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Thermal Quenching of Photoluminescence in ZnO and GaN
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Investigation of the thermal quenching of photoluminescence (PL) in semiconductors
provides valuable information on identity and characteristics of point defects in these materials,
which helps to better understand and improve the properties of semiconductor materials and
devices. Abrupt and tunable thermal quenching (ATQ) of PL is a relatively new phenomenon
with an unusual behavior of PL. This mechanism was able to explain what a traditional model

failed to explain. Usually, in traditional model used to explain “normal” quenching, the slope of



PL quenching in the Arrhenius plot determines the ionization energy of the defect causing the PL
band. However, in abrupt quenching when the intensity of PL decreases by several orders of
magnitude within a small range of temperature, the slope in the Arrhenius plot has no relation to
the ionization energy of any defect. It is not known a priori if the thermal quenching of a
particular PL band is normal or abrupt and tunable. Studying new cases of unusual thermal
quenching, classifying and explaining them helps to predict new cases and understand deeper the
ATQ mechanism of PL thermal quenching. Very few examples of abrupt and tunable quenching
of PL in semiconductors can be found in literature. The abrupt and tunable thermal quenching,
reported here for the first time for high-resistivity ZnO, provides an evidence to settle the dispute
concerning the energy position of the Liz, acceptor. In high-resistivity GaN samples, the
common PL bands related to defects are the yellow luminescence (YL) band and a broad band in
the blue spectral region (BL2). In this work, we report for the first time the observation of abrupt
and tunable thermal quenching of the YL band in GaN. The activation energies for the YL and
BL2 bands calculated through the new mechanism show agreement with the reported values.
From this study we predict that the ATQ phenomenon is quite common for high-resistivity

semiconductors.
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Chapter 1: Introduction and Motivation

1.1 Photoluminescence

Point defects are often formed in semiconductors as compensation sources when impurity
atoms are introduced, which known as doping, or during the growth process as a result of non-
equilibrium conditions and contamination of the sources.' Point defects affect the electrical and
optical properties of the host material and therefore affect the performance and reliability of
devices. However, point defects in semiconductors are not well understood. Photoluminescence
(PL) is a powerful and important technique that can be used to probe different defects in

semiconductors and study them.'**

Photoluminescence (PL) is a spontaneous emission of light from material caused by
absorption of light from another source.! The process of PL begins after the material absorbs a
photon with energy above the band gap, which excites an electron to the conduction band,
leaving an empty hole in the valence band. Since the hole has lower energy state, the electron
returns back and recombines with the hole. The released energy split up between phonons (lattice
vibrations) and photons. The photon emission is observed as PL, and the number of emitted
photons that produced in unit volume per unit time known as the intensity of PL. The number of
emitted phonons varies for every recombination process.' In the semi-classical approximation,
atoms oscillate about their equilibrium positions. If the electron-hole recombination occurs when
the atom is far from its equilibrium, there will be many lattice vibrations, phonons. In contrast, if
the recombination occurs when the atom is closer to the equilibrium, there will be fewer lattice

vibrations and less phonons emitted.’



1.2 Thermal quenching

One notable phenomenon observed in PL experiments is its thermal quenching (a
decrease of the PL intensity with increasing temperature). After exciting electron-hole pairs with
ultraviolet (UV) light, and observing the subsequent recombination as PL through various defect-
related channels, PL quenching provides valuable information about the defects involved in this

. 2
luminescence.

Transitions of charge carriers, electrons and holes, and their recombination behavior are
dependent on temperature. The temperature dependence of PL intensity is traditionally presented
in the Arrhenius plot which displays the logarithm of PL intensity as a function of inverse
temperature.” For various recombination channels, the temperature dependence of PL intensity
usually consists of two parts. At low temperature, PL intensity is independent of temperature or
may slowly change.” However, at higher temperatures, when the temperature exceeds some
characteristic temperature, Ty, the PL intensity often decreases exponentially. The decrease in the
PL intensity is called thermal quenching. We can distinguish two different types of thermal

quenching: normal quenching, NQ, and abrupt and tunable thermal quenching, ATQ.*

The thermal quenching is normal quenching when the slope of the dependence of PL
intensity on inverse temperature reveals the ionization energy, Ea, of the defect involved in the
thermal quenching. This type of thermal quenching is observed in conductive n-type
semiconductors.” ° In contrast, when the intensity of PL decreases by several orders of
magnitude within a small range of temperature, the PL quenching is defined as abrupt
quenching.'™ ® The slope of this type of thermal quenching is not related to the E4 of any defect.
More interesting, in this type of quenching, the characteristic temperature, at which the abrupt

quenching occurs, can be tuned by changing the excitation intensity. Thus, taking the



temperature dependence measurements of PL for different excitation intensities, Peyc, 1S @ new
method which was developed to determine the ionization energy, and was reliably detected only

. . C e . . )
in high-resistivity semiconductors.”°

1.3 Motivation to study ZnO and GaN materials

Zn0O occupies a special place among direct wide band gap semiconductor due to its
availability as high-quality large bulk single crystals with direct and wide bandgap of 3.437¢eV at
1.6 K and 3.3 eV at 300 K.” Also, ZnO has large exciton binding energy of 60 meV which makes
it a good candidate for exciton emission lasing devices.” Thus, ZnO is a promising material for
wide range of optoelectronic applications such as white light-emitting devices, UV laser diodes,
and photodetectors.” However, using ZnO in devices and achieving these technological
developments has been obstructed by the lack of control over its electrical conductivity since
ZnO almost always exhibits n-type conductivity.” ® So, it is a major challenge to discover the
ZnO properties through better understanding of its point defects and their effect on the electrical

and optical properties which would substantially increase the progress in this field.

Some optoelectronic applications of ZnO overlap with another semiconductor material
that has wide and direct bandgap as well. GaN with band gap of 3.50 eV at 2 K and 3.4 eV at
300 K 7 attracted unprecedented interest as material that is widely used for producing green,
blue, violet, and ultraviolet (UV) emitters and detectors, high-power and high-frequency
amplifiers, and other optoelectronic applications.” One of the most important examples is the
light emitting diodes (LED) that show how efficiently the electrical power is converted into light
power with high brightness. The commercial white LEDs achieve luminous efficacies of ~150

lumens/watt, the highest luminous efficacy of all white light sources, and the theoretical limit for



white LEDs is about 260-300 Im/W."? Also, by changing the composition of Al (AlGaN) and In
(InGaN) and tuning the bandgap of the compound, the LED can emit light in the entire visible
range. Moreover, GaN with high heat capacity has the ability to operate at relatively high
temperatures without affecting the performance of the device. However, defects in GaN reduce
radiative efficiency, decrease operation lifetime and causes failure to the devices. Therefore more

improvement of devices performance can be achieved by more understanding of point defects.’



Chapter 2: Phenomenological Theory

2.1 Point defects

Transitions of electrons and holes via point defects in semiconductors are often the
dominant transitions where the majority of the recombination occurs through them. The variety
of point defects in semiconductors can usually be reduced to few major types.'™ © In particular,
for GaN and ZnO, the minimal set of centers involved in carrier recombination includes three
types of point defects.” The first type is a shallow donor. An impurity in semiconductors may
give off electrons and is known as a donor. For example, doping GaN with silicon where the
gallium has three valence electrons and the silicon has four valence electrons, will produce Sig,
donor. When an impurity has just one valence electron more than the atom replaced by it, a
shallow donor is often formed.® Shallow donors have energy levels close to the conduction band.
Shallow donors are responsible for n-type conductivity in semiconductors, and are introduced
unintentionally during growth of GaN and ZnO." ™ ® The energy required for the electron to
escape from a shallow donor to the bottom of conduction band is equal to the binding or the
ionization energy (Ep) of that donor, Figure 1. A donor gains a positive charge (D") when it loses
the electron and becomes an ionized donor. On another hand, donor is neutral (D) by having an

electron.

Second type of a necessary defect is an acceptor that accepts electrons and provides
excess holes to a semiconductor. The element that can be used for p-type doping to produce an
acceptor must have less valence electrons than the host atom. For example, Mg in the Ga sites
forms an acceptor. The negatively charged acceptor (A’) becomes a neutral acceptor (A) by

losing electrons. The acceptor levels are usually located not far from the valance band, and the



energy needed to thermally emit a bound hole to the top of the valence band is equal to the
acceptor ionization energy (Ea), Figure 1. This type of defect (acceptor) is needed to explain
defect-related PL bands in an n-type semiconductor. Since not all transitions are radiative, the
third type of defects is a center that is responsible for nonradiative recombination. For some
defects, recombination of electrons and holes produces multiple phonons and no photons are
emitted.'™ © Non-radiative center (S) is necessary to explain the less than 100% of PL quantum
efficiency. The identity of the nonradiative center is unknown, so it could be a deep donor or a

deep acceptor with unknown energy level position, Figure 1.'>°
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Figure 1. Energy band diagrams and schematic of positions of the three point defects levels
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2.2 Rate equation model
2.2.1 Steps of transitions via defects
The electron-hole generation, with the rate G, is caused by illumination of a semiconductor with

a laser emitting above band gap energy photons. ' ® The system returns back to equilibrium as a



reverse process by electron-hole recombination. The recombination via point defects occurs in
two steps. Available charge carriers (electrons or holes), and available empty sites (e.g., A™ for
holes and A’ for electrons) are required for the recombination to happen. Without loss of
generality, let us consider a semiconductor with one point defect, acceptor in an n-type
semiconductor, where the acceptor levels are filled with electrons in dark. In the first step, a hole
(as available charge carrier) in the valence band must be captured by a negatively charged
acceptor (as defect having available empty site). Then, a free electron in the conduction band is
captured by the neutral accepter and recombines with the hole, Figure 2. Multiplying the
concentrations of available charge carriers, n for electrons and p for holes, and the concentration
of available empty sites, Nao~ for acceptor defect, by a constant factor called the capture

coefficient, Cp,a, gives the transition rate equation (e.g. Cpa p Na'), Figure 2.2
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Step 2:
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Figure 2. An energy band diagram and schematic of electron and hole transitions via one point defect,
acceptor A.



2.2.2 Capture coefficient and capture cross section

Capture coefficient, C, with units cm’s™”, is a quantity that describes the capture and
recombination properties for each impurity center.'’ Carriers’ recombination can be radiative or
nonradiative. In semiconductors, the capture coefficients for radiative recombination between
electrons and holes via defects are of the order of 10 — 10" c¢m® s/ However, the electron
and hole capture coefficients for nonradiative recombination or capture may vary over a wide
range C ~ 10" — 10° cm® s Radiative and nonradiative recombinations are in general
competing and can occur simultaneously; when capture coefficient of nonradiative

recombination is larger than the radiative one, nonradiative recombination is dominant.*°

A capture coefficient can be described in terms of the capture cross section, 6, which is
the area where the carriers are captured. The capture coefficient, C, and the capture cross section,

o, are related to each other via the following equation:

C=<v>o (1)
_ [skr
<v>= am’ (2)

where <v > is the mean thermal velocity of free carriers, electrons in the conduction band < v, >

or holes in the valence band < v, >, and m is their effective mass, m, and m,.”"

The capture cross section is an effective area where the charge of the center plays a role.
An attractive Coulomb potential makes the effective cross section area to be large. For attractive
centers, capture cross-section, may significantly exceed the geometric area of the atom’s size,
ma?, and become a giant trap. The neutral center is in the next order of magnitude, and the

smallest one is the repulsive center, see Table 1 as example.'’



Table 1. The general order of magnitude of the capture cross sections areas based on the center’s
11
charge.

Type of trap Example Typical cross
section

Attractive center | Electron capture by positively charged impurity, Ge:Sb™ | 10” to 10 nm?
Neutral center Electron capture by neutral charged impurity, Ge: Ni° 107 to 10" nm?

Repulsive center | Electron capture by negatively charged impurity, Ge:Mn™ | 1971° 1o 10”7 nm?

2.2.3 Phenomenological model
The most basic model that can be suggested for a semiconductor to explain the behavior

of PL is the one including three types of point defects."* & 2

Let us consider a direct band gap n-
type semiconductor containing a shallow donor D with the concentration Np, an acceptor A with
the concentration N, and a nonradiative deep donor S with the concentration Ngs. The

concentrations of the D, A and S in different charge states are Np ', NDO, Na, NAO, Ns', and N’

respectively, and the ionization energies of the donor and acceptor are Ep and Ea, respectively.

Under continuous illumination, the photogenerated carriers (electrons and holes) are
created. Steady-state concentrations of free electrons and holes are n and p, respectively. The
acceptor will attract holes and the shallow donor will capture electrons. The electrons bound to
the shallow donors have relatively large wave functions and large overlap with wave functions of
holes bound to the acceptors. Therefore the transitions from shallow donors to different acceptors
via quantum mechanical tunneling are very efficient, especially at low temperature when the
concentration of free electrons is very low. This type of transition is called donor-acceptor pair
(DAP) recombination. The probability of the DAP transition depends on the size of electron and
hole wave functions, and on the separation between donors and acceptors.® With increasing

temperature, the rate of the thermal emission of electrons from a shallow donor to the conduction




band becomes high. Consequently the concentration of electrons in the conduction band
increases. Then the transitions from the conduction band to the acceptor, called eA transitions,
become dominant over DAP transitions. At high temperature, the eA transitions contribute to PL

more than DAP transitions for the same defect.
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Figure 3. Energy band diagram and schematic of electron and hole transitions in a semiconductor.
The electron and hole transitions are shown with solid and dashed arrows, respectively.

The main transitions that occur in such a semiconductor can be described within
phenomenological model as shown in Figure 3. In particular, electrons from the conduction band
are captured by acceptors, shallow donors and nonradiative centers at rates of Coa Na’ n, Cup
Np' n, and C,s Ns n, respectively, where Cna, Cop and Cys are electron-capture coefficients for

L2612 Holes from the

the shallow donor, acceptor, and a nonradiative center, respectively.
valance band are captured by acceptors and nonradiative centers at rates of C,a Na™ p and Cps

Ng” p, respectively, where Cpoa and Cps are hole-capture coefficients for the acceptor and

10



.. . 1, 2, 6,12
nonradiative center, respectively. " %

However, the holes being captured by acceptors or S
centers, are usually not captured by shallow donors because acceptors are filled with electrons in
dark and are very efficient in attracting holes, and some S centers have been experimentally
observed to compete in the efficiency with acceptors. Besides, transitions are usually radiative
when the change in energy during the transition is very large, comparable to the band gap.

The electrons captured by shallow donors may return to the conduction band and the holes
captured by acceptors may return to the valence band with increasing temperature as a result of
thermal excitation at rates of Qp Np’ and Qa NA°, respectively. The rate of these transitions is

proportional to exp(-Ei/kT), where E; is the defect ionization energy and k is Boltzmann’s

constant. The emission coefficients, Q, can be found from detailed balance as

_ CnpNc _Ep

Qp = 2 exp(—1D), 3)
_ Cpaly _Ea

Qa = PAM exp(— 18, )

where g is the degeneracy of the donor and acceptor levels. The effective density of states in the
conduction band, N, and in the valence band, Ny, are functions of temperature defined in the

equations below as:

vz (340)", ®
N. =2 mp KT 3/2
v (Znhz) ’ (6)

where T is temperature,  is the Planck constant, m, is the effective mass of an electron and m is

1,2,6,12

the effective mass of a hole. Finally the transitions of electrons from shallow donor levels

to acceptor levels occur at a rate of Cpy Np’ N’ where Cp, is the effective coefficient for the

11



DAP transitions.

The rate equations under steady-state conditions can be written down from the band diagram in

Figure 3. The rate of changing of free electrons concentration in the conduction band is given by

d
d—:=G-CHANAOn-Cnst*n-CnDND*n+QDN°D=O (7)

The free electrons in the conduction band are generated by incident light at a rate G and by
thermally excited electrons from shallow donors. The conduction band loses electrons due to
their transitions to the acceptor level, the shallow donor level, and to the nonradiative

1,2,6,12
center.' >

The next equation describes the rate of changing of free holes concentration in the valence band
and is given by

d .
2t = G-CoaNap-CpsNs’p+ QaNA* =0 )

The balance of free holes in the valence band is derived from the photogenerated holes at a rate
G plus the thermally emitted holes from acceptor along with loses of free holes when they are

captured by the acceptor level and by the nonradiative center.

A third equation shows the balance of transitions at the acceptor. The sum of the rate of electrons
flow from the conduction band and from shallow donor to the acceptor is equal to the flow of

free holes captured by the acceptor minus the flow thermally emitted holes from the acceptor,

yielding'* & 2
Cua N0+ Cpa Np’ N A" =Cpa Na p - Qa N’ 9)

For the shallow donor, the gain and loss of electrons is described by the rate equation in which

12



the capture of electrons from the conduction band minus the thermal emission of electrons to the
conduction band is equal to the transition of electrons from shallow donor to the accepter due to

DAP mechanism, so that is given by

Cup Np' 0 - Qp Np” = Cpa Np’ N’ (10)

The last rate equation is for the nonradiative center. There is a balance in steady-state conditions
between the transition rates of electrons from the conduction band and holes from the valence
band, given by

Cus Ns" n=Cps N’ p (11)

Finally, charge is conserved, so that all positive charges are balanced by negative charges.
Therefore, the neutrality equation will be the balance of the sum of concentrations of holes,
positively charged nonradiative centers, and positively charged shallow donors with the sum of

concentrations of electrons and negatively charged acceptors which is given by
p+Ns +Np =n+Ny (12)

Using these rate equations through program created with mathematical modeling software, one
can theoretically analyze data, fit them and compare them with the experimental results to

explain PL behavior.

2.3 Temperature dependence of photoluminescence intensity from defects

When a semiconductor is excited with a laser (hv > E_), charge carriers transitions begin
as explained above. The charge carriers that have been captured by some levels can be excited to
the conduction or valence band either optically or thermally. The most common process is the

thermal activation. The temperature at which the carriers are thermally emitted from defects

13



correlates with the depth of the defect levels that captured them as we can see from Egs. (3) and

(4).13

To find the role of temperature, let us consider an n-type semiconductor containing a
shallow donor and several radiative acceptors. In an n-type semiconductor, the Fermi level is
close to the conduction band. Therefore under equilibrium and low temperature, all acceptors are
ionized, and there are no holes in the valence band. With illumination, electron-hole pairs are
created at generation rate G (cm™ s™). For simplicity, the nonradiative center is considered here
to be a deep acceptor.'? Thus the holes capture rate can be expressed in general as (C; Ni” p). The
concentrations of holes bound to acceptors N’ and nonradiative center Ng” can be written as
N;°. Therefore, Eq. (8), the balance equation for the hole concentrations in valence band, can be

rewritten in general form in the case of N recombination channels

N N

dp _ - 0o _

E_G_ C; N p+ Q; Ny =0 (13)
=1 i=1

L

The capture rates are usually much faster than the radiative recombination rates.” * '*

Thus, the efficiency of the recombination for each channel is proportional to the rate of capturing
minority carriers which are holes in an n-type semiconductor. Therefore, the quantum efficiency
of each recombination channel at low temperature, n (0), where the thermal emission of holes is
negligible, is determined as the ratio of hole capture rate for one channel to the total capture rate
of holes that escape from the valence band

C;N;ip _ C; N;
Zy:lcjlvjp Zﬁ\;lC]N]

n:(0) = (14)

By considering a case of low excitation intensity (N;” «Ni = Nj), the concentration of

14



holes bound to ith defect in steady state will be the rate of holes captured by ith defect minus the
holes recombination via ith channel minus the thermal release of bound holes. This is given as

oN? N? 0
a =CiNip_T__Qi N; =0, (15)
R

where Tg characterizes the radiative recombination lifetime, the PL lifetime.

In order to find the concentration of holes bound to the ith acceptor N, Egs. (13) — (15)

can be re-arranged and written as

NO — 7:(0) (G + X1 @ NP)

16
' TRi_l + Qi ( )
The linear system of Eq. (16) is solved to get the intensity of PL for each defect
NO n;
Ift=—= ‘ G, 17a
' TRi 1+ (1 - 771) TRiQi ( )
Re-write Eq. (17a) in term of quantum efficiency where n = 17X /G, will give
1:(0)
(T) = , 17b
10 = A ) e (7b)
where
-1
N
=m0 |1 n;(0) 7x,0Q; (18)
ni(T) = ni( AN EEG)
J#i J

In the final analysis, the temperature dependence of the internal quantum efficiency (IQE), which
is the number of emitted photons as a fraction of the number of absorbed photons, n = I°L/G,
can be found. Substituting Eq. (3) into Eq. (17) will give an expression for the IQE of PL related

1,2 14
to a defect.” > ¢
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n (0)
E4
1+ Cexp(— k_T)

n(T) = (19)
where 1n(0) is IQE of the defect-related PL at low temperature before the quenching, and is
defined as n = IPL /G, (I'" is the PL intensity, and G is the number of electron hole pairs created
by the laser, per unit volume, per second), E, is the ionization energy of the acceptor responsible

for the thermal quenching, k is Boltzmann’s constant, and C is a constant:
C=(1-7n(0)) Tp1Cpi N,/g, (20)

where 7p, is the PL lifetime, Cp; is the hole capture coefficient, N,, is the effective density of

states in the valence band, and g is the degeneracy of the defect level.

According to Eq. (19), the temperature dependence of PL intensity consists of two parts based on
the temperature range. When the temperature is low, less than a characteristic temperature T <
To, PL intensity is independent of temperature. However, with increasing temperature, at T > T,
another part of dependence reveals an exponential decrease in PL what is called PL quenching.
The characteristic temperature Ty at which the thermal quenching of PL begins can be found
from the relation C exp(— E,/kT,) = 1. In other words, the thermal quenching with activation
energy Ea starts when Cexp(— E,/kT,) = 1. Such type of quenching is called the normal

quenching (NQ) which is given by Eq. (19).*°
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Chapter 3: Literature Review

Many studies on temperature dependence of PL were reported since earlier time.'> '>'8

Decreasing the intensity of PL with increasing temperature is one of the most effective methods
that provide valuable information about defects in semiconductors.™ '* ''® PL quenching
studies have been recognized as a sensitive method that is widely used to explore the physical
characteristics of semiconductors. Thus, it is important to understand the mechanisms involved
within this quenching as will be discussed in details in this chapter. PL thermal quenching is
attributed to one of three different mechanisms, Schon-Klasens, Seitz-Mott, and abrupt tunable

. 1-4 12, 15-1
mechanisms, I+ & 12 15-18

3.1 Effect of Temperature on PL

Photoluminescence from defects is usually observed as broad bands due to the strong
electron-phonon coupling typical for deep-level defects.” ® Increasing temperature may change
the position and the shape of broad PL bands. Furthermore, the intensity of PL, I"", changes with
the temperature.” * *

An example of two different samples exhibiting different behaviors for the PL bands with
increasing temperature is shown in Figure 4. The intensity of the ultraviolet luminescence (UVL)
band in p-type Mg-doped GaN decreases as the temperature increases, also its shape changes
into a structure less band, Figure 4 (a).'® In high-resistivity Zn-doped GaN, the decreasing of the
blue luminescence (BL) intensity is observed by two order of magnitude over an interval that is

only 10 K, however the shape and position of PL do not change for this sample in the process of

the thermal quenching, Figure 4 (b).°
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Figure 4. Evolution of PL spectra with increasing temperature in Mg-doped GaN (a), and Zn-doped
GaN (b).>"

3.2 Mechanisms of thermal quenching of PL from point defects

[llumination is one of different ways to produce non-equilibrium carriers in
semiconductors. The non-equilibrium carriers are created with the generation rate G and
measured as the number of free electrons and holes produced per unit volume in a unit time [cm™

s']. ' Photogenerated electrons in the conduction band are captured quickly by positively

18



charged shallow donors, D', and deep donors S". The photogenerated holes in the valence band
are captured quickly by the negatively charged acceptors, A” and by neutral deep donors, S°. All
these capture processes are fast, in order of 10" s, and they are nonradiative, meaning that
multiple phonons are emitted instead of photons.” The recombination of these trapped charge
carriers is the next step. Recombination of electrons and holes occurs by transition the electrons

from the conduction band or shallow donors to an acceptor level and that will give the PL.

The quenching of the PL related to defects in n-type semiconductors with increasing
temperature is commonly attributed to one of the following mechanisms. According to the first
mechanism, the quenching of PL occurs because the holes escape from the acceptor level to the
valence band with increasing temperature. The thermal emission of holes to the valance band
becomes significant at some critical temperature, Ty. These escaped holes can be captured by
other defect centers called the killer centers or poisons. The PL quenching takes place with
activation energy equal to the ionization energy of this defect. Since this mechanism requires the
presence of other types of defects to explain the PL quenching, it is called the multi-center
model.? It was originally suggested by Schon and Klasens.” '° Energy band diagram can be used
to illustrate the first mechanism (Figure 5). After the electron-hole pair is created (transition 1), a
free hole is captured by an acceptor and a free electron is captured by a shallow donor
(transitions 2 and 3, respectively). The PL emission caused by transitions of electrons from the
conduction band to the acceptor level (eA transition) and by transitions of electrons from the
shallow donor to the same acceptor level (DAP transition) are indicated as transitions 4 in Figure
5. The quenching of PL begins when holes start escaping from an acceptor with increasing
temperature (transition 5). These thermally emitted holes may be re-captured back by the same

defect (transition 2), or recombine with electrons via other recombination channels including
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nonradiative defect centers (transition 6). > In the case of thermal quenching of PL band with
high internal quantum efficiency (IQE), there may be an increase in other PL intensities in the
region of the thermal quenching of the main PL band that was quenched. The released holes in
the valence band due to the thermal quenching of PL of one channel are redistributed among all
other recombination channels. When they recombine radiatively, the intensity of the related PL

. 2
bands increases.
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Figure 5. Energy band diagram with three type of defect in n-type semiconductor.

The Schon-Klasens mechanism was formulated in 1942 by Schon then further developed
by Klasens.>'>'® Klasens explained the effect of temperature on changing the color of
luminescence from ZnS phosphors with changing PL from different impurities. He assumed that
in ZnS phosphors there are at least two types of activators (impurities causing PL): silver and
copper. The centers responsible for the blue luminescence, silver, have energy level closer to the

valance band, and the green luminescence centers, copper, have deeper energy level. Thus, the
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color of luminescence changes from blue to green with increasing temperature due to the

escaping of the holes from blue centers and transferred to the green centers. Klasens suggested

that the same effect would be observed in the temperature dependence of the blue band if another

defect introduces a level at larger distance from the valance band than that for the blue center.

Such a defect can be nickel in ZnS. Nickel center is different from the green center where the

nickels do not produce visible radiation. Increasing the amount of the nickel and keeping the

same amount of silver in ZnS:Ag phosphors will decrease the intensity of the blue band as shown

in Figure 6."
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Figure 6. Influence of increasing the amount of nickel on the temperature dependence of the blue

.. . 1
emission in ZnS."

Also, the same effect will happen to the green emission in ZnS:Cu phosphors when the

levels of the nickel centers are at distance greater than green center from the valence band by

increasing the amount of nickel. The holes are transferred from the blue and green centers to the

nickel center. Therefore, adding even a small amount of nickel kills the blue and green

. 1
luminescence. '’
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Thermal quenching of PL for many defects was studied and explained.” ® One example is
Zn-related blue luminescence (BL) band where Zng, is an acceptor in conductive n-type GaN.?
The blue luminescence quenches at temperatures T >Ty = 300 K as shown in Figure 7. The
activation energy of the thermal quenching of the BL band can be obtained from measuring the
slope in the Arrhenius plot. The value of the slope in the region of BL quenching is about 0.35
eV, which is in agreement with the ionization energy of the acceptor responsible to the BL band.
The temperature dependence of PL intensity for three PL bands (BL, YL and NBE, which is the

near band edge emission), all in one degenerate GaN:Si,Zn sample, is shown in Figure 7.2
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Figure 7. Temperature dependence of the absolute IQE of PL in GaN:Si,Zn.”

Quenching of the BL band causes significant increases in intensities of other bands, YL
and NBE, due to the high IQE of the BL band in this sample (=90%). These rises in other PL
bands prove that the quenching occurs via the Schon -Klasens (multi-center) mechanism. Also, it

means the Zng, defect remains radiative at all temperatures, and the changing in the PL intensity
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is due to the competition for holes between different types of defects.”

The second mechanism that can explain the quenching of PL related to defects was first
proposed by Seitz and Mott in 1939.> ' The PL quenching in this mechanism occurs due to the
gradual replacement of radiative transitions with non-radiative ones for the same defect with
increasing the temperature, and therefore it is called the one center model. One-dimensional
configuration coordinate diagram is used to get better understanding of this mechanism (Figure
8). With increasing temperature, the defect in the excited state gets enough energy to reach the
level where adiabatic potentials of its ground and excited states cross. Then, recombination of an
electron with the bound hole releases energy in the form of multiple phonons and does not emit
photons.? Seitz and Mott provided an explanation showing how a fluorescent center can return
from an excited state to the ground state in two ways.'” One way is by emitting photons
(transition 4), and another way is by emitting only phonons, which causes PL quenching

(transition 5). Two typical cases of thermal quenching are illustrated in Figure 8.2
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>
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Figure 8. Schematic one-dimensional configuration coordinate diagram for an acceptor in an n-type
: 2
semiconductor.
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Absorbed light creates electron-hole pairs and brings the system to higher energy
(transition 1 in Figure 8). When the hole is captured by the accepter, the energy of the system
decreases (transition 2). Moreover, the wave function of hole is localized at one bond of the
acceptor, and its asymmetrical location would cause the atom to physically shift from its original
sites, Figure 9. Thus, transition 2 in Figure 8 shows how the system rearranges itself gradually

due to the shift of atoms followed by emission of phonons.
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Figure 9. Schematic representation of localized hole at acceptor cause a physical shift.’

The system may get back to the ground state by thermal emission of the hole from the
acceptor level to the valence band (transition 3), or by recombination of a free electron with a
bound hole, resulting in PL (transition 4). With increasing temperature, atomic vibrations
increase and the energy of the system in the excited state increases.”” At some temperature, the
energy of the system may reach the crossing of the ground and excited states. Therefore, the
system can overcome the potential barrier and make a nonradiative transition to the ground state
with emission of phonons (transition 5). In this case, the activation energy of the PL quenching is
equal to the energy difference between the crossover point of the excited and ground states and

the minimum of excited state.’
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It is hard to distinguish if the quenching is due to Seitz-Mott or Shon-Klasens
mechanisms. However, finding zero phonon line (ZPL) sometimes helps to determine the type of
mechanism.” The position of the ZPL can be found either by observation of a sharp line in the
high energy part of PL spectrum or from comparison of the PL and PL excitation (PLE) spectra.
Therefore, the energy difference between the band gap and the ZPL is expected to be close to the
ionization energy. In the case of the Shon-Klasens mechanism, in which the emission of holes to
the valance band in n-type causes the quenching, the activation energy of the thermal quenching
in Arrhenius plot is close to that value. For the Seitz-Mott mechanism, there is no relation of the

jonization energy of a defect and the activation energy of the PL quenching.”

Among many defects in GaN, the thermal quenching of the RL2 and GL2 bands in high
resistivity Ga-rich GaN that grown by molecular beam epitaxy (MBE) occurs via Seitz-Mott
mechanism.” ® Both bands start quenching at temperature above 100 K and disappear at room

temperature, Figure 10.’

PL Intensity (rel. units)

Photon Energy (eV)

Figure 10. PL spectra of the Ga-rich GaN layer at different temperatures.’
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The semilog plot of PL intensity of RL2 and GL2 bands versus inverse temperature is

shown in Figure 11.°

PL Intensity (a.u.)
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Figure 11. Temperature dependence of PL of the RL2 and GL2 band in Ga-rich GaN.?

The RL2 band at 1.85 eV and the GL2 band at 2.35 eV are quenching thermally with the
activation energy of about 0.10-0.14 eV.> * However, from comparison of the PL and PLE
spectra for these bands, the ZPL is expected between 2.1 and 2.7 eV for the RL2 band, and
between 2.7 and 3.4 eV for the GL2 band. Thus, the activation energy of the quenching in Figure

11 gives an ionization energy that is very small to the one obtained through the ZPL.

Furthermore, the PLE spectrum for the RL2 band can be resolved into two Gaussian-like
bands (curve 3 with a maximum at 3.10 eV and curve 4 with a maximum at 3.38 eV in Figure
12).* Gaussian shape of the PL and PLE bands reveals that the defect has a strong electron-

phonon coupling, and the recombination of carriers at this defect results in emission of large

number of phonons.
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Figure 12. PLE spectra at 15 K for the RL2 and GL2 bands in Ga-rich GaN. Curve 1 shows a part of
the PLE spectrum for the RL2 band and curve 2 is the PLE spectrum represents the noise signal.’

Moreover, the analysis of peak position of the RL2 and GL2 bands after a pulsed
excitation displays no noticeable shift in their position, and both bands decay exponentially.*
This behavior is completely different from the non-exponential PL decay due to the escape of
holes from an acceptor to the valence band in n-type. This indicates that the RL2 and GL2 bands
cannot be attributed to DAP type recombination at low temperature. To sum up, it is possible that

the PL quenching for the RL2 and GL2 bands occur by Seitz-Mott mechanism.* >

In both models, the multi-center (Schon -Klasens mechanism) and one center (Seitz-Mott

mechanism), the temperature dependence of the PL efficiency can be described with Eq. (19).”

n (0)
E..’
1+ Cexp(— k_T)

n(T) = (19)
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3.3. Abrupt and tunable thermal quenching of PL

Abrupt and tunable thermal quenching of PL is a relatively new phenomenon with an
unusual behavior of PL that can be observed in the Arrhenius plot. This feature can be found in
high resistivity semiconductors, n-type and p-type, where the thermal quenching of PL occurs in
a much narrower temperature range; i.c., the quenching is abrupt.'™ ° In this case, the simple
formulas derived for conductive n-type semiconductors fail and may produce unreasonable and

unphysical parameters.°

Moreover, a characteristic feature of the abrupt quenching is that it is tunable by the laser
power. The tunable quenching of PL has been reported early in the 1940’s in studies of
phosphors. Klasens, Vergunas and Gavrilov observed a drop in PL intensity from defects in ZnS
at characteristic temperature T = T, and the temperature at which the PL intensity suddenly

dropped is shifted significantly to higher temperatures with increasing the excitation intensity.'™

6,12,15-18

An example of the abrupt and tunable thermal quenching for PL band related to Zn-doped
GaN is shown in Figure 13. The temperature dependence of blue luminescence (BL) band shows
a sharp drop in the intensity at T = T , and the temperature where the abrupt quenching begins,

increases from 130 to 216 K with increasing the excitation intensity from 3x107 to 0.3 W/cm?.”
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Figure 13. Temperature dependence of quantum efficiency of the BL band in Zn-doped GaN at
several excitation intensities.

3.3.1 Explanation of Abrupt Thermal Quenching

The abrupt and tunable quenching of PL is caused by a sudden redirection of the
recombination flow from a defect related to a radiative recombination channel to a nonradiative
recombination channel.” ® This happens when the concentration of holes thermally emitted from
the radiative defect to the valence band becomes comparable to the concentration of
photogenerated holes at some characteristic temperature, Ty. In the model explaining abrupt and
tunable quenching, at least three types of defect centers must be involved, Acceptor, shallow

donor and nonradiative deep donor.

Under illumination and up to a temperature close to the characteristic temperature, at T <
To, the carriers are generated in the semiconductor only due to illumination. Photogenerated
electrons are quickly captured by nonradiative deep donors, S, and photogenerated holes are

quickly captured by acceptors, A. With continuous illumination, nonradiative deep donors
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become filled with electrons and acceptors become filled with holes, thus population inversion is

observed at T < T.

With increasing temperature, electrons are thermally emitted from shallow donors to the
conduction band. The radiative recombination, PL, of electrons from the shallow donors or from
the conduction band with holes at the acceptors is dominant because the nonradiative centers are
saturated with electrons. Meanwhile, the acceptors usually slowly capture electrons due to the
long PL lifetime, which leads to accumulation of electrons in the conduction band, and then n-

type photoconductivity is observed.

At higher temperatures above the characteristic temperature, T > T, thermal emission of
holes from the acceptor level to the valence band becomes significant. The additional holes in the
valance band recombine with electrons trapped at the nonradiative centers which helps to open
the bottleneck of these channels. Gradually, normal population is observed at T > T
(nonradiative deep donors are almost filled with holes and acceptors with electrons), and

photoconductivity switches from n-type to p-type.

For this process to happen, the nonradiative centers S should have large capture cross-
section for both electrons and holes. Also, the nonradiative centers S have sufficiently deep
levels, so that charge carriers (electrons or holes) cannot escape from them at reasonable
temperatures. In such a situation, most of recombination occur via the S channels and cause a
dramatic decrease in the amount of electrons in the conduction band, which leads to a sudden
drop in the PL quantum efficiency at the characteristic temperature Ty. This process may be slow

in time but abrupt upon small change of temperature.” °

Thermally emitted holes change the balance in the system, and the system undergoes

from one type of behavior to another at the characteristic temperature, Ty. Just below Ty, the
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nonradiative centers S are filled with electrons, and the acceptors accumulate holes. For example,
in case of Zn-related PL in high-resistivity GaN, the quantum efficiency of nonradiative channel
is about 80%, and the other 20% recombine through the radiative channels, mostly produced the
BL band. Above Ty, the nonradiative centers S become empty from electrons, and the acceptors
become saturated with electrons. The dramatic change in concentrations at the characteristic
temperature Ty results in abrupt quenching of the acceptor-related PL intensity, and the quantum

efficiency of the S channel becomes almost 100%. °

The shape and position of PL bands do not change in case of the abrupt quenching.
Increasing the excitation power density (Pexc) shifts the abrupt quenching to higher temperatures.
Figure 14 demonstrates the tunable quenching where there are several curves of PL quantum

efficiency for high-resistivity Zn-doped GaN, one for each excitation intensity.’
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Figure 14. Temperature dependence of quantum efficiency of the BL band in Zn-doped GaN.*
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The characteristic temperature, Ty, at which the thermal quenching takes place, is a
crossover temperature where the system physically changes from one type of behavior to
another.” ® Finding the characteristic temperature requires performing a precise fit by using
numerical solutions of the rate equations that yield the solid curve as shown in Figure 14.
However, it is easier from the same graph, the Arrhenius plot, to find the temperature of the
quenching by extrapolating the low-temperature part, that is almost horizontal, and the high-
temperature part with the largest slope to the point where they cross, which can be defined as the
characteristic temperature Ty (Figure 14). The difference between the values of Ty in the both
methods is small and independent of the excitation intensity. However, the plot of both of these
temperatures as a function of the excitation intensity gives straight lines with the same slope.’
For convenience, the excitation intensity is expressed as electron-hole generation rate, G,
through the expression of simplest model of light absorption, G = o Pex/ho, where o = 10° cm™

for GaN and ho = 3.81 eV for a HeCd laser.!

The dependencies of To' on G for several high-resistivity GaN:Zn samples
demonstrating the abrupt and tunable thermal quenching of the BL band are shown in Figure 15.
The slopes of the dependences are about the same for all the samples, and they determine the
ionization energy of the acceptor that emits holes to the valence band and causes the sudden drop
in BL intensity. The ionization energy reveals through the abeupt and tunable modet (ATQ), Ea=

350 meV, is consistent with the binding energy of Zng,.”
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Figure 15. Dependence of the characteristic temperature on excitation intensity for high resistivity
GaN:Zn samples.*

In 1965, Maeda observed tunable thermal quenching of PL in an insulating sample of
GaP, in which the characteristic temperature increased with the excitation intensity.'®
However, the activation energy of the PL thermal quenching based on Maeda’s calculation
from his experimental data in the Arrhenius plot reveals the slop of 0.118 eV. Figure 16
shows the dependence of the characteristic temperature of PL abrupt quenching on the
excitation intensity for GaP derived from the experimental data of Maeda. The figure
displays two sets of characteristic temperatures (T; and T,) because the quenching of PL
contains three regions for Maeda’s data in the Arrhenius plot. However, each region with
different activation energy and the break points between them are defined as T; and T,. The
dependence gives straight lines with slopes of 0.08-0.09 eV for an acceptor that is
responsible of PL quenching. This value is close to the one was calculated by Maeda for the

slope of thermal quenching.”
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Figure 16. Dependence of the characteristic temperature on excitation intensity for insulating GaP
2
sample.

3.3.2 Normal and abrupt quenching

It 1s useful to compare two different types of PL quenching (normal and abrupt) to see
how great the new effect may be. PL quenching in high resistivity Zn-doped and conductive n-
type undoped GaN samples is shown in Figure 17. The high concentration of Zn causes a high
resistivity in Zn-doped GaN which is the reason for the abruptness of the BL band quenching.
The BL band can also be observed in undoped GaN due to uncontrolled contamination with Zn
during the growth. However, the concentration of Zn in undoped GaN is very low because it
could not be detected by secondary ion mass-spectrometry (SIMS) which makes a conductive n-

type sample.

With increasing temperature, the Zn-related BL band as a dominant PL band in Zn-
doped GaN presents a sharp drop in the PL intensity at a characteristic temperature Ty. While,

increasing temperature for undoped GaN shows less dramatic decrease in the PL intensity for the
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YL band. The BL band in same type of sample, undoped GaN, shows similar quenching
behavior like YL band. However, the YL band is attributed to an acceptor deeper than the one
involved in the BL band, which is quenched at higher temperatures with larger slope in the

semilog plot.°

The BL bands in undoped and Zn-doped GaN are attributed to the same transitions
involving the Zng, acceptor. By using the traditional model used for normal quenching for n-type
undoped GaN, and using the abrupt tunable model for high resistivity Zn-doped GaN, both reveal

ionization energy of 300400 meV which is consistent with the binding energy of Zng,.*®
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Figure 17. Temperature dependence of the BL band quantum efficiency in undoped GaN and doped
GaN. The temperature dependence of the YL band quantum efficiency in another undoped GaN
sample shown for comparison.’

The thermal quenching is normal quenching (Schon-Klasens, multi center mechanism),
when the slope of the temperature dependence of the PL intensity, the slope in the region of PL
quenching, reveals the ionization energy, Ea, of the defect involved in the thermal quenching.

According to equation 19, the E4 can be found through this equation
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PL _ Ea

I" = cexp (kT) (21)
The characteristic temperature at which the quenching begins, Ty, for normal quenching is
independent of excitation intensity, Figure 18 (a) shows a dependence, which has, in fact, been

observed in experiments for n-type GaN.>°
In contrast, the PL quenching is defined as abrupt quenching when the intensity of PL

decreases by several orders of magnitude within a small range of temperature. So, it is not
reasonable to describe it with normal quenching because the abruptness of this slope in the
Arrhenius plot has no relation to the ionization energy, Es, of any defect. In this type of

quenching, ATQ, the characteristic temperature strongly depends on excitation intensity that can

be tuned by changing the excitation intensity, Figure 18 (b).
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Figure 18. The difference between the two types of thermal quenching: normal quenching (a), and

abrupt and tunable thermal quenching (b).

Taking the PL measurements for different excitation intensities, Peyc, 1S @ new method

which was developed to determine the ionization energy for the abrupt quenching. With
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increasing Pey, the characteristic temperature, Ty, of ATQ shifts significantly to higher
temperature and thus is tunable with excitation intensity. The ionization energy of the defect can
be calculated from the dependence of the inverse of characteristic temperature of quenching on
the excitation intensity. The excitation light intensity Py (W/cm?) generates electron-hole pairs
in a semiconductor with the rate G (cm™ s). Assuming that electron-hole pairs are generated
with uniform density only in an active region near the surface, which has a width equal to the
inverse of the optical absorption coefficient a. Thus, for convenience, the excitation intensity is

expressed as electron-hole generation rate G. In the simplest model of light absorption,
G= a Pexo/ho, (22)
where o= 10°cm™ for GaN and ho= 3.81 eV for a HeCd laser, which is used in our work.!

Plotting the inverse characteristic temperature, 1/Ty, as a function of logarithm of

electron-hole generation rate, G, should give a linear dependence. The dependence of Ty (G) can

be fit with the following equation to determine the ionization energy: > °

E, /k
" ln(;?/G) 29
where B is a sample-dependent constant and given as
B=C,, (no-‘-l)(NA—ND)Z_V (24)
For the case of normal quenching, the To(G) dependence is: > °
T = ln(CiAré\/]i /g) ()

Figure 19 shows the dependences of the characteristic temperature of PL thermal quenching on

the electron-hole generation rate, with reasonable parameters given in the caption. In case of
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normal quenching, Ty is independent of G, according to Eq. 25, Fig. 19a, and in case of ATQ the

dependence of Ty on In (G) gives a slope inversely proportional to E, according to Eq. 23, (Fig

22b).
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Figure 19. The dependence of the characteristic temperature of thermal quenching of PL on the
electron-hole generation rate. (a) Normal quenching. (b) Tunable quenching. Solid lines are
calculated using Eqs. (23) and (24) with the following parameters: C,4 = 107 cm’/s, g =2, o= 0.01,
N,=2.5x10" (T/300)3/2 em™, Ny—Np=10" cm™, 7= 10" s. These parameters correspond to B = 10°**
cm’/s. The values of E, are indicated on the graphs. The dashed, dash-dotted and dotted lines in (b)
indicate the range where B varies from 10°° cm™s™ (lower line) to 10** cm™s™ (upper line). The same
in (a) indicate the range where C,,7 varies from 10" cm’ (lower line) to 10™'° cm’ (upper line).

Recently, the abrupt and tunable thermal quenching of defect related PL. was observed in

the following high-resistivity samples: Zn-doped, Mg-doped GaN and undoped GaN."*° To the

best of our knowledge, ATQ was not observed in other semiconductors. According to existing

experimental results and theoretical calculations in our lab, the abrupt and tunable thermal

quenching is predicted to occur in high-resistivity semiconductors. This interesting phenomenon

can be regarded as a third mechanism of PL quenching for high-resistivity materials; the other
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two mechanisms of thermal quenching, namely Seitz-Mott mechanism (a conversion of a defect
from radiative to nonradiative) and the Schon-Klasens mechanism (normal quenching).
Therefore, one of the goals of this work was to study new cases of ATQ thermal quenching,
classify and explain them, and predict new cases by finding how common this unusual thermal

quenching is for high-resistivity semiconductors.

3.3.3 Other Methods to determine the ionization energy of defects in semiconductors

To characterize the defects in semiconductors, numerous researches have been conducted
over the years to realize a technique that is rapid, sensitive and rather easy to analyze. Alongside
the PL technique, other approaches, such as capacitance techniques, have the ability to provide
information on defects and determine the ionization energy of them.”' Deep-Level Transient
Spectroscopy (DLTS) is one of these techniques. It is a high frequency (MHz range) capacitance
transient thermal scanning technique that helps in observing various defects (known as charge
carrier traps) in semiconductors and determining their ionization energies.”> With this method, it
is possible to bring to view the defects spectra in crystals as negative and positive peaks on a
level baseline as functions of temperature. Thus, activation energies, concentration of defects, as
well as hole- and electron-capture cross sections can be determined by using DLTS technique.?
The measurement system employed in DLTS comprises one or two pulse generators to bring
about rapid changes in the bias of the diode, sensitive equipment to measure capacitance with
satisfactory transient responses, a variable temperature cryostat and two-gated signal integrator
and an X-Y recorder. Peak signs, negative or positive, of every peak on flat baselines plotted as
functions of temperature indicate if it is a result of a minority-carrier or majority-carrier trap

(defect). ** ** Furthermore, peak heights vary proportionally with their respective defect
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concentrations. The essential feature of this technique is its ability to set an emission rate
window in a way that the measurement equipment responds only on seeing a transient with a rate

within this said window.?

DLTS has advantages in the sense that the range of observable defect depths as well as
ultimate sensitivity is way greater than other techniques. Besides, it is not limited to majority-
carrier traps.”* Also, the basic DLTS scheme applies to capacitance transients as well as current

: 21
transients.

Steady-state photocapacitance (SSPC) is another popular capacitance-based techniques
that can detect point defects with low concentrations.”’ However, it is not really useful as a
technique for survey as the data has to be taken point by point and a rather cumbersome analysis
of optical cross sections is needed to achieve accurate defects parameters. Additionally, this

technique is limited to defects that are deeper than approximately 0.3 eV.*

Among capacitance-based techniques, Admittance Spectroscopy method is commonly
used to characterize majority-carrier trapping defects. It is at its best for shallow defects and
exhibits decreasing sensitivity for deeper defects.” This technique presents resolved peaks that

correspond to each defect and is independent of the thermal scan or direction.***

Another method is thermally stimulated capacitance (TSCAP) and was previously the
best capacitance survey method. In fact, DLTS may be viewed as an improvement of TSCAP.
TSCAP possesses the following advantages: much greater sensitivity; way more convenient to

utilize and interpret; and much greater range of observable defects depths.*®

Another technique is Photoinduced Current Transient Spectroscopy (PICTS). PICTS

measurements are carried out in a temperature range of 100 — 400K, with a temperature
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difference of 1K. At each variation, an electron beam pulse excites a sample. After the excitation
pulse ends, the photocurrent transient comes. Then the measurements are taking by using a
current amplifier, converted to digital form and stored.”” The photocurrent transient values
recorded at time duration ¢, and #, and the difference is plotted against temperature.” Hole or
electron traps existing in the samples bring about a peak in the PICTS spectrum. For example,
centers located below the Fermi level capture holes and the holes emissions to the valence band

are observable in photoinduced current transient spectroscopy spectra. >

Deep Level Optical Spectroscopy (DLOS) is also another technique. The activation
energies of the defects detected by DLOS are determined by the onsets of the steady state
photocapacitance (SSPC) spectrum, whereas concentrations for individual defects are calculated
from the corresponding step heights.”® DLOS reveals that very deep states in mid-bandgap and

near valence band regime do not show a strong dependence on V/III ratio.’’

Most of traps in GaN are nonradiative defects.”' Electron traps cannot be detected by PL,
because these are donors with energy levels in the upper half of the band gap. Photogenerated
holes are captured by these deep donors less likely than by negatively charged acceptors in n-
type GaN. Besides, transitions of electrons from the conduction band to these donors correspond
to photons with low energy and therefore most probably nonradiative. Hole traps can be detected
by a modification of DLTS, called the Optical DLTS (ODLTS), where a light pulses are used to
manipulate with depletion region of a Schottky diode or a p-n junction.”> From numerous hole
traps detected with ODLTS in the lower half of the band gap (with activation energies from 0.25
to 1.2 eV),* ** only two traps apparently correspond to defects observed by PL in GaN.?' The
H1 trap with the ionization energy of 0.85 eV is the same defect as the one responsible for the

YL band. It is also likely that the H5 trap is responsible for the red luminescence band.?'
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Chapter 4: Experimental Details

4.1 Photoluminescence (PL) set-up

The necessary components of a PL set-up, shown in Figure 20, are a laser, a cryostat, a
monochromator, and a photomultiplier tube, PMT (detector). Moreover, other components are
needed such as filters and focusing lenses. Steady-state PL is excited with a continuous-wave
Helium Cadmium (HeCd) laser with 30 mW of power and photon energy 3.81 eV. The HeCd
laser is a gas laser in which high voltage is discharged through a gas to produce coherent and
continuous light. It is a metal ion laser that uses helium in coupling with cadmium which
vaporizes at a relatively low temperature to produces a high quality beam at 325 nm, UV light.
Also, this laser light does not cause damage for the samples. Therefore, it is a good choice for

use in PL experiments.*
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Figure 20. Experimental setup for PL measurements.”
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The laser beam is incident to the sample through various neutral-density filters to
attenuate the excitation intensity. The excitation power density (Pexc) is varied from 2 x107 to
0.3 W/cm® using an unfocused beam with a diameter of 4 mm, and can be obtained a Pey. up to
200 W/cm’® using focused beam with diameter of 0.1-0.2 mm. Changing the power density
allows to alter the PL spectra. The attenuated laser beam continues toward a sample that is

mounted on a holder in a closed-cycle optical cryostat.

Since the temperature greatly affects the PL spectra, the cryostat is needed to vary the
range of the temperature during the experiment. A cryostat (from cryo meaning cold and stat
meaning stable) is a vacuum chamber that is used to maintain the temperature of samples. Two
different cryostats were used through the studying our samples. A closed-cycle optical cryostat
and a high-temperature cryostat both from Janis Research Co. are used to study PL in the ranges

of 13 — 330 K and 160 — 650 K, respectively. **°

The PL is emitted in all directions, so only small portion of PL is collected with a lens
and then directed to the monochromator to analyze the PL spectrum. The set of two lenses is
called the condenser. The first lens collects PL and causes the light to travel through the
condenser in a parallel beam, and the second lens focuses the light beam into the slit on the
monochromator. Before the luminescence entering the monochromator, there is another set of
filters. The PL passes through them, and a certain wavelength range is blocked. Namely, the
scattered light at 325 nm PL can be eliminated from entering into the monochromator. A 560 nm
long pass (yellow filter) was used for the range of 560 — 820 nm to suppress strong emission

from the UV or blue region of PL.

The monochromator is an optical device, which can converts broadband light into

monochromatic light by dispersing it. The name comes from the Greek roots of "mono" which
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means single, "chromo" which means color and the Latin suffix of "ator" which denotes an
agent. Inside the monochromator, the wavelengths are dispersed by the use of a diffraction
grating, Figure 21. The beam that enters into the slit of the monochromator is collimated by a
concave mirror. The collimated light is then refracted by a diffraction grating and reflected by
another mirror that refocuses the light toward the exit slit. The separated wavelengths that exit
are selected by the rotation of the grating, so that different wavelengths can be studied at various
times. In our experiment, a 1200 rules/mm grating in a 0.3 m monochromator model Triax 300

from Jobin Yvon Horiba is used.

exit slit _
focusing
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diffraction
grating
collimating
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Figure 21. Diagram of typical monochromator, (http://web.nmsu.edu/)

Outside of the monochromator, the passed light is detected by a photomultiplier tube
(PMT). The PMT is a very sensitive light detector that converts photons into electrical signal.
The PMT multiplies the current to allow individual photons to be detected when the flux of light
i1s very low. A PMT consists of a photocathode, a series of dynodes and an anode in a high-
evacuated glass enclosure, Figure 22. The photon of sufficient energy that is coming from the

monochromator strikes the photocathode material. The photocathode behind the entry window is
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covered with a thin layer of a multialkali to produce electrons as a consequence of the
photoelectric effect. The focusing electrode directs the photoelectrons toward the electron
multiplier by the process of secondary emission, and accelerated towards the anode by a series of
additional electrodes called dynodes. An electronic device called a photon counter analyzes the
electrical signal from the PMT. Then, the data is transferred to the computer system and graphed

with a program called SynerJy through the electrical connection.
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Figure 22. Schematic of a photomultiplier tube (PMT), (http://en.wikipedia.org/wiki/ Photomulti-
pliertube).
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In this research, the high-resistivity samples have been studied over a wide range of
temperatures and excitation intensities. These include ZnO, GaN:C and GaN:Fe. The ZnO
samples (M6, M27 and M28) used in this work are undoped bulk ZnO and grown by the
hydrothermal method by the MTI Corporation (Richmond,CA). The hydrothermal method is
known to produce high-resistivity ZnO samples due to the compensation of shallow donors by

the Liz, acceptors originating from the mineralizer which is typically LiOH and KOH. "®

The high-resistivity GaN samples investigated in this work are undoped and Fe-doped
GaN. Undoped (un-intentionally carbon doped) GaN was grown by metal-organic chemical
vapor deposition (MOCVD) in the group of Prof. Morkog¢ at VCU, sample CVD 4229. The high
concentration of carbon was produced in undoped GaN due to the way of the growth. Therefore,
a deep acceptor states were induced which compensate the residual donor concentration,

resulting in high-resistivity GaN:C sample.

Fe-doped GaN samples were grown by two different growth methods; Hydride vapor
phase epitaxy (HVPE), (samples AE3273, AE3260 and AE3276) and by MOCVD, sample LG.
The HVPE GaN samples were grown at Kyma Technologies, Inc., and the LG sample was

grown at Lumilog Company.
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4.2 Calculating the quantum efficiency of PL bands for the studied samples

To estimate the quantum efficiency, n, we compared the integrated intensity of the PL
bands in the studied samples with PL intensity obtained from calibrated samples.”> *® The
calibration is necessary to obtain a reasonable estimate of the absolute internal quantum
efficiency of PL. The calibrated samples are other samples that show unusual high radiative
efficiency. The absolute internal quantum efficiency, IQE, of PL of several calibrated samples

was determined reliably with several independent methods.'™"°

One method is from the temperature dependence of the PL in degenerate n-type GaN co-
doped with Si and Zn.* ® The PL spectra of this sample include two defect-related bands: the
blue luminescence (BL) and the yellow luminescence (YL) band, and near-band-edge (NBE).
With increasing temperature, the BL band is quenched. Simultaneously, the NBE and YL bands

rise as shown in Figure 23.°
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Figure 23. Temperature dependence of the absolute IQE of PL in GaN:Si,Zn (sample 1141) at Py =
0:0015 W/cm®. Points are experimental data. Solid blue curve shows gl calculated by using Eq. 19.°
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According to the phenomenological model, a quenching of a recombination channel with
high internal quantum efficiency, IQE, results in a high increase in the efficiency of all the other
PL bands. As we can see in Figure 23 that a rise of the YL and NBE band intensities by about
one order of magnitude in the same temperature region of BL band thermal quenching.’ The IQE
was determined from the quantitative analysis of the dependence of the PL intensity on the
temperature. The expression of the absolute IQE of the PL band has been derived in Chapter 2.
Substituting Eq. (17b) denoted with index i for BL band into Eq. (18) denoted with index j for

the exciton and YL bands, we will arrive at 2

n;(T) _1- n;(T)
r]jo(T) 1-m;(0)

(26)

n;(T)
Mjo(T)

The temperature dependence of ( ) is known from the experiment and n;(T) = 0 for the BL

band after thermal quenching. Then, the dependences can be fitted with Eq. (26) with the only
fitting parameter which is 1;(0). The absolute IQE of the PL in GaN:Si,Zn was calculated and
shows more than 90%, with the largest contribution coming from the blue luminescence (BL)
band. For the YL band, n;(0) = 0.91 while for the NBE band is 1;(0)= 0.94.*>*® Such sample
can be used for the calibration of the internal quantum efficiency. However, if the absolute
internal quantum efficiency for the calibration sample can be determined, then the internal
quantum efficiency of different PL bands for other samples can be estimated by comparing the
integrated PL intensities, provided that all the samples are measured under identical
conditions.”*> *® This method is better to use when there are clearly isolated bands and they are

not obstructed by other bands.
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Additionally, the relative quantum efficiency can be found if the PL bands are overlapped
and obscure each other. Measuring the peak intensity and multiplying it by the full width at half
maximum (FWHM) of the band is proportional to the integrated intensity. In particular, for the
broad defect-related bands that have Gaussian shape, this product is equal to 0.94 from the
integrated Gaussian curve. At low temperature, the width is independent of temperature, up to
about 100 K. As the temperature increases to 200-300K, the width of the PL band increases by
about 20-50% of the initial width. > The temperature dependence of the band width can be
measured in samples where this band is not obscured by other bands. Then, the temperature
dependence for this band can be accounted for to estimate the “integrated intensity” when only
the peak intensity can be measured. To convert the relative QE obtained with this method into
the absolute QE, we need to find the absolute QE at least at one temperature by performing the
deconvolution of overlapped PL bands and measuring integrated PL. Since one method maybe
more reliable in a given temperature region than the other, it may be useful to find QE with both
methods (by integrating the PL band intensity at every temperature point and by finding a

product of PL intensity on its width at each temperature).

4.3 Calculating the temperature dependence of the BL2 band intensity for MOCVD grown

GaN:C and GaN:Fe samples

Usually the peak maximum of PL band reveals the PL intensity. The peak maximum of
BL2 band is known to be between 3.0 - 3.05 eV which is close to Zn-related BL band with
maximum at 2.8 -2.9 eV.% 437 38 Thus, the intensity of BL2 band for the studied samples,
GaN:C and GaN:Fe, was measured a little farther from its peak maximum to avoid BL band

contribution. In GaN:C sample, the BL2 intensity was taken at 3.25 eV since there was no major
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change in the shape of the band with increasing temperature. Thereafter, we subtracted the value
of the background, the last measurement (highest temperature) of the BL2 intensity at 3.25 eV,
from all the measurements to reduce any other contribution from different bands. This process

was used for all temperature range and for different excitation intensities, Pexc.

The same method was applied to analysis of another sample, GaN:Fe. However, the best
measurements of BL2 intensity were taken at 3.1 eV which is little closer to the maximum
because the ultraviolet luminescence (UVL) band with the main peak at about 3.27 eV

contributed nuch at higher photon energies at relatively low temperatures, as shown in Figure 24.
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Figure. 24 Zoomed-in region for the temperature dependence of PL spectra for sample GaN:Fe

Figure 25 shows the PL spectra at different temperatures for the BL2 band in case where
the intensity measurements were taken at the maximum, Fig. 25(a), and in another case where
the intensities were taken at 3.1 eV, Fig. 25(b), for the same sample, GaN:Fe. We can see that the
BL band contributed much in the first case (Fig. 25(a) at temperatures exceeding ~120 K.
Namely, when the BL2 intensity was taken at the maximum, there was some saturation revealed

as tails and we assumed that this happened because of contribution of other bands. Also, there
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was small change in the drop of quenching comparing to the one taken at 3.1 eV where the
change in the drop of the quenching is several orders of magnitude. The latter is useful to trace

the slope and find the characteristic temperature, Ty, more reliable.
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Figure. 25 Temperature dependence of BL2 for sample GaN:Fe at different excitation intensity, Pexc.
(a) BL2 intensities were taken at maximum and (b) BL2 intensities were taken at (3.1 eV - the
background).
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4.4 Resolving the overlapped bands in HVPE grown GaN:Fe samples

The BL2 band in all the three samples, AE3273, AE3260 and AE3276, overlaps with
other PL bands related to defects, BL, GL2 and YL bands.’ Resolving overlapped bands and
finding the contribution of each band are needed to calculate the quantum efficiency. So, the
shapes of the all bands can be modeled with the following equation (26) derived from a one-

dimensional configuration coordinate model. **

2
—h
IPL(hw) = L. exp [—25( /EOE_OT:) _ 1] (26)

where S is the Huang-Rhys factor that represents the mean number of emitted phonons, Aw is the
photon energy, Aw,, ., 1S the energy of the PL band maximum, A} is the energy of the dominant
phonon mode and Ej is the zero-phonon line (ZPL) energy. The parameters that were used in the
fit are obtained from previously reported parameters in literature where they were determined for

these PL bands observed without overlap.* % *°

The intensities of the band maxima, as the only fitting parameters, were varied during
modeling with reasonable values for each band until the summation of all four bands coincide
with the experimental spectrum. Figure 26 shows an example for one of the three samples
(AE3273) that demonstrates the way of calculating the intensities for all bands at temperature T

= 13.5 K and excitation intensity, Pexc = 26.5 mW/cm?.
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Figure. 26 The simulated shapes of the BL2, BL, GL and YL bands by using Eq. (25) in comparison
with the PL spectrum from GaN (AE3273), at T=13K and P,=26.5 mW/cm®.
In Figure 26, the sum of the simulated PL bands, shown with red open circles, matches
the black solid line that shows the experimental data. This method was used for all three samples
and repeated for all dependences in the whole temperature range with a step of 10 K, and for the

different excitation intensities that varied between 0.128 to 26.5 mW/cm?.
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Chapter 5: Theoretical simulation of PL

To achieve a significant progress in analyzing and understanding the temperature
behavior of PL in high-resistivity semiconductors, theoretical and experimental studies were
conducted in my research work. The phenomenological model with three types of major point
defects is used through Mathematica program to explain the general trends of PL temperature

dependence in many cases, and to predict observation of NQ and ATQ.

5.1 Modeling the temperature dependence of PL

The Mathematica program can be used as computational software for lengthy numerical
calculations and graphical representation of those calculations. Modeling the rate equations with
Mathematica program becomes a useful analytical tool to investigate the properties involved in
the temperature dependence of PL. This model helps to explain how common the abrupt and
tunable thermal quenching of PL is in high-resistivity semiconductors. The parameters entered
into the program should be reasonable and consistent with the information that we obtain from
other sources.”*”*° By varying the parameters of the model we can find which of the parameters
affect mostly different PL behaviors, and, in particular, cause the abrupt and tunable quenching

of PL.

Several point defects may contribute to the radiative and non-radiative recombination
mechanisms. However, using a three-defect model reduces the complexity of the Mathematica
modeling program and at the same time corresponds to the most common cases of PL in GaN or
Zn0O. These defects are an acceptor, a shallow donor and an unknown nonradiative center. The

starting values of the parameters used in the model for the OL band in ZnO are the following.
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The acceptor and shallow donor concentrations are Ny = 3x10" ¢cm™ and Np = 1.3 x10"° cm™,
respectively, with ionization energy expected to be Ex = 0.5 eV for the acceptor and Ep = 0.05
eV for the shallow donor. The typical values of the electron and hole capture coefficients Cya
and Cpa of the acceptor have been found from previous studies as 2x10™"? cm’/s and 1x10°
cm’/s, respectively. The electron capture coefficient for the shallow donor (nonradiative capture)
was estimated as Cpp = 1x107 cm3/s, and the effective coefficient for the DAP recombination
(radiative transition) is about Cps = 1x10™"° cm’/s. We assume that the non-radiative center is a
simple deep donor (a deep non-radiative acceptor will also be included later). However, the
concentration and the capture coefficients parameters are unknown for the non-radiative center
S, so we can choose reasonable initial parameters, Ny = 1.9%X 10" em™, Cos = 1x107'% cm’/s, and
Cps = 3%10° cm’/s. The relative concentrations Na, Np and Ns are chosen such that
semiconductor is high-resistivity at room temperature, what is confirmed for studied ZnO by
Hall effect measurements. Based on the parameters mentioned above, the PL simulation will be

discussed for a high-resistivity, n-type semiconductor where Np+Ng >Na>Np.

The temperature dependencies of the PL quantum efficiency for high-resistivity
semiconductors, where the parameters of the model are changed one by one, will be shown
below. First of all, using the program shows how the abrupt and tunable behavior is apparent in
high resistivity but not in n-type conductive semiconductor with varying the excitation intensity,
Figure 27. The value of shallow donor concentrations that was used in the modeling is increased
only for n-type, Np = 1.3x10'® cm™ to reproduce relatively high concentration of free electrons.

Other parameters did not change.
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Figure 27. Temperature dependence of PL QE with varying G. (a) High-resistivity. (b) n-type
conductive semiconductor.

Figure 27(a) shows the drop of PL intensity at a characteristic temperature. The region of
the thermal quenching shifts to higher temperature with increasing the excitation intensity. In
contrast, Figure 27(b) shows the thermal quenching of PL in conductive n-type semiconductor

which is normal quenching and T is independent on the excitation intensity.
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Figure 28 shows the temperature dependencies of PL QE where the electron capture
coefficient for the S center is varied between 107'% and 10 cm’/s. We can see that the abrupt
thermal quenching of PL becomes significant if Cys is large enough, when Cys = 1x10™ cm® 57

Otherwise, the quenching is not abrupt and the activation energy for that is equal to the

ionization energy of the acceptor that setted up in the program, E4 = 0.5 eV.
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Figure 28. Temperature dependence of PL QE with varying electron capture coefficient for (S-donor)
at higher excitation intensity. Other parameters did not change.

With changing excitation intensity, as shown in Figure 29, a significant shift is observed
for the characteristic temperature, Ty, of quenching comparing to the one at high excitation
intensity in Fig. 28, which means the quenching is tunable. Also for low excitation intensity as
shown in Figure 29, the abrupt thermal quenching of PL becomes significant if C, is large

enough, C,s = 1X 108 ecm?® s
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Figure 29. Temperature dependence of PL QE with varying electron capture coefficient for S center
(a nonradiative donor) at low excitation intensity. Other parameters did not change.

Since the concentration of nonradiative centers are not the same in different samples,
Figure 30 shows that by increasing the concentration of the non-radiative center, S, one order of
magnitude, Ng from 1.9 X 10" to 1.9 x 10 ¢m™ , the value of C,s needs to be increased by

factor of ten to observe a significant abruptness in PL quenching.
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Figure 30. Temperature dependence of PL. QE with varying C,s after increasing the concentration of
the non-radiative center, S, by one order of magnitude. Other parameters did not change.
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Moreover, the abrupt thermal quenching of PL is observed if Cp is large, but not too
larger (up to about 1x10™ cm® s for Cpe = 107 cm” s7'i), as shown in Figure 31, where the Cys is
fixed at 10”7 ¢m’/s and Cps 1s varied between 10" and 10! cm3/s, the concentration of the non-

radiative center is changed back to 1.9 X 10" c¢m™.

10°

PL QE

10°/ T (K"

Figure 31. Temperature dependence of PL QE with varying C,s. C,s is fixed at 107 and other
parameters did not change.

The fast capture of electrons and holes at non-radiative centers is the feature that causes
an abrupt drop in the PL intensity. When the non-radiative center is saturated with
photogenerated electrons, this recombination channel is blocked. At the same time, the
concentration of electrons in the conduction band increases and the acceptor become partly filled
with holes due to their long life time. So, population inversion is observed at low temperature, at
T< Ty. With increasing temperature, at T >T, the thermally emitted holes from acceptor to the
valance band open the blocked nonradiative channel. This sudden redirection of the flow of
carriers from radiative channels to the non-radiative channel causes an abrupt quenching, with
result that equilibrium population is restored. Thus, abrupt thermal quenching of PL occurs in

high-resistivity semiconductors if C,s and C,s are large enough.
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In contrast, variation of parameters C,p and Cpa does not affect Ty and the magnitude of
the PL drop as shown in Figure 32. Nevertheless, an increase in Cpa, results in an increase in PL
QE at low temperature, at T <Ty, Figure 32 (b). The activation energy of the PL quenching,

(Figure 32(a-b)) is close to the ionization energy for the acceptor, Ex = 0.49 eV.
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Figure 32. Temperature dependence of PL QE with varying C,p (a), and Cpa (b). Other parameters
did not change.
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Figure 33 shows the temperature dependencies for PL QE where the hole capture
coefficients for the acceptor and for the S center are varied between 107 and 10 cm’/s. We can
see that, the competition for capture of holes between A-center and S-center determines the
dominant recombination channel, radiative or non-radiative. Also, the higher the C,a/C,s ratio,

the higher is PL QE at T < T,. Additionally, T 1s decreasing with increasing Cpa and C,.
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Figure 33. Temperature dependence of PL QE with varying C,4 (a), and Cys (b). Other parameters did
not change.
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Chapter 6: Temperature dependence of PL in ZnO samples

The ZnO samples (M6, M27 and M28) used in this work are undoped bulk ZnO and
grown by the hydrothermal method at the MTI Corporation (Richmond, CA). The hydrothermal
method is known to produce high-resistivity ZnO samples due to the compensation of shallow

donors by the Liz, acceptors originating from the mineralizer which is typically LiOH and

KOH.7 8 41-44

A typical PL spectrum of undoped ZnO contains sharp excitonic lines in the UV region
of the PL spectrum, with one or more broad bands in the visible part."> The most recognizable
PL band related to defects in the studied samples is the orange luminescence band (OL). This
band is distinguishable by its Gaussian shape at low temperature, full width at half maximum

(FWHM) of about 0.51 eV and peak position with maximum at 2.0 eV at T= 13 K.

7, 8, 19, 45
In several works, "~ >

the defect responsible for the OL band was identified as a
Lithium atom in the Zinc site, Liz,, which is an acceptor. The exact value of the ionization
energy of the Li acceptor is not accurately determined and there is some disagreement in the

literature. This work includes the first observation of abrupt and tunable thermal quenching of

OL in ZnO. Thus, the energy level of the Liz, acceptor can be found reliably.

The temperature dependence of ZnO samples, including the OL and the exciton bands,
were studied at different excitation intensities. The excitation intensity, Pex., was varied between
1.9x10™ and 0.9 W/cm® using calibrated neutral density filters. Figure 34 shows the PL spectra
with increasing temperature, in the range of 120 — 310 K, for one of the ZnO samples (M6)

where Peyc=9.7x10™* W/em?.
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Sample: Bulk ZnO #M6, Pexc=9.7x10'4 W/ecm?

— 120K
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Figure 34. PL spectra from undoped ZnO (sample M6) with increasing temperature with step of 10K.

6.1 Calculating the temperature dependence of quantum efficiency of the orange

luminescence (OL) and the exciton bands

The quantum efficiency of the PL, 1, is given by the expression, 1 = I""/G, where I'" is
the integrated PL intensity and G is the concentration of electron hole pairs created by the laser
per second, and known as the generation rate. The quantum efficiency of the OL band and
exciton luminescence band is obtained from the spectra by two approaches, see chapter 4 for
more details. Since one method maybe more reliable in a given temperature region than the
other, the relative QE obtained by the second approach was multiplied by an arbitrary factor to
coincide with the absolute QE obtained by the first approach to produce an accurate data.
Finally, the quantum efficiency of the OL and exciton luminescence bands is plotted as a

function of inverse temperature at different excitation intensities, Figure 35 and 36, respectively.
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Figure 35. Temperature dependence of the quantum efficiency of the OL band in high resistivity ZnO
(sample M6) for different excitation intensities, Pexc.
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Figure 36. Temperature dependence of the quantum efficiency of the exciton band in high resistivity
ZnO (sample M6) for different excitation intensities, Pey.
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6.2 Dependence of the characteristic temperature on the excitation intensity

The characteristic temperature Ty, at which the quenching begins, can be determined by
extrapolating the low-temperature part and the high-temperature part to the point where they
cross in an Arrhenius plot. It can be seen from Figure 35 that the characteristic temperature T
shifts significantly to higher temperatures with increasing excitation intensity; this is to say that
the abrupt quenching is tunable for the OL band. According to the theory of the abrupt and
tunable model, all radiative channels (which involve free electrons) are abruptly quenched at T =
To, because the concentration of electrons in the conduction band suddenly drops at T = T,.
Therefore, the abrupt and tunable thermal quenching of the exciton band as shown in Figure 36

verifies the assumption that the quenching of the OL band is abrupt and tunable.

Usually in traditional model used for normal quenching, the slope of PL quenching in the
Arrhenius plot determines the ionization energy of the defect causing the PL band. However, in
high-resistivity ZnO samples the abrupt and tunable thermal quenching is observed and the slope
of the dependence has no relation to the acceptor ionization energy. In this case, the ionization
energy can be found by plotting the inverse of characteristic temperature, 1/Ty, as a function of
electron-hole generation rate, G, which gives a straight line dependence. This dependence can be
fit with equation (23), and the slope of this straight line gives the ionization energy of the defect.
Figure 37 shows the dependence of the characteristic temperature Ty on excitation intensity of

the OL and exciton bands for the three ZnO samples (M6, M27 and M28) with their fitting lines.
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Figure 37. The dependence of the characteristic temperature on the electron-hole generation rate for
the OL and exciton bands in three ZnO samples.

From the fit of five dependences for the OL and exciton bands in ZnO samples, the position
of the acceptor level can be obtained with an average activation energy of Ex= 0.651+0.10 eV and

the coefficient B is in the range between 10°% and 10*° cm™ s™".

The fact that all radiative recombination channels (OL and exciton), for all three ZnO
samples, (M6, M27 and M28), demonstrate the ATQ behavior and reveal almost the same
activation energy in the Ty (G) plot, is another evidence that the quenching occurs by abrupt and
tunable quenching mechanism and therefore the energy of the acceptor level can be accurately

determined.
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Chapter 7: Temperature dependence of PL in GaN samples

High-resistivity GaN samples have been studied over a wide range of temperatures and
excitation intensities. The samples investigated in this work are GaN:C (un-intentionally carbon
doped) and GaN:Fe. GaN:C was grown by metal-organic chemical vapor deposition (MOCVD),
sample CVD 4229. GaN:Fe samples were grown by two different growth methods; Hydride
vapor phase epitaxy (HVPE), (samples AE3273, AE3260 and AE3276) and by MOCVD, sample

LG.

7.1 Temperature dependence of PL for MOCVD grown GaN samples
The spectral dependence of PL intensity in the temperature range of 13.5-200 K for

MOCVD grown un-doped GaN and Fe-doped GaN are shown in Figures 38 and 39, respectively.
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Figure 38. The PL spectra from GaN:C sample (CVD 4229) for temperatures up to 190 K.
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Figure 39. The PL spectra for the GaN:Fe sample (LG) for temperatures up to 200 K.

The defect-related PL bands dominating in the studied samples are the yellow
luminescence (YL) band, a broad band in the blue spectral region (BL2) and exciton band with a
peak at about 3.48 eV. The temperature dependence of the quantum efficiency of the YL, BL2
and exciton band at high excitation intensity, 0.2 W/cm?, for each sample, GaN:C and GaN:Fe
are shown in Figures 40 and 41, respectively. The intensity of YL band remains almost
unchanged with increasing temperature up to the room temperature. Then at higher temperature
around 500 K, the intensity of YL suddenly dropped. In another hand, the intensity of BL2
begins to quench at relatively low temperature, between 95-125 K. quenching BL2 band at low

temperature reveals another band under it, BL band.
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Figure 40. The temperature dependence of the quantum efficiency of the YL, BL2 and exciton bands
at 0.2 W/em” for GaN:C.
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Figure 41. The temperature dependence of the quantum efficiency of the YL, BL2 and exciton bands
at 0.2 W/cm” for GaN:Fe.
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7.1.1 Evolution of PL spectra under continuous UV exposure for MOCVD grown GaN

An important feature of the BL2 band is that it bleaches under continuous above-bandgap

illumination, indicating a metastable behavior.’” *® An example, sample GaN:C, is shown in

Figure 42, and a zoomed-in region is shown in Figure 43. We can see that with gradual

decreasing in the BL2 intensity, the YL band intensity increases simultaneously.
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Figure 42. The bleaching of BL2 under prolonged UV exposure for GaN:C at T= 13.5 K and

P c=0.2W/cm?.
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Figure 43. A zoomed-in region of the PL intensity for the major bands under continuous UV exposure.
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The BL2 band transforms into the YL band under prolonged UV exposure, as the sum of
the YL band and BL2 band remains almost constant, Figure 44. This suggests that the source
responsible for BL2 band converts into the source of YL band. Since the YL band is attributed to

20:21.2% and abundance of hydrogen maybe produced

either the Cy defect or the CyOn complex,
in GaN samples grown by MOCVD method. It was suggested that the BL2 band is related to a
hydrogen-carbon defect, either CxOn-H; or Cx-Hi. *" ** # #7 Thus, the bleaching of BL2 occurs

due to the possibilities that the CyOn-H; and Cn-H; complexes dissociate under prolonged

ultraviolet (UV) exposure by releasing hydrogen atoms.
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Figure 44. The behavior of PL intensity for main bands in un-doped GaN under continuous exposure
with He Cd laser with P =0.2 W/cm? at T=13.5 K.
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7.1.2 Blue luminescence band (BL2) in MOCVD grown GaN samples

In high-resistivity GaN samples, a broad band in the blue spectral region with a
maximum at 3.0 - 3.05 eV is observed and is labeled as the BL2 band. It is different from the BL
band that is peaking at 2.9 eV in conductive n-type or Zn-doped GaN. Moreover, BL2 band is
identified by its characteristic fine-structure at the high-energy side with the zero-phonon line
(ZPL) at 3.33-3.34 eV. Based on the position of the ZPL, the transition level responsible for the
BL2 band was suggested to be located at 0.15 eV above the valence band.*” ** The BL2 band is

observed in the studied sample GaN:C, Figure 45.
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Figure 45. Low-temperature (T= 13.5 K) PL spectrum at Pe = 0.2 W/cm® of GaN:C. The BL2 band
has a maximum at 3.04 eV and ZPL at 3.34 eV.

A. Thermal quenching of the BL2 band for GaN:C and GaN:Fe grown by MOCVD

The temperature dependence of the quantum efficiency of the BL2 band for GaN:C and
GaN:Fe samples have been studied at different excitation intensities as shown in Figures 46 and

47, respectively. The PL measurements were taken for the temperature range of 13.5 — 320 K,
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and for excitation intensity, Pex., which was varied between 0.2 to 5.2 x10”° W/cm? for GaN:C

and between 0.2 to 1x10” W/cm® for GaN:Fe by using neutral density filters.
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Figure 46. Temperature dependence of the quantum efficiency of the BL2 band for GaN:C.
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Figure 47. Temperature dependence of the quantum efficiency of the BL2 band for GaN:Fe.
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We can see that in Figures 46 and 47, the BL2 intensity is nearly constant in the
temperature range of about 13.5-90 K. Then, with increasing the temperature to around 100 K,
the intensity of BL2 band decreases (PL quenching). A zoomed-in region for each sample,

GaN:C in Fig. 48 and GaN:Fe in Fig. 49, shows a close-up view for the thermal quenching.

2
10 FMocvD grown GaN:C BL2 band
> 10° -
(&)
[
]
S
=
) ) / )
E 107 - K/ /) P (Wicm?)
E F '/ ™1 / exc
S : ]/ s A 521605
& i L/ " 5793 e-04
N o5 L J / *  0.001
[a2] E / /'ﬂ
F A/ /m X S
i Ny 0.2
[ (* ¥ /
/
/ n
10° - 7
: | | P | |
5 10 15 20 25

10%T (K)

Figure 48. A zoomed-in region of the temperature dependence of the quantum efficiency of the BL2
band for GaN:C.
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Figure 49. A zoomed-in region of temperature dependence of the quantum efficiency of the BL2 band
for GaN:Fe.

B. Dependence of the characteristic temperature on excitation intensity for BL2 band

The characteristic temperature, Ty, the temperature at which the exponential or abrupt
quenching of PL band begins, can be found by extrapolating the slopes of the low and high
temperature dependences and finding the intersection in an Arrhenius plot. If the characteristic
temperature, Ty, 1s independent of excitation intensity, the thermal quenching may reveal the
ionization energy, Ea, of the defect responsible for the PL band. It is given by the slope of the
dependence in the Arrhenius plot. On the other hand, if Ty shifts with excitation intensity to
higher temperature, the thermal quenching is likely to occur as abrupt and tunable quenching [6].
In this case, the slope of the quenching in the Arrhenius plot has no relationship to Es. Then, the
ionization energy, Ea, can be found from Eq. (23) by plotting the inverse of characteristic

temperature as a function of excitation intensity, and it is given as the slope of the dependence.
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It can be seen from Figures 48 and 49, for high-resistivity samples, GaN:C and GaN:Fe,
that the characteristic temperature of quenching, Ty, increases and shifts to higher temperatures
with increasing excitation intensity; i.e., the BL2 quenching is tunable by the excitation intensity.
Therefore, the abrupt and tunable thermal quenching is observed, and the dependence of inverse
of Ty on the excitation intensity can reveal the ionization energy, Ex. The excitation intensity is
expressed as electron-hole generation rate, G, through the expression of simplest model of light

absorption, which is used in this work, G = a Pexo/ho, where o = 10° cm™ for GaN and ho = 3.81

eV for a HeCd laser.
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Figure 50. Dependence of the characteristic quenching temperature Ty on generation rate, G, for the
BL2 band in MOCVD-grown GaN:C and GaN:Fe samples.

Figure 50 shows the dependence of the inverse of characteristic temperature as a function

of electron-hole generation rate, G, for the BL2 band in GaN:C and GaN:Fe. The activation

energy, E, can be calculated by fitting the dependence of the BL2 band in Fig. 50 with Eq. (23),
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10° 10°kIn(B/G)
T, E

0

(23)

A

where (10°k/ E,) is the slope of the dependence.

The ionization energy of the acceptor causing the BL2 band is determined: E, =
0.17_g 0, eV for GaN:C and E, = 0.2815:32 eV for GaN:Fe. The errors originate from the
uncertainty in finding the characteristic temperature, Ty. Taking various slopes of quenching in
addition to the one that was found as best fit slope, Figures 48 and 49, gives other possible values
of Ty. Within the range of the error bars in Fig. 50, the steepness of the slope of the dependence
was changed between the largest and smallest slope to estimate the errors of the ionization
energy.

The values of E5 found here are obtained by using the model of abrupt and tunable
thermal quenching. These values are close to the one reported before, Ex= 0.15 eV, and was
determined from the slope of the temperature dependence of the PL intensity in the Arrhenius

plot 3738

The calculated ionization energy for GaN:Fe is a little higher, E, = 0.2815:32 eV, and
this is most likely because there is no significant shift of T, to higher temperatures with
increasing excitation intensity as shown in Fig. 50 . More measurements of PL intensity with

different laser excitation intensities could resolve this uncertainty.

Furthermore, the coefficient B which is a sample-dependent constant, is determined and
gives reasonable values, B= 43x10°" cm?3s”! in GaN:C, and B= 9.8x10°* cm™s™ in GaN:Fe. The

range of coefficient B was calculated by using equation (24),
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g

B=C, (n" ~1)(N,-N,) (24)

The reasonable parameters are the following. For the maximum value of B: 779 = 0.001, C,4= 107
em’/s, Ny — Np = 10" em™. For the minimum value of B: 70=0.1,Cyp= 10°® cm3/s, N;s—Np=
10" cm™, and g = 2, N, = 2.5x10" (77300) 32 ¢m™ for both cases. These parameters correspond

to B in the range between 10> and10™* cm™/s.

78



7.1.3 Yellow luminescence band (YL) for MOCVD grown GaN samples

Yellow Luminescence is the most studied defect-related band that is observed in GaN.
The YL is a broad band with a maximum in the range of 2.1-2.3 eV. The defects responsible for
the YL band have been the topic of many discussions. However, it is likely that more than one
source exist in GaN that may cause YL. Most recently, the YL band has been assigned to the

electronic transitions via either the isolated defects carbon Cy or the Cn-Oy complex.® 7+ 3% 46

A. Thermal quenching of the YL band in GaN:C and GaN:Fe, both grown by MOCVD

With increasing temperature, at least up to the room temperature, YL remains nearly
unchanged as we can see that in PL spectra in Figures 38 and 39. Thus, a high-temperature
cryostat from 300 to 600 K is used to study the thermal quenching of the YL band. The quantum
efficiency of the YL band as a function of inverse temperature at different excitation intensities
for GaN:C and GaN:Fe are shown in Figures 51 and 52, respectively. At high temperature, the
YL intensity drops abruptly, e.g. at 490 K for Pe. = 0.2 W/em® in Fig. 51. The slope of the
dependence, Ex= 2.4 eV, has no relation to the binding energy of the defect causing the YL
band. Interestingly, the temperature (Ty) at which the PL quenching begins, increases with
increasing the excitation intensity which means the abrupt quenching is tunable by the laser
power. Thus, the ionization energy can be found by using the model of the abrupt and tunable
quenching. In this work, we report for the first time the observation of abrupt and tunable

thermal quenching of the YL band in GaN.
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Figure 51. The temperature dependence of the quantum efficiency of the YL band at different
excitation intensities for GaN:C
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Figure 52. The temperature dependence of the quantum efficiency of the YL band at different
excitation intensities for GaN:Fe
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A zoomed-in region of the temperature dependence of the quantum efficiency of the YL
band at different excitation intensities for samples, GaN:C and GaN:Fe, is shown in Figures 53

and 54, respectively.
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Figure 53. A zoomed-in region of the temperature dependence of the quantum efficiency of the YL
band for GaN:C
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Figure 54. A zoomed-in region of temperature dependence of the quantum efficiency of the YL band
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B. Dependence of the characteristic temperature on excitation intensity for YL band

In the high-resistivity samples, GaN:C and GaN:Fe, the abrupt and tunable thermal
quenching for the YL band is observed; it is shown clearly in the zoomed-in region at Figures 53
and 54. To determine the ionization energy of the defect responsible for the YL band; first we
need to find the characteristic temperature, Ty, at which the abrupt quenching of PL occurs. As
shown in Figures 53 and 54, Ty is the point where the extrapolated lines of the low temperature
portion and the high temperature portion intersect. Next, we plot the inverse of Ty as a function
of carrier generation rate, G, Figure 55. According to equation (23), the slope of the dependence

should give the ionization energy, E4, for the acceptor contributing to YL band.
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Figure 55. The dependences of the characteristic quenching temperature Ty on the electron-hole
generation rate G for the YL for GaN:C and GaN:Fe. The lines are calculated using Eq. (23).

From the fit of the dependences for the YL in Figure 55, using equation (23), the
activation energy for the defect responsible for the YL band is determined, E; = 1.0015:3% eV

for GaN:C and E, = 0.913:93 eV for GaN:Fe. The activation energies found in this work are
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close to those reported before and was determined from the slope of the temperature dependence
of the PL intensity in the Arrhenius plot.% *"*% *® Also, the coefficient B which is a sample-
dependent constant, is determined and gives a reasonable value, B= 9.8x10* cm™s™ for GaN:C

and B=5.3x10’! cm™s™! for GaN:Fe.

7.2 Temperature dependence of PL for HVPE-grown GaN samples

Three other high-resistivity GaN samples investigated in this work (AE3273, AE3260
and AE3276) were grown by Hydride vapor phase epitaxy (HVPE) at Kyma Technologies, Inc.
All the samples are doped with iron, GaN:Fe. The PL measurements were taken for the
temperature range of 13 — 320 K, and for different excitation intensity, Pex., which was varied
between 0.128 to 26.5 mW/cm® using neutral density filters. The spectral dependence of PL
intensity in the temperature range of 13.5 — 200 K for three HVPE grown GaN:Fe samples are

shown in Figures 56-58.
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Figure 56. The PL spectra for HVPE grown GaN:Fe sample AE3273 for temperatures up to 200 K.
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Figure 57. The PL spectra for HVPE grown GaN:Fe sample AE3260 for temperatures up to 200 K.
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Figure 58. The PL spectra for HVPE grown GaN:Fe sample AE3276 for temperatures up to 200 K.

The PL spectra of HVPE grown GaN:Fe samples contain four bands related to defects.
The BL2, BL, GL2 and YL bands in this type of samples are overlapped and obstruct each other.

After resolving the overlapped bands (more details in chapter 4) and finding the contribution of
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each band, the temperature dependence of the quantum efficiency of the BL2, BL, GL2 and YL
bands at high excitation intensity, 26.5 mW/cm® for each sample are plotted and shown in

Figures 59-61.

HVPE grown GaN:Fe Sample (AE3273)
Z 10" -
C
Q2
2
5 ot® & 0 $ : .
1S ° RN A A e
3 £amsnid A
8 . 5| o' PL bands
S 10° - *aj
o * -
1 A3
o & s BL

I A GL2

f e YL

10° +
| | | | | | |
0 10 20 30 40 50 60 70 80
10°/T (K)

Figure 59. The temperature dependence of the BL2, BL, GL2 and YL bands at 26.5 mW/cm” for
HVPE grown GaN:Fe sample (AE3273).
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Figure 60. The temperature dependence of the BL2, BL, GL2 and YL bands at 26.5 mW/cm” for
HVPE grown GaN:Fe sample (AE3260).
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Figure 61. The temperature dependence of the BL2, BL, GL2 and YL bands at 0.2 W/cm” for HVPE
grown GaN:Fe sample (AE3276).
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7.2.1 Evolution of PL spectra under continuous UV exposure for HVPE grown GaN:Fe
The BL2 band in GaN:Fe samples grown by HVPE shows bleaching under continuous
UV illumination, Figure 62. The BL2 intensity gradually decreased, while the YL intensity

increased simultaneously as we can see better in the zoomed-in region in Figure 63.
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Figure 62. The bleaching of BL2 under continue UV exposure for HVPE grown GaN:Fe at T=13.5 K
and Pu =26.5 mW/cm?,
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Figure 63. A zoomed- in region for the BL2 bleaching for HVPE grown GaN:Fe at T=13.5 K and
P =26.5 mW/cm?>.
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By performing the deconvolution of overlapped PL bands, we obtained the dependence
of quantum efficiencies for BL2, YL and exciton bands as a function of the UV exposure time,

which is shown Figure 64.
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Figure 64. Evolution of PL quantum efficiency of BL2, YL and exciton for HVPE grown GaN:Fe at
T=13.5 K with Peyc =26.5 mW/em’.

The absolute reduction of the BL2 quantum efficiency (about 0.3x 107%) is almost equal
to the absolute increase of the YL quantum efficiency (about 0.4x 107). As a result, the sum of
the two bands, BL2 and YL, is nearly constant. This suggests that the source of BL2 bands

converts into the source of YL band under continuous UV illumination.
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7.2.2 Calculating the temperature dependence of quantum efficiency of the BL2 band in
HVPE-grown GaN:Fe samples

The PL measurements were taken for the temperature range of 13.5 — 320 K, and for
different excitation intensities, Pex., which were varied between 0.128 to 26.5 mW/cm? using
neutral density filters. The BL2 band in all three samples, AE3273, AE3260 and AE3276,
overlaps with other PL bands; BL, GL2 and YL bands. Resolving overlapped bands and finding
the contribution of each band are needed to calculate the PL quantum efficiency for each band.
The deconvolution of the broad band into the YL, GL2, BL and BL2 bands with their known

shapes helps to measure the peak intensities, see chapter 4 for more details.

From the deconvolution, the quantum efficiency of the BL2 band for HVPE grown
GaN:Fe is determined and plotted versus inverse temperature at different excitation intensities.

The results for three samples are shown in Figures 65-67.
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Figure 65. Temperature dependence of PL QE for the BL2 band at different excitation intensities for
HVPE grown GaN:Fe Sample AE3273.
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HVPE grown GaN:Fe Sample (AE3260-BL2)
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Figure 66. Temperature dependence of PL QE for the BL2 band at different excitation intensities for

HVPE grown GaN:Fe Sample AE3260.
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Figure 67. Temperature dependence of PL QE for the BL2 band at different excitation intensities for

HVPE grown GaN:Fe Sample AE3276.
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The zoomed-in regions of the temperature dependence for the three samples in Figures 68-70

show a close-up view of BL2 thermal quenching.
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Figure 68. A zoomed-in region of temperature dependence of the BL2 band for HVPE grown GaN:Fe
sample (AE3273).
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Figure 69. A zoomed-in region of temperature dependence of the BL2 band for HVPE grown GaN:Fe
sample (AE3260).
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Figure 70. A zoomed-in region of temperature dependence of the BL2 band for HVPE grown GaN:Fe
sample (AE3273).
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7.2.2.1 Dependence of the characteristic temperature on excitation intensity of BL2

quantum efficiency for HVPE grown GaN:Fe samples

For high-resistivity samples, GaN:Fe grown by HVPE, we used the model of the abrupt
and tunable thermal quenching. According to this model and based on equation (23), the inverse
of characteristic temperature, Ty, was plotted as a function of carrier generation rate, G. From

this plot we expected to find the ionization energy of the acceptor responsible for BL2.

The characteristic temperature, Ty, can be found by extrapolating the slopes and finding
the intersection of the low and high temperature dependences in an Arrhenius plot. Usually the
slope of abrupt quenching is not changing with excitation intensity [4] as we can see that in the
abrupt quenching of the YL band for MOCVD samples, Figures 53 and 54. Moreover, keeping
the slopes of abrupt quenching constant with changing excitation intensity is preferred to avoid
the ambiguity in determining the Ty. However, for GaN:Fe samples grown by HVPE, another
approach was followed to find the T The big difference between the slopes of quenching is
observed for these samples by changing the excitation intensity, as shown in Figures 68-70. In
this case, it is reasonable to use the actual slope for each thermal quenching to reach more
accurate value for Ty. Figure 71 shows the dependence of the inverse of characteristic

temperature, Ty, of BL2 as a function of carrier generation rate, G, for the three samples.
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Figure 71. The dependence of the characteristic quenching temperature, Ty, of BL2 as a function of

HVPE grown GaN:Fe, BL2
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carrier generation rate, G, for the three samples: AE3273, AE3260 and AE3276.

The To(G) dependences for the BL2 band for the three samples were fitted with Equation
(23). The results are shown in Figure 71. The activation energy can be found from these plots
and is given as the slope of the dependence. Thus, the calculated activation energies are Ex =
0.15 eV for sample (AE3273), EA=0.11 eV for sample (AE3260), and E5 = 0.16 eV for sample
(AE3276). For the three samples, the values of activation energies are close the one known from
literature, E4 = 0.15 eV.>"?! Moreover, the data fits give reasonable value of parameter B for all

three samples, B= 1 x10** cm™/s for sample (AE3273), B= 1.8 x10* cm™/s for sample

(AE3260), and B= 1.9 x10** cm™/s for sample (AE3276).

The errors originate from the uncertainty in finding the characteristic temperature, Tp.
This type of samples needs different approaches to find other possible Ty values. One of the

approaches that cause significant spread in Ty values is keeping the most abrupt slope as a
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constant slope. However, in this particular case, we also tried to keep the slopes variable as they
are to fit better the I"*(T) dependence. This variation of approaches ends up with large error bars
as we can see that in Figure 71. Within the error bars range in Figure 71, the steepness of the
slope of the dependence was changed between the largest and smallest slope to estimate the

errors in the ionization energy by using Eq. (23),

10° 10°kIn(B/G)
T, E

0

(23)

A

In first try, the slope steepness was limited by keeping the value of fitting parameter B at
the reasonable calculating range, B = 10* - 10** cm™/s. By using this way, the whole range of
the large error bars was not covered during changing the slope steepness. The results of this try
are E; = 0.15%595 eV for sample (AE3273), E, = 0.1115:38 eV for sample (AE3260), and
E, = 0.16235% eV for sample (AE3276). In the second try, the steepness of the slope was
changed to cover the whole spread of the large error bars. This resulted in increase of the
parameter B well above the reasonable values range. Namely, the value of coefficient B was in
the range between 10* and 10°° cm™ s'. The results of the second try affect only the positive
error bars value. The final results are as follow: E, = 0.15%333 eV for sample (AE3273),

E, = 0.111332 eV for sample (AE3260), and E;, = 0.161527 eV for sample (AE3276).
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Chapter 8: The Conclusions

In this study, we analyzed temperature dependences of defect-related PL and
distinguished between two different types of thermal quenching: normal quenching, NQ, and
abrupt and tunable thermal quenching, ATQ. The thermal quenching is normal quenching when
the slope of the exponential decrease of PL intensity on inverse temperature reveals the
ionization energy, Ea, of the defect involved in the thermal quenching. This type of thermal
quenching is observed in conductive n-type semiconductors. In contrast, when the intensity of
PL decreases by several orders of magnitude within a small range of temperature, the PL
quenching is defined as abrupt quenching. The slope of this type of thermal quenching has no
relation to the binding energy of the defect causing the PL band. Another unusual feature of the
ATQ is that the characteristic temperature, Ty, at which the quenching occurs, strongly depends
on the excitation intensity and can be tuned by changing the excitation intensity. Thus, taking the
temperature dependence of PL for different excitation intensities, Pexc, 1S @ new method which
was developed to determine the ionization energy in high-resistivity semiconductors. This new
and interesting phenomenon can be regarded as a third mechanism of PL quenching for high-
resistivity materials; the other two mechanisms of thermal quenching, namely Seitz-Mott
mechanism (a conversion of a defect from radiative to nonradiative) and the Schon-Klasens

mechanism (normal quenching due to thermal emission of holes to the valence band).

Thermal quenching of PL from several high-resistivity ZnO and GaN samples was
investigated in this work. Different PL bands in all studied samples show abrupt and tunable
thermal quenching behavior. Calculating the ionization energies of the defects related to the PL

bands by using the ATQ model agrees with the previously reported values obtained from
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measuring the slope in the Arrhenius plot. Thus, this model helped to identify point defects in
high-resistivity ZnO and GaN semiconductors. Furthermore, ATQ thermal quenching provides
indirect information about unknown nonradiative defects in semiconductor center because this

center plays important role in this type of quenching.

In the three ZnO samples (M6, M27 and M28) grown by hydrothermal method, the OL
band with a maximum near 2.0 eV demonstrates the ATQ behavior. Moreover, the ATQ of the
exciton band in the same samples verifies that the quenching of the OL band is abrupt and
tunable because the concentration of electrons in the conduction band suddenly drops at T = T.
All radiative recombination channels (OL and exciton) reveal almost the same activation energy
in the Ty (G) dependence, Ea= 0.6510.10 eV, and help to determine the position of the acceptor

level, Liz,.

The dominant PL bands related to defects in GaN:C and GaN:Fe samples grown by
MOCVD are the yellow luminescence (YL) band and a broad band in the blue spectral region
(BL2). Both PL bands show ATQ thermal quenching. However, the YL band required much
higer temperatures (from 300 to 600 K) to observe a thermal quenching. The ionization energy of
the acceptor causing the BL2 band is determined: E; = 0.17_,,, eV for GaN:C and E, =
0.2815:9% eV for GaN:Fe. The calculated ionization energy for GaN:Fe is a little higher,
E, = 0.282352 eV, and this is most likely because there is no significant shift of Ty with
changing the excitation intensity. More measurements of PL intensity with different laser
excitation intensities could resolve this uncertainty. Also, using ATQ model reveals the
ionization energy for the defect responsible for the YL, E, = 1.00%3:0¢ eV for GaN:C and

E, = 091353 eV for GaN:Fe. These values, for BL2 and YL bands, are close to the ones
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reported before and was determined from the slope of the temperature dependence of the PL

intensity in the Arrhenius plot.

The PL bands in the three samples of GaN:Fe grown by HVPE are overlapped and
obstruct each other. After resolving overlapped bands, the quantum efficiency of the BL2 was
plotted versus inverse temperature at different excitation intensities. The dependence shows that
the thermal quenching is likely to occur as abrupt and tunable quenching. Taking actual slope for
each thermal quenching with changing excitation intensity was helpful to determine more
accurate value for Ty. Thus, the ionization energy can be found from the Ty (G) plot. The results
are as follow: E, = 0.15%593 eV for sample (AE3273), E, = 0.11%393 eV for sample

(AE3260), and E, = 0.16%3:33 eV for sample (AE3276).
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