gap energy decreases with increasing x. The bang gap behavior can be fitted by BAC

11



model with Ep = 2.90 eV and Cpy = 1.82 eV. The values are within the error of previous

study, which found Ep =2.9 + 0.02 eV and Cpy,= 1.8 £ 0.3eV [16].

Based on the above observations, we can conclude that the unique optical properties of

ZnSe;.,O, can be well explained using BAC model. This result is different from the previous

study of Polimeni et al., who found that the temperature dependence of the band gap in

ZnSe;.,O, is independent from O concentration[17]. The reason why their experimental

results are inconsistent with the prediction of the BAC model might be the poor sample

quality or the relative low O concentration (O content less than 1.0 %).

12



3.2 Time-resolved Photoluminescence Study of ZnSe;., Oy

In order to explore the effect of O on the decay dynamics in ZnSe;,O,, the TRPL
measurements are performed. Figure 3.7 displays the TRPL spectra of ZnSe;_,O, (x = 0.027
and 0.053) monitored at the PL peaks and 10 K. Obviously, several interesting findings can be
drawn. (i) The PL decay profiles exhibit non-single-exponential decay and can be
decomposed into a fast (initial) and a slow (tail) component. Moreover, the fast component is
mono-exponential decay, while the slow component is stretched-exponential behavior. (ii)
The PL decay rate is an order of magnitude slower than that of ZnSe (~ 5.0 ns™). (iii) The PL
lifetime of slow component significantly increases with the O concentration. These unique
optical properties are signatures-of ZnSe-based isoelectronic semiconductors [18], implying
complicated carrier dynamics. Quantitatively, the-decay curves are fitted by using the
following equation,

[(O)=A4-"" + 4, 3)
where 1) and 1, is the exciton lifetime of fast and slow component respectively, and £ is the
stretching exponent ranging from 0 to 1. This stretching exponent is a measure of the
relaxation rates involved in the PL decay process where a smaller f means a broader rate
distribution. The fitted 7; is about 850 ps for both samples; 7, () is about 2.8 ns (0.96) and 4.1
ns (0.93) for x = 0.027 and 0.053, respectively. Increasing the O concentration increases 7, and

decreases f, implying that the slow decay originates from O-related LE. This is because an

13



increasing number of isoelectronic O traps provides multidecay paths for the excitons [18].

The suggestion is consistent with the hopping-transport model, in which the concentrations of

transport and trapping sites determine the stretching exponent [28].

To verify the suggestions, Figure 3.8(a) and 3.8(b) show the TRPL spectra at 10 K and

various monitored energies for x = 0.027 and 0.053, respectively. Decreasing the monitored

energy, the decay time from the slow component significantly increases, while the decay time

from the fast component is insensitive to energy. For x = 0.027, 7, (f) is around 2.4 ns (0.97)

and 4.7 ns (0.76) at 2.55 and 2.43 eV, respectively. For x = 0.053, 7, (f) is around 2.8 ns (0.97)

and 7.4 ns (0.70) at 2.44 and 2.32 €V, respectively. In accordance with the asymmetric

linewidth broadening, the above results can be ascribed to exciton energy transfer among

isoelectronic O traps. The TRPL image in Fig 3.9 reveals the dynamics of energy transfer in

ZnSe.97300.027. Within the initial few nanoseconds after excitation, the emission is peaked at

2.52 eV. As time passes, an energy redshift is clearly observed, revealing that some of the LE

transfer to deeper traps. Moreover, the decay profile at high energy exhibits mono-exponential

decay, whereas that at low energy is a stretched-exponential function, implying that the effect

of LE can be neglected at high energy region. This phenomenon becomes even more

pronounced upon recording of the higher energy emissions. Therefore, the fast decay

discussed herein can be ascribed to free excitons (FE).

For comparing S-shaped feature with the decay traces, Figure 3.10 and Figure 3.11

14



display the temperature-dependent TRPL spectra of ZnSe;,O, (x = 0.027 and 0.053).

According to these figures, increasing the temperature significantly quenches the lifetime of

slow component. As the temperature is increased above 100 K, the slow decay component is

eliminated and the fast decay dominates the entire decay profile. Moreover, the bending of the

logarithmic decay curve, i.e. a reduction in £, initially becomes more pronounced with

increasing temperature up to 70 K and then gradually diminishes, i.e. the f starts to increase.

To get a more quantitative measure of the f, the decay curves are fitted with Eg. (3). The

stretching exponent f as a function of temperature is displayed in the inset in Figure 3.10 and

Figure 3.11 for x = 0.027 and 0.053. Increasing the temperature initially decreases £ to a

minimum at 70 K and then monotonically increases. This phenomenon can be explained by

the corresponding configuration ‘coordinate diagram schematically shown in Figure 3.12(a).

At the lowest temperature (10 K), electrons that are generated initially in the free state hop

among proximal transport and trapping sites and recombine with the isoelectronic O traps

(channel 1). With increasing temperature these less mobile electrons are imparted with

additional energy that allow hopping to deeper trap states (channel 2), causing a rapid redshift

in the LE peak and a reduction of . Simultaneously, as the temperature approaches 70 K,

portions of trapped electrons are thermally activated back to populate the higher energy states

(channel 3), leading to a significant PL linewidth broadening at the high energy shoulder. At

still higher temperatures, an increasing number of electrons gain sufficient energy to

15



delocalize into the free state (channel 4) and recombine, explaining the increase in £ and the

blueshift of the PL peaks. Above 100 K, the slow decay component disappears because FE

dominates the recombination, resulting in a monotonic PL energy redshift with the

temperature. The delocalization effect is further verified by the TRPL image of ZnSe( 94700.0s3

at 80 K. In Figure 3.12(b), as time passes an energy redshift at low-energy peak is observed

due to the recombination from traps. However, the high-energy peak exhibits no obvious

energy shift with time, reflecting the recombination of thermally delocalized FE.

16



Table 3.1 Fitting parameters from the Varshni equation and the BAC model.

Varshni equation BAC model
O concentration E4(0) o B Eo Coum
(%) (eV) (meV/K) (K) (eV) (eV)

0 2.81 1.20 495 - -
0.027 2.54 0.78 495 2.90 1.89
0.053 244 0.72 495 2.90 1.78

17
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Fig. 3.10. Temperature-dependent TRPL spectra of ZnSe.97300.027 and the

corresponding stretching exponent S (inset).
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Fig. 3.11. Temperature-dependent TRPL spectra of ZnSe 94700053 and the

corresponding stretching exponent S (inset).
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Fig. 3.12. (a) Schematic diagram used in the discussion, indicating complex
relaxation channels. For simplicity only two trap states are considered. (b)
TRPL image of Znse(),94700.053 at 80 K.
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Chapter 4 Conclusions

In summary, this study investigated carrier dynamics in ZnSe; O, by using PL and
TRPL spectroscopy. The PL peaks exhibit an S-shaped energy shift with increasing
temperature. The emission is dominated by FE at high temperature while the emission is LE
dominant at low temperature. Complex recombination routes induced by isoelectronic O traps
are well fitted using Kohlrausch law and clarified by temperature-dependent measurements.
The deduced stretching exponent f initially decreases to a minimum at 70 K. It reflects that
the recombination with the electrons captured by isoelectronic O traps is significant at low
temperatures. However, at higher temperatures the recombination is dominated by the free
electrons thermally delocalized "from: the traps. Thus, the recombination from the traps

gradually quenches, and then the f increases.
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