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Abstract

Optically Detected Cyclotron Resonance (ODCR) is the combination technique of Cy-
clotron Resonance (CR) and Photoluminescence (PL), which gives full pay to its ability.
In this work, the ODCR measurements together with PL and CR experiments were carried
out to investigate the fundamental properties of typical II-VI compound semiconductors,
CdTe and ZnSe. Both CdTe and ZnSe are useful semiconductors and have recently at-
tracted a great deal of attention. CdTe is an attractive material for gamma-ray detection
and optoelectronic devices. ZnSe, on the other hand, is one of the promising materials
for fabricating optical devices.

Two types of ODCR signals can be obtained. One is the signal as a function of the
applied magnetic field. The other is the signal as a function of the PL wavelength. From
the analysis of results, the line shape of ODCR signal as a function of the magnetic
field depends on the origin of the PL lines (free exciton, neutral bound exciton, neutral
acceptor bound exciton, etc.). Hence the formation processes in excitonic system were
determined through close examination of the difference in the ODCR signals as a function
of the magnetic field.

The sign of the ODCR signals strongly depends on the mobility of the sample, i.e.
whether the CR spectrum is sharp or broad. The mobility is determined by the con-
centration of neutral shallow impurity at low temperatures and under photoexcitation
condition. The difference of the impurity concentration affects the energy distribution of
carries. The situation can be indicated by means of the Monte Carlo simulation. The
Monte Carlo simulation is a good tool to obtain the visual solution for the Boltzmann
equation. The calculation makes clear that the relation between the sign of the ODCR
signals and the energy distribution of carries.

The origins of ODCR signals are the variation in capture rate, impact ionization and
resonant formation. The present experiments reveal that the competition between them

determines the sign of the ODCR signals.
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1 Introduction

If a charged carrier is set in a static magnetic field B, its motion is a spiral around the
direction of the magnetic field. Its angular frequency is known as the cyclotron frequency
given by

eB

we = —, (1)

where e is the electronic charge and m is the mass of the carrier. The carrier can inter-
act with the electromagnetic radiation and shows resonance absorption when the angular
frequency of the radiation coincides with the cyclotron frequency of the carrier. The
phenomenon is called cyclotron resonance (CR). This is the classical explanation of the
phenomenon called cyclotron resonance. The CR may be also explained by theoretical
consideration based on quantum mechanics. In this model the energy of carriers is de-
scribed as a series of energy levels (known as Landau levels) owing to the quantization
of the orbit of the carrier in the magnetic field. With the integer n denoting the Landau
level number, the CR represents the absorption of one photon hw, which corresponds to
change of n by An = 1, limited by the selection rule for cyclotron transitions.

The technique was introduced into the solid state physics research in the early 1950s.
Dorfmann and Shockley predicted that it could be a useful method to study various
properties of solids and it was analyzed theoretically by Dingle and Shockley [1][2][3].
Dresselhaus, Kip and Kittel, and also the Lax group, succeeded separately in the first
observation of CR in Ge [4][5]. Since then, it has been used to accurately determine the
effective masses and the band structures of the conduction as well as the valence bands in
many semiconductors. In addition, the CR line width gives information on the scattering
relaxation time of carriers, allowing us to also investigate scattering processes in semicon-
ductors. Accordingly, the CR has become a powerful tool for investigating the properties
of semiconductors.

A separate phenomenon is that of luminescence. This is defined as a radiative re-

combination of carriers from excited electronic states to lower lying states. In order for



semiconductors to emit radiation, they first have to be excited by some means. One possi-
ble way is to excite the semiconductor by light with higher quantum energy than the band
gap energy, which creates non-equilibrium electron-hole pairs. These then recombine with
the emission of photons along a variety of the relaxation paths. This emission from a solid
is called photoluminescence (PL). At low temperatures, free electrons and holes created
by light in a pure semiconductor first recombine to form free excitons. In semiconductor
containing impurities, free excitons are trapped by impurities as bound excitons, and free
electrons or holes are captured by ionized impurities. The recombination radiation thus
occurs from impurity bound excitons or donor to acceptor transitions. PL measurements
also yield important information about the dynamical properties of photoexcited carriers.
PL from states near the band edge provides information about the carrier distribution
near the band edge. PL from excitons provides information about their binding energy.
Electron-hole-drop PL helps to identify the phase transitions of carriers. These and other
measurements make PL of great technical importance for the investigation of fundamental
properties of semiconductors.

Optically detected cyclotron resonance, (ODCR), is the combination method of CR and
PL measurements, and has the merits of each measurement to study various properties
of semiconductors. The ODCR method has been developed since the end of the 1970’s.
It is an important tool to investigate the properties of semiconductors since Baranov et
al. performed the first successful ODCR experiment for semiconductors [6], but until
recently the poor signal-to-noise ratio limited the use of technique. In the last few years,
our group has succeeded in observing very clear ODCR signals, and using the technique
for investigating dynamical properties of a number of semiconductors such as Si, Ge and
GaAs with many interesting results [7][8][9].

When electron CR occurs in semiconductors, the electrons resonantly absorb the elec-
tromagnetic radiation and are promoted into a ‘hot” or non-equilibrium state, which is

shifted from the normal thermal-equilibrium condition. The hot electrons affect other



particles in free and/or bound state, and the PL intensity and/or PL spectrum change.
In the ODCR measurements, the signal is detected through observing the changes in PL
intensity induced by CR. The ODCR signal is given by

ODCR(signal) = PL(on) — PL(off), (2)

where PL(on) is the PL intensity with the electromagnetic radiation incident on the sam-
ple and PL(off) is the PL intensity without the electromagnetic radiation.

ODCR signals can be observed in two ways. One is to observe the changes in PL inten-
sity monitored at the fixed wavelength of a certain PL peak, while scanning the applied
magnetic field with the electromagnetic radiation applied. The other is to observe the
change in PL spectra due to CR, where the magnetic field is adjusted to produce the CR
peak. In the latter case, the ODCR signal is obtained as a function of wavelength for the
PL spectrum.

Figure 1 shows the schematic ODCR spectra as a function of PL wavelength. The
dotted line represents the PL spectra without electromagnetic radiation. The solid line
represents the PL spectra with electromagnetic radiation. It follows from Eq. (2) that
the ODCR signal is positive when the PL intensity is increased due to CR. The ODCR
signal is, on the other hand, negative when the PL intensity is decreased due to CR.

The ODCR method has some important advantages relative to the ordinary CR. One
can select electron or hole cyclotron resonance by changing the strength of the magnetic
field, and can also select radiative objects, namely free excitons, bound excitons, bound
multiple-exciton complexes and electron-hole droplets in PL, so that one can observe the
interaction between radiative objects and carriers separately. In addition, the ODCR
signal is detected using a highly sensitive optical detector, and leading to enhanced sen-
sitivity. When the signal from a substrate is dominant and the signal from an epitaxial
layer is obscured, it is impossible to investigate the properties of the epilayer by the ordi-
nary CR. However, if the energy region of PL from the substrate is different from that of

PL from the epilayer, the luminescence from the epilayer can be selected from that of the
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substrate and one can study the properties of epilayer using the ODCR method. If the
energy of the excitation source is sufficiently high, only PL from the epilayer is observed
because the absorption coefficient of solids is sensitive to the energy of incident light. In
this case, the epilayer can be studied by the ODCR method, as reported by Son et al. for
SiC epilayers [10][11].

In ODCR experiments, it is possible to study the dynamical behavior in photoexcited
carrier system. In the case of ODCR measurements, the sign of the signals can be positive

and negative, according to the following factors:

1. Reduction of the capture rate
The capture rate of free carriers decreases with increasing carrier kinetic energy.
Thus, the probability of capture by ionized impurities or binding into exciton, is

reduced when carriers are heated by CR [12][13].

2. Impact ionization
If carriers have sufficient kinetic energy due to CR, they can ionize shallow impurities

or dissociate excitons by collision. It is called impact ionization.

3. Resonant formation
This process occurs when the interaction between carriers and LO-phonon is strong.
Figure 2 shows the schematic energy diagram of an exciton state and a conduction
band. A carrier resonantly enters the binding state with emission of n LO-phonons

when the kinetic energy of the carrier E(k) fulfills the following condition.
ntho = E(l{?) + E(b), (3)

where E(b) is the binding energy, hwy o is the LO-phonon energy and n is the number
of LO-phonons concerned. The phenomenon is called resonant formation and has

been reported by Tomaru et al. for the free exciton resonant formation in ZnSe [14].

The competition between these factors determines whether the ODCR signal is positive

or negative.



CdTe and ZnSe are useful II-VI semiconductors and have received attention for several
decades. CdTe is an attractive material for gamma-ray detection, optoelectronic devices
and near infrared optics [15][16]. It is also an ideal substrate for HgCdTe, which is
important infrared detector material. ZnSe is one of the most promising materials for
fabricating optical devices [17]. Sometimes ZnSe epitaxial layers are grown on GaAs
substrates because of the relatively small lattice mismatch between ZnSe and GaAs. Some
significant strain is introduced due to the lattice mismatch and differing thermal expansion
coefficients. In order to avoid these problems it is necessary to grow ZnSe layers on ZnSe
substrates, known as a homoepitaxial growth. The development of ZnSe homoepitaxy
has been long hampered by the difficulty in obtaining high quality bulk ZnSe crystals for
use as substrates. It is important to study the fundamental properties of high quality
bulk CdTe and ZnSe both for basic research and device applications. In recent years,
important progress in CdTe and ZnSe crystal growth has been achieved, and high quality
bulk CdTe and ZnSe can be obtained.

There are few reports of ODCR measurements on CdTe and ZnSe. ODCR from CdTe
has been observed by Romestain and Weisbuch using 70GHz microwave. They obtained
the hole mass for the first time and analyzed the ODCR signals [18]. Le Si Dang et
al. have determined the Luttinger parameters of CdTe from the ODCR spectrum as a
function of magnetic field [19]. Tomaru et al. studied ZnSe using the ODCR method
and reported the dynamical behavior of carriers [14]. However, detailed mechanisms of
ODCR in CdTe and ZnSe have not been yet resolved.

The aim of this work is to investigate the fundamental properties of high quality bulk

CdTe and ZnSe and present the new results on dynamical behavior of the carrier system.



2 Monte Carlo simulation

2.1 Introduction

The capture rate of electrons by ionized centers decreases with increasing kinetic energy
of electrons. If carriers have sufficient kinetic energy, they can break by collision the bound
exciton, free exciton, neutral donor and so on. These processes should be the origin of
ODCR. Thus, it is important to estimate the distribution of carrier energy in analyzing the
ODCR spectra. To estimate the distribution of carrier energy, the Boltzmann equation
must be solved. However, it is very difficult to solve the Boltzmann equation by analytical
methods. From the analytical method, only approximate solutions of the Boltzmann
equation are obtained. In actual calculations, the analytical method needs to compute
an enormous task.

A new numerical approach was introduced to solve the Boltzmann equation in 1966 [20].
The new method is the Monte Carlo technique. The Monte Carlo method is to simulate
the motion of electrons in the condensed matter using a computer. The availability of
fast computers enables us to obtain the exact solutions of the Boltzmann equation with
the Monte Carlo method, which were afterwards developed to a high degree of refinement
[21] [22] [23]. Accordingly the Monte Carlo simulation is now recognized as an important

tool in various fields of physics.

2.2 Monte Carlo program

The distribution function and the mean energy of electrons in CdTe and ZnSe are ob-
tained with the method proposed by Jacoboni et al. [24]. In this experiment the magnetic
field and ac electric field (microwave) are applied to a sample, and thus the simulation of
the motion of electrons in magnetic field and ac electric field is required. However, it is
hard to simulate the motion of electrons in such a condition.

The electron trajectories are simulated in zero magnetic field and dc electric field in the

present calculation. Karpinska et al. have succeeded in analyzing experimental results



of ODCR by the Monte Carlo simulation in zero magnetic field and dc electric field [25].
They have observed the ODCR spectrum related to DA emission in InGaAs as a function
of the PL wavelength and calculated the mean energy and the distribution function of
electrons by Monte Carlo simulation. They concluded that electrons have sufficient mean
energy enough for impact ionization and the impact ionization is the dominant process
for the ODCR signals.

Let us summarize here the Monte Carlo method proposed by Jacoboni et al [24]. One
must start to define the physical situation and parameters, i.e. lattice temperature, elec-
tron effective mass, electric field, scattering processes and so on. Here values of physical
parameters were chosen so as to be appropriate for CdTe and ZnSe employed in the
present experiment. The determination of the initial conditions for the electronic system
is needed on the heels of the definition of physical system. The next step is the determi-
nation of the flight duration of the electron that means the time interval between collision
and next collision. The flight duration is determined using random sampling numbers
created by a computer. When the flight duration is determined, the motion of a electron
in dc electric field is calculated by the classical mechanics until first collision. Therefore
it is possible to obtain the situation of the electron just before scattering. The next step
is the choice of the scattering processes and the determination of the condition of the
electron just after scattering using random sampling numbers. It is the one cycle of the
Monte Carlo simulation. The condition of the electron just after scattering is the initial
conditions of the electron at the next cycle. The cycle is repeated for sufficiently long

time.
2.2.1 Fligth duration

The flight duration of electrons is determined by the random sampling numbers r which
are uniformly distributed between 0 and 1. The collision is a random event, and according

to the probability theory the random number r is related to collision time ¢, by

= “ P(t)dt/ PRS0 (4)
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where P(t) is the probability of collision at time ¢. When r is determined, ¢, is obtained.
The time ¢. is the flight duration.

If S(k(t)) is the scattering probability of the electron with wave vector k(t) at time ¢,
the number of electrons which are scattered between ¢ and ¢ + dt is n(t)S(k(t))dt. n(t)
is the number of electrons which have not suffered a prior collision at time t. If dn(t)

represents the number of scattered electrons between ¢ and t + dt,
—dn(t) = n(t)S(k(t))dt. (5)
Equation (5) can be solved by integrating:
n(t) = n(0)eap [— / t S(k(t'))dt'} | (6)
The probability of collision P(t) at time ¢ is given by
P(t) = n(t)S(k(t)/n(0) = S(k(t))exp {— /(:S(k(t'))dt’] : (7)

If Eq. (7) is substituted in Eq. (4) and r is determined, the flight duration time ¢,
is obtained. However, it is hard to obtain ¢, because of the integration at the exponent
is quite complex. In order to avoid this problem, a self scattering term W (k(t)) was
introduced by Rees [22].

If T is the maximaum value of P(t) in the region of k space of interest, the total

scattering rate Sr(k(t)) is now defined so that
Sr(k(t)) = S(k(t)) + W (k(t)) (8)
is a constant equal to I'. Hence, the integration is easy and P(t) is given by
P(t) = Texp(—Tt). 9)
If this is substituted in Eq. (4), the flight duration time ¢, is given by

1
te = —fln(l — 7). (10)



The simulation will lead to mistaken results because of including the self scattering.
But, if the self scattering is chosen, the wave vector of the electron just after collision is
taken to be equal to that of the electron just before the collision. Thus the trajectory of
the electron is unperturbed as if no scattering at all had occurred. The simulation leads
to correct results even including the self scattering.

The self scattering results in a waste of the computer time. The computation time is
thereby increased but the integrals are rendered manageable. The simplification of the

integrals is of great advantage to the simulation even wasting time.
2.2.2 Scattreing processes

If the flight duration time is determined, the motion of electron is calculated just before
collision by classical mechanics. Then, the scattering process is chosen using random sam-
pling numbers which are uniformly distributed between 0 and 1. The present simulation
allowed for the scattering of electrons by acoustic and polar optical phonons (inelastic) as
well as the scattering by neutral impurities (elastic). When intrinsic light is illuminated
on a sample and electrons and holes are produced, these free carriers are promptly cap-
tured by ionized impurities and most of them are thereby neutralized. Accordingly one
can neglect the contribution of the scattering by ionized impurities. The calculation was

performed under the assumption that the conduction band is parabolic.

Acoustic phonon scattering [

In the case of the high electric fields and/or the high temperatures are considered, the
mean energy of electrons amounts to the optical phonon energy. Compared to the energy
of acoustic phonon, the mean energy of electrons is considerably higher. Thus acoustic
phonon scattering can be treated as an elastic process. But, acoustic phonon scattering
must be treated as inelastic process at low electric fields and at low temperatures. In
this case, the probability of the acoustic phonon absorption is different from that of the

acoustic phonon emission. As the present experiments were performed under such a



Table 1: Definition of z1 4, 2,4, 1. and xo, classified by the electron energy e, where ¢,
is equal to be fm*u [24].

’ Absorption ‘ Emission ‘ Energy region ‘
= 4e/? ( 12 1/2) b
la= 7 |y € absent
KBIY;O £ <&y
Togq = 467“ (51/2 + 51/2) absent
T1,a = 0 T1,e = 0
> €
4elz 4el/? £
35y /2 _1/2 ey /2 _ _1/2
Toq = KTl (5u +e ) Toe = K nTh (gu € )

condition, the acoustic phonon scattering was treated as an inelastic process.
Jacoboni et al. have reported that the probability of the inelastic acoustic phonon

scattering per unit time P,.(¢) is given by as a function of the electron energy

m*'?(KpTy)* E} o172 Fi(294) — Fi(71,4)
25/2rhtudp Gi(xae) — Gi(z1e) |7

Focle) = (11)

where Kpg, Ty, E1, u; and p are Boltzman constant, lattice temperature, electron acoustic

phonon deformation potential, longitudinal sound velocity and crystal density. The upper

and lower equations refer to phonon absorption and emission, respectively. F} and G, are
given by

Fi(z) = /0 "N ()2, (12)

Giw) = [TV, (a) + 1o’ (13)

where N, is thermal equilibrium number of phonons with wave vector q and 1 4, 2,4, T1
and xy . are those given in Table 1. According to Jacoboni et al., the state of electrons

after scattering is determined.

Polar optical scattering [
In polar semiconductors such as CdTe and ZnSe, the interaction of carriers with the

optical phonons is known as a polar optical scattering. The phonon associated with the
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polar optical scattering is LO-phonon. As the energy of the LO-phonon is the order of
several ten meV, the polar optical scattering must be treated as an inelastic scattering.
Taking into account of the energy dispersion of LO-phonon, it is shown that few LO-
phonons exist at low temperatures. This means that the LO-phonon absorption can be
neglected at low temperatures.

According to the calculation performed by Fawcett, the polar optical phonon scattering

process was treated as follows [23]. The scattering probability P,,(¢) is given by

e2m*/2y 1 1 N,
) S (L1 - y
p<8> 4\/§7Th €0 €0 c Nop +1 ’ ( )

where w,p, €x, €9 and NV, are optical phonon angular frequency, high frequency dielectric

cl/2 4 /2
el/2 _ g11/2

constant, static dielectric constant and thermal equilibrium number of optical phonons.
The upper and lower equations refer to absorption and emission, respectively. &’ is given
by

e’ =& & hwp. (15)

Here upper and lower signs refer to absorption and emission, respectively. According to

Fawcett et al., the state of electrons after scattering is determined in this way.

Neutral impurity scattering [

If a sample is illuminated by intrinsic light at low temperatures, the neutral impurity
scattering is a dominant one. Electrons can be scattered by neutral donors and neutral
acceptors. The neutral acceptors are deeper states, and so their wave functions are gen-
erally localized in real space. In addition the exchange scattering between electron and
neutral donor occurs, but no exchange scattering between electron and neutral acceptor
exists. As a consequence, the scattering probability of electrons by an neutral acceptor is
smaller than that by an neutral donor, and one can consider only the neutral donor scat-
tering for electrons. The electron scattering rate by neutral donors P, is well accounted
for by the Erginsoy’s formula [26],

20ha’ Np

pimp = m*

(16)

11



where a7 is the effective Bohr radius and Np is the donor concentration. According to

the Eq. (16), Py, was treated as independent of the energy of electrons.
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3 Experimental procedures

3.1 Samples

The samples used in this study were high quality bulk CdTe and ZnSe, and their detailed
specification are listed in Table 2 and Table 4 in chapter 4. They were obtained from
several sources. Tohoku university (professor Isshiki group) has provided three bulk CdTe
samples #A, #B and #P. Nippon Mining Co., Ltd. has provided a bulk CdTe sample
#W. All bulk ZnSe samples were grown by Sumitomo Electric Industries, Ltd.

#B is the crystal which was annealed #A at 973K in 14mm Torr Cd atmosphere.
It is believed that Cd vacancies and shallow donors form complexes which are worked
as acceptors in CdTe [27]. The Cd vacancies in #B reduced due to the annealing and
subsequently the complexes also reduced. As a result, the shallow donors in #B were
activated and increased. Thus, the shallow donor concentration in #B is higher than
that of #A. #A, #B and #P were grown by a vapor growth method. #W was grown by
melt growth method.

All ZnSe crystals were grown by the recrystallization method. High quality ZnSe single
crystals can be grown through the annealing of polycrystalline ZnSe in Se atmosphere,
which is called as the recrystallization method. #8 was further annealed at 727K in Zn
atmosphere for 100 hours. The PL line for neutral acceptor bound excitons, which was
observed in #9, #N and #1, was not observed in #8. This suggests that the neutral

acceptors in #8 were passivated by the annealing.

3.2 Experimental setup

Figure 3 shows a block diagram of experimental setup for PL, standard CR and ODCR
measurements. The experimental setup was composed of a PL and a microwave CR mea-
suring system. The sample was mounted on an immersion-type cryostat to avoid heating
of the sample. The microwave system is a nonresonant reflection type waveguide system

working at 35GHz. A klystron (OKI 35V11) was employed for microwave generation.

13



An external magnetic field was produced by a standard electromagnet whose maximum
magnetic field is 0.6T. For the PL measuring system, two kinds of laser were employed as
the excitation source. One was 488nm line of a cw Ar™ laser (NEC GLG3200 : 100mW)
for CdTe samples. The other was 325nm line of a cw He-Cd laser (KIMMOM IK3552R-G
: 50mW) for ZnSe samples. The laser beam was guided to a sample face through an
optical fiber and a silica rod. The luminescence was taken out through the same silica
rod and the optical fiber. It was led to a monochromator (JASCO CT-50). The lumines-
cence dispersed by the monochromator was detected by a photomultiplier. Three kinds
of photomultipliers were used and one of them was selected for each measurement. The
photomultiplier R943-02 (HAMAMATSU) was used for photon counting system (OX-
FORD SR400). The photomultiplier R2066 (HAMAMATSU) and the photomultiplier
RI80 (HAMAMATSU) were used for the lock-in amplifier detection system (NF 5610B).
A personal computer was used for data processing and on-line display. All experiments
were carried out at 4.2K.

In the PL measurements, the laser beam was mechanically chopped. The signal was
analyzed by the gated photon counter or the lock-in amplifier system. The gated photon
counter can open two gates simultaneously. One of them was open during exciting a
sample by the laser and the other was open during not exciting it. The difference of the
two signals obtained at the different gates was plotted to diminish dark noises for the
photon counting system. Some proper filters were used to remove laser plasma lines and
the laser light reflected from the sample.

In standard CR measurements, the laser was employed for exciting carriers. The laser
beam was mechanically chopped. The CR signal was detected by a Schottky-type GaAs
diode detector and the output was processed by the lock-in amplifier.

In ODCR measurements, the microwave was modulated by oscillating a reflector volt-
age for the klystron. The ODCR signal was caught by the lock-in amplifier or the gated

photon counter. One gate of the gated photon counter was open during the irradiation

14



of the microwave to a sample. The other gate was open for the duration without the mi-
crowave irradiation to it. The difference of the two signals from two channels was plotted
for the gated photon counting measuring system. In this case, some proper filters were

again used to block laser plasma lines and laser light reflected from the sample.
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4 Experimental Results

4.1 CdTe #A
4.1.1 Ordinary CR

Figure 4 shows the ordinary electron CR spectrum observed at 4.2K for 35GHz mi-
crowave. Carriers were excited by the 488nm line of the Art laser. It is noteworthy
that the distinct resonant peak was observed and the line width of the CR spectrum was
narrow. This means that #A is a high quality crystal. The effective mass m* is derived

from the following relation

m* = , (17)

where B, is the resonance magnetic field and w is the measuring microwave angular
frequency. The effective mass of electron is estimated to be 0.0954mq, where my is the free
electron mass. It is in good agreement with previously reported values [28][29]. Strictly
speaking, it is not band mass but polaron mass in such as II-VI semiconductors with a
large electron-phonon interaction. The value of electron relaxation time 7 is obtained
from the width of the CR line. The resonance line width can be converted into 7 by the
following relation

T=— (18)

where AB is the half-width and thus 7 = 1.4 x 10~ 's is obtained. With this relaxation

time, the electron CR mobility x4 = 2.6 x 10°cm?/Vs is derived based on the relation

(19)

As for CdTe, above value is considerably large.
4.1.2 PL measurements

The PL spectrum measured in the range of 1.38 to 1.61eV at the magnetic field of 0.12T
for the sample #A is presented in Fig. 5. Compared to the PL spectra at the magnetic

field of 0T, the intensity of all the emission lines has decreased but the peak shift was
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hardly observed with applying the magnetic field of 0.12T. The other CdTe samples also
show the similar inclination.

The several PL lines in the near band edge were obtained. Several broad peaks were
observed in the range of 1.40eV to 1.54eV. The broad peak at 1.47eV is generally labeled
by Y line. Hoffman et al. have reported that the origin of Y line is donor to acceptor (DA)
recombination involving an A center which is composed of a Cd vacancy and a Cl donor
taking its position at a nearest Te site and acts as an acceptor [30]. Leopold has reported
that the Y line is the recombination emission related to an impurity-Cd vacancy complex,
although the real character of the impurity is unknown [31]. The broad peak at 1.49eV
is due to DA recombination involving Ag acceptor [32]. The nature of peak at 1.52eV is
unknown, but the peak is probably connected with the DA recombination. It is probable
that all the broad peaks between 1.40eV and 1.54eV are due to DA recombination.

Figure 6 shows the PL spectrum at the magnetic field of 0.12T in the region of near
band edge. The spectrum shows a sharp line at 1.590eV. This is a dominant line in the
spectrum and it is attributed to the decay of an exciton bound to a neutral acceptor
(AYX) [27] [33]. The nature of this acceptor is controversial. The LO-phonon replica of
the acceptor bound exciton (A°X-LO) was observed. The difference between this line
and the above mentioned main line corresponds to the established LO-phonon energy
in CdTe, 21.3meV [33]. The spectrum shows some clear emission lines, due to a free
exciton (X), a neutral donor bound exciton (D°X) and an ionized donor bound exciton
(D™X) [27] [33]. D*X line can accurately be the superposition of D*X and D-h* which
is radiative recombination between a free hole and a bound electron. The nature of the
donor is unknown. Free exciton peak consists of two peaks. This would come from the
exciton polariton branches. In addition the LO-phonon replicas of free exciton line (X-LO,

X-2LO) were observed.
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4.1.3 ODCR as a function of photon energy

Figure 7 shows the ODCR spectrum obtained by scanning PL wavelength at the mag-
netic field of 0.12T which corresponds to the field of the electron CR. Negative ODCR
signals were observed in lower energy region, which are related to DA transitions. This
means that the PL intensity of the DA recombination is decreased by the electron CR.

The ODCR spectrum as a function of photon energy near the band edge is shown in Fig.
8. The dominant ODCR peak related to A°X was observed. At higher energy side of the
main line, there were two ODCR signals associated with D°X and D™X. Although the PL
intensity of free exciton itself was comparable to that of X-LO in the PL measurements,
the intensity of X-LO peak was stronger than that of free exciton in the ODCR measure-
ments. It is not clear that the reason why the relative intensity of the ODCR signal is
different between free exciton and X-LO. From the near band edge ODCR spectrum, it is
shown that DTX was negative and D°X, A°X and X-LO were positive. This means that
D*X is decreased by the electron CR and the DX, A°X and X-LO are increased by the
electron CR.

The negative ODCR signal of D™X was not evidently observed in Fig. 7 because of the

difference in resolution of the monochromator.
4.1.4 ODCR as a function of magnetic field

Figure 9 shows the ODCR spectrum obtained through monitoring the X-LO line. The
shape of the ODCR spectrum was similar to that of the ordinary CR. Unfortunately, the
ODCR signal related to free exciton itself was not observed because its intensity was too
weak. However, the line shape of the ODCR obtained from X-LO probably reflects that
related to the original free exciton. This is confirmed by the following indirect evidences.
As for both the ODCR signals related to original PL lines and those for LO-phonon
replica, the line shape of these signals bears a striking resemblance each other in CdTe
and ZnSe.

The microwave power dependence of ODCR spectrum monitored at A°X PL line as a
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function of magnetic field is shown in Fig. 10. The relative microwave power is indicated
in the figure. The ODCR intensity decreases with decreasing microwave power. The line
shape of the ODCR signal obtained from A°X line at 0dB microwave power level is similar
to that of X-LO.

The ODCR spectrum monitored at the DX line and obtained under the full microwave
power level is shown in Fig. 11. The line shape is similar to the line shape of X-LO. Since
this line is mixed with the D*X line marked with the negative ODCR signal, the resultant
ODCR signal obtained from DX line appears to be negative at the higher magnetic field.

Figure 12 shows the ODCR signal obtained from D*X as a function of magnetic field.
The ODCR signal was negative. As shown in Fig. 12, it is clear that a big fall of
the D*X PL line takes place at the electron CR. It is noteworthy that its line shape is

anti-symmetric and rather different from that of the ODCR related to X-LO line.

4.2 CdTe #P
4.2.1 Ordinaty CR

Figure 13 shows the ordinary electron CR spectrum at 4.2K. This means that #P is
also a high quality crystal and has low impurity concentration. The scattering relaxation
time 7 = 1.2 x 107 !s and the CR mobility u = 2.0 x 10°cm?/Vs were obtained from the

line width of the CR spectrum.
4.2.2 PL measurements

Figure 14 shows the PL spectrum at the CR field of 0.13T. The PL peaks associated
with excitons were observed at the region of near band edge. Several DA transitions
and their LO-phonon replicas were observed at lower energy region. The positions of DA
peaks obtained from #P are equivalent to those of DA peaks obtained from #A. Thus it
is concluded that the origin of acceptors related to DA transitions in #P and in #A are
the same. The intensity ratio of DA emission line to A°X emission one in #P is larger

than that in #A.
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The PL spectrum measured in the region of near band edge at the CR field of 0.12T
is presented in Fig. 15. The strong emission band at 1.590eV was identified as the
superposition of several A°X emission lines. The weak lines due to X and D°X were also

observed. Moreover the LO-phonon replicas of X and A°X were observed.
4.2.3 ODCR as a function of photon energy

Figure 16 shows the ODCR spectrum as a function of the emitted photon energy at the
CR magnetic field of 0.12T. Weak ODCR signals due to DA transitions were observed in
the range of 1.43eV to 1.53eV. All ODCR signals due to DA transitions were negative,
whereas A°X line is positive. This means that DA recombination in #P was decreased
by the electron CR.

In Fig. 17 the ODCR spectrum in the near band edge measured at the magnetic field
of 0.12T is shown. The difference of signal-to-noise between Figs. 16 and 17 arises from
a difference in detectors employed. A strong peak due to A’X and its LO-phonon replica
were observed. A weak LO-phonon replica associated with X was also observed. The
signal due to X was hardly observed. In addition, a D™X ODCR peak with the character
of negative sign was observed, although the peak was not clear in the PL. measurements.
The DX peak was probably obscured by the strong A°X line in the PL measurements, but
the DX was clearly brought to light in the ODCR measurements because of the different
sign between the ODCR signals for D*X and A°X lines. This greatly demonstrates the
merit of ODCR measurements. The ODCR signals due to A°X, A°X-LO and X-LO lines
were positive, but the D*X signal was negative. These results obtained from #P are

much the same as those from #A.
4.2.4 ODCR as a function of magnetic field

Figure 18 shows the microwave power dependence of the ODCR signal obtained from
A°X PL line as a function of magnetic field. The relative microwave intensity is indicated

in the figure. The line shape of the ODCR signal for A’X line resembles the spectrum of
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the ordinary CR. The signal intensity of the ODCR decreases with decreasing microwave
power.

Figure 19 shows the ODCR spectrum obtained from D*X. Though it is rather noisy,
it is noted that the ODCR signal is negative and the line shape is different from that for
A%X line. However, the ODCR spectrum resembles the ODCR spectrum obtained from
D*X in #A.

The ODCR signal related to the other PL lines could not be observed because they
were too weak to detect. It is concluded that all the results obtained from #P are similar

to those of #A.

4.3 CdTe #B
4.3.1 Ordinary CR

The ordinary CR spectrum taken at 4.2K is shown in Fig. 20. The definite CR peak was
not observed in #B and the line width of the spectrum broadened, which was different
from the result for #A and #P. This means that the relaxation time 7 for electrons in
#B is small. Since the scattering by neutral donors is dominant for electrons at lower
temperatures, #B must have higher donor concentrations than #A and #P as expected

from heat treatment.
4.3.2 PL measurements

Figure 21 shows the PL spectrum obtained at the CR field of 0.12T. Several broad
peaks were observed in the range of 1.40eV to 1.48eV. The broad peak at 1.47eV was
identified as the above mentioned Y line. The broad band at 1.45e¢V is DA transitions
and due to Cu impurities on Cd sites which act as shallow acceptors [32] [34].The broad
peaks at 1.43eV and 1.41eV are their LO-phonon replicas.

The detailed PL spectrum in the near band edge is shown in Fig. 22. The PL peak due
to A°X has shoulder at higher energy side, which is the contribution of different chemical

species as acceptor. An LO-phonon replica of A°X is also observed. In addition, a weak
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line due to DX is observed at somewhat higher energy of the A°X line. The clear signals
due to free excitons and its LO-phonon replica were not observed. This suggests that the
impurity concentration of #B is higher than that of #A and #P. It coincides with the

results obtained from the CR experiment.
4.3.3 ODCR as a function of photon energy

Figure 23 shows the ODCR spectrum obtained at the CR field of 0.12T. The ODCR
signals associated with DA transitions as well as Y line were observed in lower energy
region. The ODCR signal at 1.47eV is Y line and the ODCR signal at 1.45eV is due to
DA transitions involving Cu acceptors. The LO-phonon replicas of DA transitions were
also observed. In the same way as other CdTe samples all of ODCR signals associated
with DA transitions were negative.

The ODCR spectrum for the near band edge emission taken at the magnetic field of
0.12T is shown in Fig. 24. The ODCR signal at 1.591eV is due to the superposition of
several A°X lines. The LO-phonon replica of A’X was observed. In addition, the ODCR
signal obtained from D°X was observed. It is remarkable that all of the ODCR signals
for this sample were negative. One should note that the ODCR spectra obtained from
#B are different with respect to the sign of the ODCR spectra for the near band edge
emission, compared to those obtained from #A and #P.

Eventually, all of ODCR signals obtained from #B were negative, which means that

the PL intensities of #B are sure to decrease by the electron CR.
4.3.4 ODCR as a function of magnetic field

Figure 25 shows the ODCR spectrum obtained from A°X PL line. The resonance peak
is broad and similar to the result of the ordinary CR. The change in PL intensity is
decreased with increasing applied magnetic field.

Figure 26 shows the ODCR spectrum obtained from DX PL line. The line shape

resembles the ordinary CR line shape. Again the ODCR signal intensity decreased with
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increasing applied magnetic field.

4.4 CdTe #W
4.4.1 Ordinary CR

Figure 27 shows the ordinary CR spectrum at 4.2K. The definite CR peak was not
observed, as in the case of #B. From the ordinary CR spectrum, it is concluded that #W

has higher impurity concentration than #A and #P.
4.4.2 PL measurements

Figure 28 shows the PL spectrum obtained at the CR field of 0.12T. In the range of
1.40eV to 1.50eV, several broad peaks were observed. They were attributed to Y line, DA
transitions involving Cu acceptors and their LO-phonon replicas. They were also observed
in #B. In addition, several peaks were observed in the range of 1.55eV to 1.51eV. These
lines have not been observed in other CdTe samples. Molva et al. have reported that
the peak at 1.55eV is due to the DA transitions related to N acceptors and the peak at
1.54eV originates in the DA transitions involving Na or Li acceptors [35] [36]. The peaks
at 1.53eV and 1.52eV are their LO-phonon replicas.

Figure 29 shows the PL spectrum for the near band edge emission at the magnetic
field of 0.12T. The dominant peak is the recombination emission of A°X. The LO-phonon
replica of A°X was observed. In addition, a weak line for D’X was also observed. A
free exciton line was hardly observed in this sample. This suggests that the impurity

concentration of #W is considerably higher than that of #A and #P.
4.4.3 ODCR as a function of photon energy

Figure 30 shows the ODCR spectrum at the magnetic field of 0.12T. The ODCR peaks
in the range of 1.40eV to 1.50eV were associated with DA transitions and their LO-phonon
replicas. All of them show negative ODCR signals. The negative ODCR signals in the
range of 1.55 to 1.51eV were DA transitions involving N and Na or Li acceptors. It is re-

markable that the positive ODCR signals at 1.55eV and at 1.53eV were slightly observed.
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The positive ODCR peak at 1.53eV is due to LO-phonon replicas of the positive ODCR
peak at 1.55eV. They were not observed in PLL measurements and probably obscured by
other DA transitions involving N acceptors in PL measurements. The origin of them is
unknown.

Figure 31 shows the ODCR spectrum in the near band edge at the magnetic field of
0.12T. The strong ODCR peak due to A°X recombination and its LO-phonon replica were
observed. In addition, the ODCR signal due to DX was also observed. All of the ODCR
signals taken at the region of the near band edge were negative.

The ODCR signals obtained from #W were negative except for two peaks at 1.55eV
and 1.53eV.

4.4.4 ODCR as a function of magnetic field

The ODCR spectra obtained from A°X PL and DX PL lines as a function of the
magnetic field are shown in Figs. 32 and 33, respectively. Both of ODCR signals resemble
each other. Their line shapes are similar to that of the ordinary CR.

The results obtained from #W are wholly similar to those of #B.

4.5 Summary

The distinct CR peak was observed in #A and #P. Through the line width measure-
ments, the CR mobility of these samples has been derived. The sign of ODCR signals
obtained from #A is equivalent to that from #P. The line width of the CR spectra broad-
ened in #B and #W. The sign of all the ODCR signals obtained from #B and #W are
negative except for two weak peaks at 1.55eV and 1.53eV in #W. The CR mobility and
the results of ODCR are listed in Tables 2 and 3.
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Table 2: The specifications of CdTe. The circle means that the sample was annealed.
The CR mobility was obtained from the line width of the ordinary CR spectrum at 4.2K.

| sample | growth method | annealing | CR mobility at 4.2K(cm?/Vs) |

#A vapor growth X 2.6x10°
#P vapor growth X 2.0x10°
#B vapor growth O 4.1x10%
#W melt growth X 4.4x10*

Table 3: The results of the ODCR in CdTe. The circle means the CR peak was observed
in the sample. The plus means the sign of the ODCR signal was positive and the minus
means the sign of the ODCR signal was negative. The ODCR signal for D°X in #P and
the ODCR signals for X-LO and D*X in #B and #W were not observed. The ODCR
signals for DA emission in #W were negative without two signals.

| sample [ CR | X-LO | DX | DX [ A’X | DA |

S IO N i M B i B
#P O + — |absent | + —
#B X absent | absent — — —
#W X absent | absent — — | —(+)
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4.6 ZnSe #9
4.6.1 Ordinary CR

Figure 34 shows the electron CR spectrum observed at 4.2K. The carriers were excited by
the 325nm line of the He-Cd laser. A sharp resonance line related to the electron CR was
observed at 0.18T, which means that #9 is a high quality crystal. The value of effective
mass m* derived from the resonance magnetic field is 0.143mg. It is in good agreement
with the value of electron effective mass reported previously [37]. From Egs. (18) and
(19), the electron relaxation time 7 and the CR mobility u are estimated as 4.0x107!s
and 4.9x10%5cm?/Vs, respectively. It is noteworthy that the resonant spectrum did not

have any structure.
4.6.2 PL measurements

The PL spectrum of #9 is shown in Fig. 35. Two strong PL lines and many weak ones
are observed. The dominant PL peaks originate in recombination of excitons bound to
neutral acceptors I; and ones bound to deep acceptors I{. The deep acceptors are usually
identified as substitutional Cu atoms Cug, [38] [39]. Weak PL peaks due to free exciton
line FE and shallow donor bound exciton line I, were observed. Iy line consists of two
peaks, which means that there exists more than two kinds of shallow donor in this sample.
These origins are unknown. In addition, the LO-phonon replicas of FE, I and I{ were
also observed. It is said that the LO-phonon energy in ZnSe is 31.8meV [39], and it is
consistent with this observation.

The inset of Fig. 35 shows the detailed PL spectrum in the range of lower energy. The
R, Q series and the LO-phonon replicas associated with exciton were observed. Subscripts
of R or Q indicate the number of LO-phonon emitted during the electronic transition.
The origin of R and Q series is controversial and will be discussed later.

The peak shift of PL lines by applying of the magnetic field of 0.18T was hardly observed.

The other ZnSe samples also show the similar inclination.
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4.6.3 ODCR as a function of photon energy

Figure 36 shows the ODCR spectrum obtained at the magnetic field of 0.18T which
corresponds to the electron CR. In this spectrum the dominant ODCR peak is due to
I,. In addition, the ODCR signals due to FE, Iy, I¢ and their LO-phonon replicas were
observed. The ODCR signals related to I; and I were positive, on the other hand, ones
related to FE and I, were negative. Their LO-phonon replicas have the same sign as
their original ones. Positive ODCR signals mean that the PL intensity is increased by the
electron CR and negative ODCR signals, on the other hand, mean that the PL intensity
is decreased by the electron CR.

The inset in the Fig. 36 shows the behavior of the ODCR signals in the region of lower
energy. The prominent positive ODCR signals associated with Q) series were observed.
The negative signal observed at 2.71eV should be the superposition of FE-3LO and Ry
signals. The ODCR signal peak at 2.68eV is due to only R, transition because the FE-
41O is too weak to observe. Therefore it is concluded that the ODCR signals due to R

series are negative.
4.6.4 ODCR signal as a function of magnetic field

The microwave power dependence of the ODCR spectra obtained from FE line is shown
in Fig. 37. The relative microwave power is indicated in the figure. As shown in Fig.
37, it is obvious that the ODCR signals were different from the ordinary CR signal in
shape. The ODCR spectrum obtained from FE peak at the microwave power level of 0dB
has a shoulder. The shoulder is observed at 0.2T, which is higher magnetic field than
that of the ordinary CR peak. The peak at 0.2T disappears at the low microwave power
levels. Tomaru et al. have reported the similar results with respect to the peak at 0.2T
[14]. They have concluded that the sign of the peculiar peak is positive and originates
in the resonant formation of free exciton. The negative peak at 0.17T remains even at
the -10dB microwave power level. This means that the ODCR spectrum obtained from

FE line at the 0dB microwave power level consists of positive and negative signals. The
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peak position of the negative ODCR signal at the 0dB microwave power level is 8% lower
than that of the ordinary CR obtained at the 0dB microwave power level. It is possible
that the observed ODCR peak outwardly shifts, because of the superposition of positive
and negative ODCR signals. However, the peak shift is still observed even at the low
microwave power levels where the positive ODCR peak completely disappears.

Figure 38 shows the ODCR signal due to I, line at the 0dB microwave power level. It
is noted that the ODCR spectrum obtained from I, line is quite similar to the ODCR
spectrum for FE line at the 0dB microwave power level. It has again a shoulder at the
higher magnetic field of the CR. This line is also considered to be the superposition of
two peaks.

Figure 39 shows the microwave power dependence of the ODCR spectra obtained from
I line. The ODCR signal at the 0dB microwave power level consists of two peaks as
well. The positions of these two peaks are equivalent to those of FE. However, both peaks
are positive. The peak at 0.2T disappears at the low microwave power levels. From this
result, it is shown that the peak at 0.2T is due to the resonant formation of FE.

Figure 40 shows the ODCR spectra obtained from I{ line at various microwave power
levels. The ODCR signal intensity decreases with decreasing microwave power as well. It
is noted that the peak positions of the spectra obtained from I{ line are different from
those of FE. The dependence of the ODCR signal for I on the microwave power is also

different from that of FE.

4.7 7ZnSe #N
4.7.1 Ordinary CR

Figure 41 shows the microwave power dependence of the electron CR spectrum taken at
4.2K. The CR intensity decreases with decreasing microwave power. However, the peak
position as well as the line width is independent of the microwave power. With Egs. (18)

and (19), the relaxation time 7 and CR mobility u are estimated to be 3.9 x 107!!s and
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4.8 x 10°cm?/Vs, respectively. They are almost equivalent to the values of #9, which

means that the crystal quality of #N is as high as that of #9.
4.7.2 PL measurements

The PL spectrum at the magnetic field of 0.18T in the range of 2.64eV to 2.82eV is
shown in Fig. 42. The strongest peak is I;. In addition, weak FE, I, and I{ line were
observed. Their LO-phonon replicas were also observed. The relative intensity of I; to I{
in #N was different from that in #9. This means that the concentration ratio of shallow
acceptors to deep ones is different in these two samples.

The inset in Fig. 42 shows the detailed PL spectrum in the range of lower energy. The

above mentioned Q) series were observed. The weak R series were observed as well.
4.7.3 ODCR as a function of photon energy

Figure 43 shows the ODCR spectrum at the magnetic field of 0.18T which corresponds
to the electron CR. The ODCR signals due to FE, I, I;, I and their LO-phonon replicas
were observed. The ODCR signals associated with FE, Iy and their LO-phonon replicas
were negative. On the other hand, the ODCR signals associated with I;, I{ and their
LO-phonon replicas were positive.

The inset of Fig. 43 shows the detailed ODCR spectrum in the vicinity of 2.7eV. The
ODCR signals related to Q series were observed and they were all positive. The distinct
ODCR signals related to R series were hardly observed. It can be interpreted in two
ways. One is that the ODCR signals for R series are negative and obscured by strong
positive ODCR signals for Q series. The other is that in this sample the ODCR signals
for R series are not affected by the electron CR. Since the ODCR signals for R series were

clearly observed in #9, the former is probable interpretation.
4.7.4 ODCR as a function of magnetic field

Figure 44 shows the microwave power dependence of the ODCR spectra obtained from

FE line. The spectra are similar to those of #9. The ODCR signal at the microwave power
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level at 0dB has a shoulder which disappears at the low microwave power levels. The peak
position of the shoulder lies in the higher magnetic field than that of the ordinary CR.
Thus, it reflects the resonant formation of free exciton. The peak position of the negative
ODCR signal is found at the lower magnetic field than that of the ordinary CR, of which
peak shift is 9%.

The ODCR signal obtained from Iy line is shown in Fig. 45. It is obvious that the
ODCR signal has a shoulder at the higher magnetic field of the CR. The ODCR signal
again consists of two peaks, of which peak positions are equivalent to those of the ODCR
signal obtained from FE at the 0dB microwave power level.

Figure 46 shows the microwave power dependence of the ODCR signals obtained from
I, line. The spectrum at the 0dB microwave power level also consists of two peaks. The
peak at the higher magnetic field disappears at the lower microwave power levels like the
results of #9. The peak positions of two peaks obtained from I; line are equivalent to

those obtained from FE line.

4.8 7ZnSe #1
4.8.1 Ordinary CR

Figure 47 shows the microwave power dependence of the ordinary CR taken at 4.2K.
With Egs. (18) and (19), the relaxation time 7 and CR mobility p are estimated to be
3.2 x 107 s and 3.9 x 10°cm?/Vs, respectively. The CR mobility for #1 is smaller than
that of #9 and #N, which means that #1 has considerably higher donor concentrations
because the neutral donor impurity scattering is dominant at low temperatures and under
the condition of photoexcitation. It was found that the peak position as well as the line

width of the CR was independent of the microwave power level.
4.8.2 PL measurements

Figure 48 shows the PL spectrum for #1 obtained at the magnetic field of 0.18T. The

PL lines due to FE, I, I, I{ and their LO-phonon replicas were observed. The I{ peak
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was stronger than the I; line. In this sample Iy line was clearly observed, while this
line was very weak in other samples as #9 and #N. This means that #1 contains much
more shallow donors than #9 and #N. This result is consistent with the results of CR
measurement.

The inset in Fig. 48 shows the detailed PL spectrum in the range of lower energy. The
emission lines associated with Q series were observed. In addition, the weak emission

lines associated with R series were observed.
4.8.3 ODCR as a function of photon energy

Figure 49 shows the ODCR spectrum at the magnetic field of 0.18T which corresponds
to the electron CR. The ODCR signals due to I, I{ and their LO-phonon replicas were
observed and they were positive ODCR signals. The ODCR signals due to FE and I, line
with the negative sign were observed.

The inset in Fig. 49 shows the detailed ODCR spectrum in the range of 2.64eV and
2.75eV. The distinct ODCR signals associated with Q series were observed, while ODCR
signals associated with Q series and a sharp phonon replica of I with the positive sign

obscured those with R series.
4.8.4 ODCR as a function of magnetic field

Figure 50 shows the microwave power dependence of the ODCR spectra obtained from
FE line. It was found that the ODCR signal decreased with decreasing microwave power.
The ODCR signal has hardly shown any structure due to the resonant formation of FE
even at the 0dB microwave power level.

Figure 51 shows the ODCR spectra obtained from I line. The line shape is similar to
that of the ODCR spectrum for FE line at the 0dB microwave power level. In this case
the ODCR signal also shows no indication of the resonant formation of free exciton.

Figure 52 shows the microwave power dependence of the ODCR signal obtained from

I; line. It is found that the intensity of the ODCR decreased with decreasing microwave
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power. The prominent shoulder at 0.2T was not observed.

Figure 53 shows the microwave power dependence of the ODCR spectra obtained from
I{ line. The intensity of the ODCR signals decreased with decreasing microwave power.
The spectrum at the 0dB microwave power level consists of two peaks. The line shape of

the ODCR signal at the 0dB microwave power level was different from that of FE line.

4.9 ZnSe #8
4.9.1 Ordinary CR

Figure 54 shows the CR spectrum at 4.2K. The relaxation time 7 and CR mobility u
derived from the line width measurements are 2.4 x 107!!s and 2.8 x 10°cm?/Vs, respec-
tively. The CR mobility of #8 is the lowest one among ZnSe samples employed in this

experiment.
4.9.2 PL measurements

The PL spectrum related to the near band edge emission at the magnetic field of 0.18T
is shown in Fig. 55. The sharp PL peak due to I{ was observed. In addition, the PL
peaks due to FE, I, and LO-phonon replicas of I{ were observed.

The inset in Fig. 55 shows the PL spectrum in the range of 2.1eV and 2.6eV. A broad
peak at 2.4eV of which origin is unknown was observed.

It is characteristic behavior of #8 that I; line and the emission lines associated with R
and Q series were not observed in the least. The broad peak at 2.4eV was observed only
in #8 that is a unique sample with heat treatment. Accordingly, this broad line should

originate in some kind of defects introduced by heat treatment.
4.9.3 ODCR as a function of photon energy

Figure 56 shows the ODCR spectrum obtained at the magnetic field of 0.18T. The
change in PL intensity induced by the electron CR in #8 was smaller than that in other
samples. The main ODCR peak was due to I{ line. The ODCR signals due to I{ and
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their LO-phonon replicas were positive. The weak ODCR signals due to FE and I, were
also observed. The ODCR signal due to Iy was negative, while the ODCR one due to FE
was positive. It is characteristic behavior of this sample that the ODCR signal obtained
from FE is positive, because the ODCR signals for FE were always negative for other

ZnSe samples employed.
4.9.4 ODCR as a function of magnetic field

Figure 57 shows the ODCR spectrum obtained from FE line. The signal was composed
of two signals. One is the broad negative signal and the other is narrow positive one
which might be due to the resonant free exciton formation. The negative ODCR signal
is weaker than the positive ODCR one. Thus, the ODCR signal related to FE line shown
in Fig. 56 exhibits the positive sign.

Figure 58 shows the ODCR spectrum obtained from I, line. Though the ODCR signal
is rather noisy, its line shape is surely similar to that of the ODCR spectrum obtained
from FE line. It is composed of two peaks, one is broad negative peak and the other is
narrow positive one.

Figure 59 shows the ODCR spectrum obtained from I{ line. The ODCR signal has
complicated structures. It is obvious that the ODCR line shape is completely different
from those of FE and I, line.

Figure 60 shows the ODCR spectrum obtained from the broad PL peak at 2.4eV. The

clear resonant peak was observed and the sign of the ODCR signal was positive.

4.10 Summary

The ordinary CR peaks were observed in all samples employed. The CR mobility was
derived from the linewidth measurement of the CR spectrum. I; and the emission lines
associated with R and Q series were observed except for #8. The broad peak at 2.4eV,
on the other hand, was observed in only #8. The CR mobility and the characteristics of
ODCR signals are listed in Tables 4 and 5.
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Table 4: The specifications of ZnSe. The circle shows that the sample was heat treated.
The CR mobility was derived from the linewidth measurements of the ordinary CR spec-
trum at 4.2K.

’ sample ‘ growth method ‘ annealing ‘ CR mobility at 4.2K(cm?/Vs) ‘

#9 recrystallization X 4.9%10°
#N | recrystallization X 4.8x10°
#1 | recrystallization X 3.9x10°
#8 recrystallization O 2.8%x10°

Table 5: The results of the ODCR in ZnSe at 0.18T. Circles mean that the clear CR
peak was observed in the sample concerned. The plus and minus indicate the positive
and negative sign of the ODCR signal, respectively. The notation 2.4eV means the broad
emission peak observed at 2.4eV. The positive sign of the ODCR signal for FE in #8 is
obtained at 0.18 T. One should note that it is negative at the different magnetic field.

lsample | CR | FE | L | L | If | R | Q | 24eV |
#9 O — — -+ -+ — -+ | absent
#N O — — -+ -+ — -+ | absent
#1 O — — + -+ |absent | -+ | absent
#8 O + — |absent | —+ | absent | absent -+
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5 Discussion

5.1 CdTe

5.1.1 Formation process in exciton system

In #A and #P, the ODCR signal obtained from the X-LO line as a function of magnetic
field was observed. The ODCR signals obtained from the LO-phonon replica lines as a
function of magnetic field reflect those obtained from the fundamental lines. Namely it
is found that the ODCR line shapes of the LO-phonon replica lines and the original PL
line extremely resemble each other. Unfortunately the ODCR signal for free exciton line
has not been observed because it was too weak, but the ODCR signal from the X-LO line

was observed and this signal should reflect the ODCR signal from free exciton.

Formation process for neutral donor bound exciton, D°X [

From Figs. 9 and 11, one notes that the ODCR line shape obtained from DX is
exceedingly similar to that from X-L.O. This means that the change in PL intensity of free
exciton line coincides with one of DX line. Based on these experimental observations let’s
discuss the formation process for the neutral donor bound exciton, DYX. It is satisfactory

to consider that there are three types of formation process for DX.

D’ +e +ht — D4+ X — (D°X), (20)
D’ +e +ht — D +ht — (DX), (21)
D’ +e +ht — (DTX)+e — (D°X), (22)

where, D% e, h*, X, D~ and (D*X) are neutral donor, electron, hole, free exciton,
donor with an additional electron and ionized donor bound exciton, respectively. The
formation process described by Eq. (20) means that first of all an electron and a hole
form themselves into a free exciton and then the free exciton is captured by a neutral
donor. Equation (21) means that an electron and a neutral donor form into D~ state and

then a hole is captured by D~. The final Eq. (22) means that a hole and a neutral donor
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form into an ionized donor bound exciton and then an electron is captured by it.

If the formation process described by Eq. (22) is dominant, the ODCR signal obtained
from D°X is affected by that obtained from D*X, because DTX always exists at the
intermediate state. Namely the change in the concentration of DX which corresponds
to the change in PL intensity related to DX is surely affected by the change in the
concentration of DX (the change in PL intensity of D*X). From Figs. 12 and 19, it
is shown that the ODCR. signal obtained from D°X as a function of magnetic field is
different from that obtained from D*X. This fact means that the change in PL intensity
of DX is independent of that for DTX. Thus, it is difficult to consider that the formation
process of Eq. (22) is dominant.

Suppose that the formation process of Eq. (21) is dominant, the change in PL intensity
of DX ought to be independent of the change in PL intensity of free exciton, because
no free exciton exists at the intermediate state in this process. Accordingly it is hardly
possible that the ODCR signal for DX is similar to the ODCR signal for free exciton.

If the formation process of Eq. (20) is dominant, the change in PL intensity of DX
necessarily depends on the change in PL intensity of free exciton, because in this case free
exciton always exists at the intimidate state. This suggests that the ODCR line shape
of DX and free exciton obtained as a function of magnetic field should resemble each
other and experimental results support the above argument. Thus, it is concluded that
the formation process described by Eq. (20) is dominant for the formation process related

to DOX.

Formation process for neutral acceptor bound exciton, A°X 0O

In the next place the formation process of A°X is considered . From Figs. 10 and 18,
it is shown that the ODCR signal obtained from A°X line as a function of magnetic field
and that from X-LO resemble each other. As in the case of DX, there possibly exist

three types of the formation process for A°X.
A'+e +ht — A+ X — (AX), (23)
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A’+e  +ht — (A X)+h" — (4°X), (24)

A’ +em +ht — At 4o — (A'X), (25)

where A°, A~X and A™ are neutral acceptor, ionized acceptor bound exciton and acceptor
with an additional hole, respectively. The formation process described by Eq. (23) means
that an electron and a hole first of all form themselves into a free exciton and then the
free exciton is captured by a neutral acceptor. The formation process of Eq. (24) means
that an electron and a neutral acceptor form into an ionized acceptor bound exciton and
then a hole is captured by the ionized acceptor bound exciton. The formation process
of Eq. (25) means that a hole and a neutral acceptor form into A™ state and then an
electron is captured by A™.

The PL peak due to ionized acceptor bound exciton A~X has not been observed in the
present PL measurements, which implies that the formation process of Eq. (24) is not
dominant. If the formation process of Eq. (25) is dominant, it is hardly understood that
the line shape of the ODCR signal obtained from A°X line as a function of magnetic field
and that from X-LO line exceedingly resemble each other. If the formation process of Eq.
(23) is dominant, it makes a point that the change in the concentration of free exciton
(the change in PL intensity due to free exciton) should coincide with the change in the
concentration of A°X (the change in PL intensity due to A°X). This requests that the
line shapes of the ODCR signal obtained from A°X line as a function of magnetic field
and that from the X-LO line ought to resemble each other and experimental results are
like that. Thus, it is concluded that Eq. (23) describes the dominant formation process
for AX.

Formation process for ionized donor bound exciton, DX [
On referring to Figs. 12 and 19, one notes that the line shape of ODCR signal obtained
from DX is different from that from X-LO. The results from DX are in contrast to the

results from D°X and A°X. It is considered that there are two types of D*X formation
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process.

Dt +e +ht — D"+ X — (DX), (26)

D’ +hnt — (DTX), (27)

where DT is ionized donor. The formation process of Eq. (26) represents that a free
exciton is captured by ionized donor after an electron and a hole form into a free exciton.
The formation process of Eq. (27), on the other hand, represents that a hole is captured
by D° and then they form into D*X.

If the formation process followed by Eq. (26) is dominant, the change in the con-
centration of DTX (the change in PL intensity of D*X) must reflect the change in the
concentration of free exciton (the change in PL intensity of free exciton). Thus, the change
in PL intensity of DTX needs to indicate the same behavior as that of X-LO. However,
the line shapes of ODCR obtained from DX line and that from X-LO as a function of
magnetic field are considerably different. Thus, it is concluded that the dominant process

is described by the Eq. (27).

Summary [

Dynamical properties for the formation mechanism in excitonic system are investigated
through the ODCR measurements as a function of magnetic field. It is made clear that
the dominant formation process is described by Eq. (20) for neural donor bound exciton
(DX). The dominant formation process is given by Eq. (23) for neutral acceptor bound
exciton (AYX). As for the formation process of ionized donor bound exciton (D*X), it is

concluded that the dominant formation process is Eq. (27).
5.1.2 ODCR mechanism

Monte Carlo simulation O
From Table 3, it is recognized that the sign of the ODCR signals for CdTe surely

depends on the mobility of the sample, i.e., whether the ordinary CR is sharp or broad.

38



Here let us discuss the relation between the sign of the ODCR signal and the mobility of
the sample based on the results of Monte Carlo simulation for CdTe.

Under the photoexcitation condition, the electron scattering is dominated by neutral
donors at low temperatures. The neutral donor concentration can be estimated from Eq.

(16). The relation between the scattering probability, P, and the scattering time, 7, is
T = 1/Pipyp- (28)

Since the scattering time was obtained from the line width measurements of the CR
line, the donor concentrations for #A and #P can be estimated to be 4.9x10"cm ™3
and 6.1x10%cm™3, respectively. The donor concentrations for #B and #W, which
did not show the distinct CR line, can be estimated at more than 3.2x10%cm™3 and
2.9%10%cm 3. The difference in donor concentration affects the mean kinetic energy of
electrons under the application of dc electric field. According to Monte Carlo simulation
the situation can be indicated. The details of the simulation are shown in the section of
Monte Carlo simulation.

In Fig. 61 the mean kinetic energies of electrons with different donor concentrations,
5.0x10Mem ™ and 3.0x10%cm ™3, are plotted against the applied dc electric field. It
seems that the microwave power at the present experimental condition corresponds to the
order of several ten V/cm of dc electric field [12][25]. From Fig. 61, one can note that
the mean kinetic energy of the electron becomes lower with increasing concentration of
neutral donors at the same electric field, i.e. the mean kinetic energy of electrons for #B
and #W is lower than that for #A and #P at the same microwave power level.

The binding energy of the donor in CdTe is 13meV. The mean kinetic energy of elec-
trons at 4.2K in a sample with the donor concentration of 5.0x10*cm ™3 is just 7TmeV
even under 30V /cm dc electric field. Thus, it seems that the impact ionization for donors
hardly occurs under such a situation. However, all electrons have not necessarily the
mean kinetic energy, and a few electrons are sure to have larger energy than the mean ki-

netic energy. The energy distribution of the electronic system in a sample with the donor
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concentration of 5.0x10em™ under 30V /cm dc electric field is shown in Fig. 62. As
is obvious from the figure, there exist some electrons with the energy more than 13meV.
This means that the impact ionization of the donor electrons possibly occurs in #A and
#P under CR. However, it is found from Fig. 63 that the impact ionization of the donor
electrons hardly occurs for the sample with higher donor concentration as #B and #W
under CR. The difference in the donor concentration, thus, affects definitely the sign of

the ODCR signals.

Rate equations for ODCR in CdTe [0

The excitonic system in CdTe is expressed by the rate equation. The system composed
of free exciton, D’X and A%X is discussed. DTX can be excluded from the system, because
its formation process is not related to the free exciton as mentioned above. The energy
diagram for free electron, free exciton, neutral donor bound exciton and neutral acceptor
bound exciton is shown in Fig. 64. From Fig. 64, it is shown that the increase and
decrease in free exciton, neutral donor bound exciton and neutral acceptor bound exciton
concentrations are connected with each other.

The rate equation for the neutral donor bound exciton is given by

d
ﬁ = Bl (ND — nd)nem - Alnd - Clnend - @7 (29>
dt Td

where n., ng, Np, n., and 74 are conduction electron concentration, neutral donor bound
exciton concentration, total donor concentration, free exciton concentration and the life-
time of neutral donor bound exciton, respectively.

The rate equation for the neutral acceptor bound exciton is given by

dn, T
dt = BZ(NA - na)nez - A2na - C2nena - 7_7117 (30>

where n,, N4 and 7, are neutral acceptor bound exciton concentration, total acceptor
concentration and the lifetime of neutral acceptor bound exciton.

The rate equation for free exciton is given by

dnem Neg
- Bi’)nenh - A3ner - O?)nenez -
dt Tex
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—B1(Np — ng)ne, + Aing + Cineng

_B2<NA - na)nem + A2na + CQTLenaa (31)

where ny, and 7., are hole concentration and the life time of free exciton. A;, B; and C;
are the thermal dissociation, the thermal capture and the impact ionization coefficients,
respectively. Here 7 is 1, 2 and 3.

From the excitation intensity dependence of PL, it is shown that the PL intensity for
bound exciton shows no saturation under the present experimental condition for ODCR.
This means that total neutral donor/acceptor concentration is sufficiently higher than the
neutral donor/acceptor bound exciton concentration. In this case, we may approximate

with the following equations.
(ND - nd)ne:c ~ NDnexa (32)

(NA — Ng)Nex &= Naleg. (33)

Thus, Egs. (29), (30) and (31) are approximated by

d

B B Npnes — Ayng — Cyneng — 2 (34)
dt Td

d a a
Mo o ByNanes — Asng — Congng — 22, (35)
dt T,

d exr exr

n - B3nenh - A3nez - C3nener - L

dt Tew

—B1Npne, + Aing + Cineng

—BQNAneI + Agna + anena. (36)

Sign of ODCR signal (DA emission in #A and #P) O

There are three types of factor to determine the sign of the ODCR signals as mentioned
above. As the resonant formation of free exciton was not observed in CdTe, the reduction
in the capture rate for ionized donor and free exciton and the impact ionization determine
the sign of ODCR signals. In general B; decreases monotonously with increasing of

the kinetic energy of electrons [40]. Since the impact ionization should not occur until
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the kinetic energy of electrons exceeds the binding energy of each radiative object, it
seems that C; increases rapidly when the kinetic energy of electrons surpasses a certain
magnitude. However, since electrons have energy distribution, it seems that C; is smooth
function.

From the results of Monte Carlo simulation, it is noted that hot electrons give rise to the
impact ionization of neutral donors in #A and #P under the CR condition. The impact
ionization causes the increase in conduction electrons and the decrease in neutral donors.
In addition, the capture rate of ionized donors decreases under CR condition because of
the increase in the kinetic energy of electrons. Consequently the PL intensity for DA
recombination decreases. It agrees with the observation for the ODCR experiments (see
Figs. 7 and 16). In addition, it is noteworthy that neutral acceptors inversely increase

because of reduction in DA recombination.

Sign of ODCR signal (Free exciton, D’X and A°X in #A and #P) [
In a steady state condition, i.e. when dng/dt = dn,/dt = dne,/dt = 0, from Eq. (36)

we obtain for n.,
o B3nenh - nd/Td - na/Ta

ex = , 37
" A3+ane+1/7'ez ( )

where we may introduce «

1
= ) 38
“ A3 + O3ne + ]-/Tez ( )
Neg 1S expressed by

New = (Bsneny, — ng/Tg — na/Ta)- (39)

Hot electrons can give rise to the impact ionization for free excitons. If free excitons often
obtain the kinetic energy from hot electrons, the temperature of free excitonic system will
increase under CR condition, which causes the energy distribution of free excitons move
to the higher energy. As a result, it is expected that the ODCR signal for free exciton

line should become a derivative type of the original PL line [18]. Such a signal, however,
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has not been observed in the present experiments. Accordingly, it can be concluded that
the interaction of hot electrons with free excitons is not so strong and hot electrons rarely
make to increase in the kinetic energy of free exciton. The change in Az, Cs3n,. and 7, is
small under CR condition, therefore « is considered to be constant under CR condition.

we can easily solve Egs. (35) and (36) as follows:

B1Np

Nng = New, 40
d A1+C’1ne+1/7d ( )
BaNy
a — exs 41
" A2+Ogne+1/7an ( )
where we may introduce S and ~
Bi{Np
_ ’ 42
6 A1+C'1ne—|—1/7'd ( )
ByNy
= , 43
i A2+02ne+]-/7-a ( )
ng and n, are expressed by
Ng = Bneam (44)
Ng = VMex- (45)
Hence from Egs. (39), (44) and (45), ne, is given by
Baneny,
Nex = ) 46
Lo+ BJra+ 177 46)

where the numerator means the interaction between free excitons and conduction elec-
trons. The term (/74 means the interaction free excitons and neutral donor bound ex-
citons. The term v/7, means the interaction between free excitons and neutral acceptor
bound excitons.

Let us consider the change in ng4, n, and n., under CR condition. Since the kinetic
energy of free excitons scarcely changes under CR condition, it is assumed that B; and
Bs are constant. In addition, Ay, As, 74 and 7, are also constant at a fixed temperature.

Np decreases under CR condition because of the reduction in capture rate of ionized
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donors and impact ionization of neutral donors as above mentioned. Cin, increases under
CR condition because of the increase in kinetic energy of electrons. Thus, from Eq. (42),
it is shown that the change in Np and Cin. under CR condition causes the decrease in 3.

N4 increases under CR condition because of the reduction of DA recombination, which
causes the increase in v. Csn, increase under the CR condition, which causes the decrease
in 7. Thus, from Eq. (43), it is shown that the competition between the change in N4 and
Csn,. determines the increase or decrease in . The increase and decrease in v depends
on the experimental condition. The sign of A°X is more likely to be positive than that of
DX because 8 always decreases, but v can increase.

From the analysis of the ODCR signal for the DA recombination, it is shown that con-
duction electrons n. increase under CR condition. In addition, Bs decrease under CR
condition because of the reduction in capture rate of free exciton.

Eventually the competition of the change in 3, v, n. and B3 determines the sign of the
ODCR signals for excitonic system.

[f the interaction between free exciton and conduction electron is smaller than the in-
teraction between free exciton and bound exciton, which means that the change in Bs
and n. is small and the change in § and 7 is dominant, the total concentrations of ng,
ng and n., scarcely change under CR condition. In this case, if a certain state (e.g. free
exciton) increases, the other state (e.g. bound exciton) must decrease. However, all of the
ODCR signals for excitonic system are positive. Hence the dominant factor for ODCR is
the interaction between free exciton and conduction electron. The competition between
the change in n. and B3 determines the sign of the ODCR signal. The ODCR signal
for excitonic system is positive, which means that the increase in the concentration of
excitonic system. Namely the dominant factor for ODCR signal must be the change in
n. which causes the increase in excitonic system concentration.

When the increase in n. is dominant factor for the ODCR for excitonic system, from

Eq. (46) it is shown that free exciton increases under CR condition. From Eq. (42)
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and Eq. (43), it is shown that neutral donor bound exciton and neutral acceptor bound
exciton increase when the increase in n. is dominant.

n. increases under CR condition because of the impact ionization of neutral donors,
which causes the increase in free exciton. The increase in free exciton causes the increase

in DX and A°X. That is the scenario for the ODCR in #A and #P.

Sign of ODCR signals (DX in #A and #P) O

Since the concentration of the neutral donors, D, decrease by the impact ionization
due to electrons, DTX decreases (see Eq. (27)). If the process of the formation for D*X
is dominated by Eq. (26), the concentration of D*X should increase under CR condition
because of increase in DT by the impact ionization. The experimental result for the

ODCR related to DX is negative, which confirms that the dominant formation process

for DTX is given by Eq. (27).

Sign of ODCR signal (DA emission in #B and #W) 0O

From the results of Mote Carlo simulation, it is shown that in #B and #W the impact
ionization for neutral donors rarely occurs under CR condition. Thus, the reduction in
the capture rate should be a dominant origin of the ODCR for the DA line. The neutral
donors decrease under CR condition because of the reduction of the capture rate and
subsequent decrease of the DA line (see Figs. 23 and 30).

A radiative and a nonradiative processes always compete with each other. The compe-
tition is affected by the change in the energy distribution of electrons. The reduction of
the capture rate for electrons causes the increase in the number of electrons which are not
trapped by the radiative centers. During their stay in the conduction band, they happen
to meet nonradiative recombination centers. Hence the nonradiative recombination paths
are enhanced in #B and #W. Actually DeLong et al. reported that the enhancement
of nonradiative recombination process under microwave irradiation to the GaAs and InP

samples [12]. Thus, all of the ODCR signal can be negative. The enhancement also takes
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place in #A and #P. However, a number of electron ionized from neutral donors under
CR condition are provided to excitonic system in #A and #P. It is different from the
case of #B and #W. It is noteworthy that the impact ionization of neutral donors does

not take place in #B and #W, therefore electrons are not provided to excitonic system.

Sign of ODCR (free exciton, DX and A°X in #B and #W) [

Once more Egs. (44), (45) and (46) will be examined closely. In the case of #B and
#W, under CR condition n, is considered to be constant because impact ionization of
neutral donors does not take place. It is different from the case of #A and #P. The
competition of 5, v and B3 determines the sign of the ODCR signals for excitonic system.

If the dominant factor is the change in B3, the ODCR signals for excitonic system can
be reasonably explained. Bjs decreases under CR condition because of the increase in
kinetic energy of electrons. If the B3 is dominant factor, which means that the change
in Bj is larger than that in 8 and +, free exciton decreases under CR condition from Eq.
(46). From Eq. (44) and (45), it is shown that the decrease in Bj causes neutral donor
bound exciton and neutral acceptor bound exciton decrease.

Namely free exciton decreases under CR condition because of the reduction in capture
rate of free exciton. The decrease in free exciton causes the decrease in neutral donor
bound exciton and neutral acceptor bound exciton. This is the scenario for the ODCR

signals for excitonic system in #B and #W.
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5.2 ZnSe

5.2.1 Formation process in exciton system

In a next step the formation process of the excitonic system in ZnSe is considered. Free
exciton FE, neutral donor bound exciton Iy, neutral acceptor bound exciton I; and deep
acceptor bound exciton I{ were observed in the PL measurements. Thus, One needs to

consider FE, I, I; and I¢ for the excitonic system.

Formation process for neutral donor bound exciton, I, [

The ODCR signals for I, line explored as a function of the magnetic field were observed
in all the samples. There are three types of the formation process for I line, same as the
DX in CdTe. The formation process given by Eq. (22) can be neglected because DX
lines in ZnSe have not been observed in PL measurements [41]. It is peculiar that the
ODCR signal for I, line obtained as a function of the magnetic field is quite similar to that
for FE line. When the ODCR signal for FE line obtained as a function of the magnetic
field shows a prominent shoulder arising from the free exciton resonant formation, the
ODCR signal for I line also has a shoulder (#9, #N and #8). On the other hand, when
the ODCR signal for FE line obtained as a function of the magnetic field does not show
a prominent shoulder at higher magnetic field, the ODCR signal for I, line does not have
any shoulder (#1). This fact indicates that the dominant formation process for I line is

described by Eq. (20), as described in the discussion about D°X in CdTe.

Formation process for neutral acceptor bound exciton, I; [

The neutral acceptor bound exciton I; line is observed in #9, #N and #1. It is possibly
considered that there are three types of the formation processes for I;, same as A°X in
CdTe. The PL experiments reveal that A~X almost never exists in ZnSe. Therefore
the formation process followed by Eq. (24) can be excluded. The ODCR signal for FE
consists of negative and positive signals, but the ODCR signal for I; consists of two

positive signals. However, the ODCR spectrum for I; line as a function of magnetic field
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is quite similar to that for FE except for the sign of the signal. As in the case of I line,
when the ODCR signal for FE line as a function of magnetic field has a shoulder due to
the free exciton resonant formation, the ODCR signal for I; line has a shoulder (#9, #N).
On the other hand, when the ODCR signal for FE line as a function of magnetic field
does not have prominent shoulder, the ODCR signal for I; line does not have shoulder
(#1). As the shoulder for I; line decreases with decreasing microwave power as in the
case of the ODCR signal for FE, the structure is composed by the resonant formation
of free exciton. This shows that the dominant formation process for Iy is described by
Eq. (23). The difference of the sign of the ODCR signal between FE and I; lines will be

discussed later.

Formation process for neutral acceptor bound exciton, I¢ [

The ODCR signal for deep acceptor bound exciton I{ as a function of magnetic field is
observed in #9, #1 and #8. The ODCR signals for I{ are positive and their line shapes
are rather complicated. There are three types of the formation process for I{, same as
A°X in CdTe. The formation process of Eq. (24) can be neglected because the A~X line is
hardly observed in PL experiments for ZnSe. The ODCR signal for I{ line is quite different
from that for FE line. This experimental observation indicates that the formation process
of I{ is different from one for I;. It was made clear that the dominant formation process
is described by Eq. (25). Tomaru et al. have obtained the same conclusion about I¢

formation process [14].

Summary [
The formation process for the excitonic system in ZnSe is explained by the ODCR signal
as a function of magnetic field. It is made clear that the formation process for I is Eq.

(20). The formation process of I; is Eq. (23). The formation process for I{ is Eq. (25).
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5.2.2 ODCR mechanism

The clear CR peak was observed in all ZnSe samples employed in this work. Assuming
that the electron scattering due to neutral donors is dominant at low temperatures, the
donor concentration can be estimated from the line width of CR peak, as analogous to

the case of CdTe. The estimated donor concentration of ZnSe is 4.7 ~ 8.5x10™cm™3.

The Monte Carlo simulation was carried out with donor concentration of 8.5x10cm=3.
Figure 65 shows the energy distribution of electrons under the application of 30V /cm dc
electric field. It is remarkable that the binding energy of usual shallow donors is 26meV.

From Fig. 65, one notes that there are electrons which have kinetic energy above 26meV

to some extent.

Sign of ODCR (R and Q series) [

The first detailed studies of R and Q series were performed by Dean et al. [42]. They
observed Ry, Qo and their LO-phonon replicas at liquid helium temperature. They re-
ported that R and @ series come from the DA recombination emission, and that R had
the discrete structure arising from DA pair lines. Furthermore, the eA transition associ-
ated with Qg, which a conduction electron recombines with a hole bound by an acceptor,
was observed at higher temperatures. However, the eA transition related to Ry was not
observed. It is a strange phenomena.

Bhargava et al. have investigated the origin of R and Q series [43]. They concluded
as follows: Both of the impurities associated with Ry and Qg emission lines are the same
acceptor, Liz,. The shallow donor associated with Ry is interstitial Lij,; atom and one
associated with Qg is substitutional group III donor I1Iz,. They think the binding energy
of shallow donors, Lij,, and 111z, is close to each other (26mev). Why does the emission
peak, Rg, differ from the line related to Qy? The transition energy for DA emission Ep4

is given by

62

Epa=E,— (Ep+ EA) + (47)

Areger’
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where F, is the band gap energy, Ep the donor binding energy, F4 the acceptor binding
energy and r the distance between the donor and the acceptor. Since Li;,, atom easily
migrates even at 200C°, a certain correlation, as called preferential pairing, in the distri-
bution of donors and acceptors comes into existence in a sample. Therefore, the Coulomb
energy term between a donor and an acceptor is enhanced. Eventually the peak positions
of DA transitions associated with Rg shift to higher energy. Since the acceptors involved
in the DA transitions concerned with R and Q series are the same ones, unique eA tran-
sitions are observed. This model proposed by Bhargava et al. is generally accepted now.
However, the origin of DA emission lines is still controversial. Figure 66 shows the model
proposed by Bhargava et al.

Emission lines for the R and Q series were observed in #9, #N and #1. I; line due to
neutral acceptor bound exciton was also observed in them. These lines were not observed
in #8, which did not show I; peak as well (see Fig. 55). As a strong FE line is observed
in #8, it is concluded that there are few neutral shallow acceptors in this sample. If
an above conjecture is pertinent, one is convinced of the experimental fact that the DA
emission line is hardly observed in #8. This supports that the R and ) series are a
kind of DA emission. The reason why neutral shallow acceptors are not contained in #8
should originate in the heat treatment effect of the sample, i.e., #8 was annealed in Zn
atmosphere. It is noted that the annealing reduces the concentration of shallow acceptors,
and from the experimental point of view the broad peak at 2.4eV appears. The details of
the annealing effect have not been made clear yet.

From the results of ODCR, it is found that the ODCR signals for R series are negative
and the ODCR signals for Q series are positive. It conflicts with the model proposed
by Bhargava et al.. The probability of the impact ionization related to neutral donors
associated with R and Q series should be exactly alike because their model said the donor
binding energy associated with R and Q is nearly equal to 26meV. If their model is true,

both of the ODCR signals for R and Q series should be negative from Monte Carlo sim-
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ulation.

Isshiki et al. have proposed another model [44]. Through the PL measurements, they
have studied the DA emission lines associated with R and Q series in detail. They con-
cluded that the neutral acceptors associated with R and Q) series are the common shallow
acceptors, Liyz_, and the related donors are Gay, for Q emission and Li;,; for R emission.
In addition, they determined the donor binding energy of Lijy, as 15meV. Gay, is the
usual shallow donor, therefore the binding energy is 27meV. Figure 66 shows the model
proposed by Isshiki et al.. From Fig. 66, it is shown that the unique eA transitions
associated with R and Q series are observed.

Godlewski et al. observed the ODCR experiment and reported as follows [45]: For two
overlapping DA transitions due to two donors with different binding energies, a reverse
response of PL to carrier heating was observed in InGaAs. Hot carriers reach first the
energy required for impact ionization of the shallower of the two donors, therefore the
higher energy part of the DA bands is reduced and the lower energy part is enhanced
because more carriers will recombine now via the deeper of the two donors.

The ODCR signal obtained from R and Q) series shows the similar behavior reported by
Godlewski et al. Namely DA emission associated with R series which is in higher energy
region decreased and DA emission associated with Q series which is in lower energy region
increased under CR condition. If the model proposed by Isshiki et al. is true, one can
explain the results of the ODCR signals for R and Q series through the results reported by
Godlewski et al. Hence hot electrons reach first the energy required for impact ionization
of shallower donor Lij,, therefore the ODCR signal for R series is negative. The electrons
released from Li;,; donors are excited into the conduction band. Most of the conduction
electrons excited from R series are inclined to recombine via the deeper donors Gay,,
which causes the increase in the Q emission line. The ODCR experiments revealed that
the model proposed by Isshiki et al. is reliable. Thus Isshiki et al.’s model is adopted

here.
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Although the decrease in R series is small, the increase in Q series is large. It seems
strange. Neumark work gave indications of order magnitude differences in the transition
probability between Li;,, and substitutional donor [46]. Namely, the transition probability
of R series is much lower than that of QQ series. It may be the origin of the differences in
the ODCR signal intensity between R and Q series.

Thus in the case of #9. #N and #1, most of the conduction electrons increased by im-
pact ionization of Li;, incline to recombine via () emission, therefore electrons increased
by impact ionization of Li;y; are not provided to excitonic system. It is different from the
case of #A and #P CdTe samples. In the case of #A and #P, the conduction electrons
increased by impact ionization of neutral donors come into excitonic system.

The impact ionization for neutral donors also takes place in #8. The positive ODCR
signal for the broad peak at 2.4eV is observed in #8. It seems that most of electrons ex-
cited from shallow donors bring forth the broad peak at 2.4eV. Thus electrons increased

by impact ionization of neutral donors are not provided to excitonic system, as in the

case of #9. #N and #1.

Sign of ODCR (FE and I, in #8) O

Since the formation process for I{ includes no free exciton at intermediate state, one
may take into account the system composed of FE and Iy in #8. In this case, the rate
equations correspond to ones with v = 0 for the system in CdTe. The solutions for the

rate equations are given by

Ng = PNeg (48)
o B3nenh
Mer = 7ot Blra (49)

Let us consider the variation in n., and ng under CR condition. The ODCR signal
for FE did not show the line in the shape of the derivative type, which means that « is
considered to be constant, as in the case of CdTe. Thus the competition of n., B3 and 3

determines the sign of ODCR signals. From the results of DA emission lines, it is shown
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that the electrons excited by the impact ionization for R series hardly contribute to the
formation of free excitons. Thus n. is considered to be constant and the competition
between B3 and [ determines the sign of the ODCR signals for FE and I,.

The numerator in Eq. (49) represents the interaction between free excitons and conduc-
tion electrons. The term /7, in Eq. (49) represents the interaction between free exciton
and neutral donor bound exciton. If the change in the numerator is small, which means
the change in Bj is smaller than that in [, the total concentrations of n., and nyg are
almost constant. In this case, if a certain state (e.g. free exciton) decreases under CR
condition, the other state (e.g. neutral donor bound exciton) must increase. However, it
is found that both of the ODCR signals for FE and I, are negative. Thus it is concluded
that the change in B3 is dominant factor for the ODCR. It is obvious that the reduction
in the capture rate of free exciton under CR condition causes the decrease in free exciton
concentration. As a result, the decrease in free exciton concentration causes the decrease
in neutral donor bound exciton concentration. This is the scenario for the ODCR for

excitonic system in #8

Sign of ODCR (FE, I, and I, in #9, #N and #1) O

Since the formation process for I has no connection with free exciton at intermediate
state, one may take into account only the system composed of FE, I; and I,. In this case,
the rate equations for the system in ZnSe and in CdTe are described by the same form.
From the results of DA emission lines, it is shown that the electrons excited by the im-
pact ionization for R series hardly contribute to the formation of free excitons. Thus n.
is considered to be constant similar to the case of #8.

From Eqs. (44), (45) and (46), the competition among Bs, § and 7 determines the sign
of the ODCR signals, as in the case of CdTe. From the analysis of experimental results
for #8, it is found that the change in g is smaller than that in Bs. Accordingly the change
in /3 is ignored hereafter. Thus the competition between B3 and ~ determines the sign of

the ODCR signals in #9, #N and #1.
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The numerator in Eq. (46) represents the interaction between free excitons and conduc-
tion electrons. The term /7, in Eq. (46) represents the interaction between free exciton
and neutral acceptor bound exciton. If the change in Bs is dominant, which means that
the change in v is smaller than that in Bs, the concentrations of free exciton and bound
exciton decrease as in the case of #8. Namely the decrease in free exciton due to the
reduction of the capture rate causes the decrease in bound exciton. However, the ODCR
signal for FE is negative, while the ODCR signal for I; is positive. Therefore the change
in Bs is not a dominant factor for the ODCR.

In this case it is concluded that the change in v must be a dominant factor for the
ODCR. ~ can sometimes increase and sometimes decrease as mentioned above. In or-
der to explain the positive ODCR signal for for I, however, v must increase under CR
condition. In such circumstance that v increases, it is shown that the increase in N4 is
larger than the decrease in Con, as is evident from Eq. (43). If the dominant factor for
the ODCR is the increase in neutral acceptor concentration, v should increases, which
causes the increase in neutral acceptor bound exciton. In this case, free exciton decreases
due to the increase in v and the decrease in B3. Namely the increase in neutral acceptor
under CR condition causes the increase in neutral acceptor bound exciton. The increase
in neutral acceptor bound exciton and the reduction in the capture rate of free exciton
cause the decrease in free exciton. Then, the decrease in free exciton causes the decrease
in neutral donor bound exciton. This is the reason why the sign of the ODCR signal for
FE is different from that for I. It is noteworthy that the reduction in free exciton is due
to the change in v and Bj in this case. However, the reduction in free exciton is due
to the change in Bs in #8. Therefore, the line shape of the ODCR signal for FE as a
function of magnetic field in #8 may be different from that in the other samples (see Fig.
57, Fig. 37, Fig. 44 and Fig. 50).

Why does the increase in neutral acceptor concentration under CR condition take place?

The mechanism is not clear yet. The origin may be due to the decrease in DA transitions.
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It seems that DA transitions increase under CR condition because the positive ODCR
signal for Q series is strong. However, the transition probability of R series is smaller
than that of Q series by order of magnitude as mentioned above. Hence, the decrease in
the number of R series may be larger than the increase in the number of Q series under
CR condition. This means that the decrease in total DA transition under CR condition.
Since the change in neutral donor concentration causes the change in DA transition, the
decrease in DA transition causes the increase in neutral acceptor. The decrease in total
DA transition may be due to the enhancement of nonradiative recombination. Further

study of the mechanism is needed.

Sign of ODCR (I{) O

The origin of the ODCR signal for I{ is not clear. One model is as follows: A small
part of electrons, which are excited from the neutral donors associated with R series by
impact ionization, recombines via excitonic system. It seems that the electrons prefer to
recombine via the deeper excitonic system, as in the case of DA emission line. Thus, I{

increases under CR condition.
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6 Conclusion

ODCR, CR and PL measurements on high quality bulk CdTe and ZnSe samples were

carried out. The results are as follows:

e The line shape of the ODCR signal obtained as a function of the magnetic field cer-
tainly depends on the origin of each PL line. Consequently, the formation processes
in excitonic system in CdTe and ZnSe are determined through the analysis of the
difference in the line shape of the ODCR signals as a function of the magnetic field.
The formation process of neutral donor bound exciton in CdTe and ZnSe is shown
by Eq. (20) which means that first of all an electron and a hole form themselves
into a free exciton and then the free exciton is captured by a neutral donor. The
formation processes of neutral acceptor bound exciton in CdTe and ZnSe are given
by Eq. (23) which means that an electron and a hole first of all form themselves
into a free exciton and then the free exciton is captured by a neutral acceptor. The
formation process of ionized donor bound exciton in CdTe is described by Eq. (27)
which means that a hole is captured by a neutral donor and then they form into an
ionized donor bound exciton. The formation process of deep acceptor bound exciton
in ZnSe is given by Eq. (25) which means that a hole and a neutral acceptor form

into AT state and then an electron is captured by A™.

e The sign of the ODCR signals of CdTe depends on whether the CR peak is sharp or
broad. The line width of the CR peak is connected with the scattering relaxation
time of electrons. Under photoexcitation condition at low temperatures, the relax-
ation time of the electron is dominated by neutral donors. The mean energy and
energy distribution of electrons were calculated by means of Monte Carlo simulation
under the condition of different donor concentrations. This calculation reveals that
the energy distribution depends on the donor concentration, and the difference of

energy distribution affects the competition between the reduction in the capture
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rate and the impact ionization, which determines the sign of the ODCR signals.

The increase and the decrease in PL intensity take place under CR condition. It is
noted that the argument based on the rate equations is an effective way to analyze
the rise and fall of PL intensity for excitonic system under CR condition. From the
analysis of rate equations, the mechanism of the ODCR in CdTe could be made

clear.
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— PL with electromagnetic radiation
-------- PL without electromagnetic radiation

PL Intensity (arb. units)

TN —

PL Wavelength
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Figure 1: Schematic ODCR spectra shown as a function of the PL wavelength. The
dotted line represents the PL spectra without electromagnetic radiation. The solid line
represents the PL spectra with electromagnetic radiation.
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Figure 2: Schematic energy diagram of the exciton state and the conduction band. The
resonant formation of free exciton takes place when the kinetic energy of the carrier E(k)
fulfills Eq. (3).
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Figure 3: Block diagram of the experimental setup for PL, CR and ODCR measurements.
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Figure 4: Ordinary electron CR spectrum taken at 4.2K. The sharp line of CR means
that the employed sample is high quality.
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Figure 5: PL spectrum obtained at the magnetic field of 0.12T. The PL peaks associated
with exciton and DA transitions were observed. The inset shows the same spectrum with
an enlarged abscissa.
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Figure 6: Detailed PL spectrum near band edge region at the magnetic field of 0.12T.
Free exciton (X), neutral donor bound exciton (D°X), ionized donor bound exciton (DTX)
and neutral acceptor bound exciton (A°X) were observed.
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Figure 7: ODCR spectrum shown as a function of the photon energy at the magnetic
field of 0.12T which corresponds to the electron CR. ODCR signals for exciton and DA

transitions were observed.
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Figure 8: Detailed ODCR spectrum shown as a function of the photon energy near band
edge. The strength of the applied magnetic field was 0.12T. The ODCR signals for free

exciton phonon replica (X-LO),

neutral donor bound exciton (DX), ionized donor bound

exciton (DTX) and neutral acceptor bound exciton (A°X) were observed.
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Figure 9: ODCR spectrum for free exciton LO-phonon replica (X-LO) shown as a function
of the magnetic field. The microwave power level was maximum.
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Figure 10: Microwave power dependence of the ODCR signal for neutral acceptor bound
exciton (A°X). The microwave power level is indicated in the figure. The ODCR signal
decreased with decreasing microwave power.
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Figure 11: ODCR signal for neutral donor bound exciton (D°X) shown as a function of
the magnetic field. The microwave power level was maximum. The ODCR signal for DX
and X-LO resembles each other.
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Figure 12: ODCR signal for ionized donor bound exciton (D°X). The microwave power

level was maximum. It is noteworthy that the ODCR signal is different from that for
X-LO.
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Figure 13: Ordinary CR spectrum taken at 4.2K. The sharp CR peak analogous to the
case of #A was observed.
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Figure 14: PL spectrum at the magnetic field of 0.13T. PL signals associated with exciton
and several DA transitions were observed.
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Figure 15: Detailed PL spectrum near band edge region at the magnetic field of 0.12T.
PL signals for free exciton (X), neutral donor bound exciton (D°X) and neutral acceptor

bound exciton (A°X) were observed.
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Figure 16: ODCR spectrum shown as a function of the photon energy. The applied

magnetic field of 0.12T corresponds to that of electron CR. The ODCR signals for exciton
and DA transitions were observed.
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Figure 17: Detailed ODCR spectrum near band edge shown as a function of the photon
energy. The applied magnetic field of 0.12T corresponds to that of electron CR. The

ODCR signals for free exciton LO-phonon replica (X-LO), ionized donor bound exciton
(DX) and neutral acceptor bound exciton (A°X) were observed.
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Figure 18: Microwave power dependence of the ODCR signal for neutral acceptor bound
exciton (AX). The relative microwave power level is indicated in the figure. The ODCR
signal decreased with decreasing microwave power.
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Figure 19: ODCR spectrum for ionized donor bound exciton (D*X) shown as a function
of the magnetic field. The microwave power level was maximum.

72



CdTe #B
4.2K 35GHz

Ar+ laser excitation

Absorption Intensity (arb. units)

00 041 02 03 04 05 06

Magnetic Field (T)

Figure 20: Ordinary CR spectrum taken at 4.2K. The broad CR peak means that the
relaxation time is considerably small.
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Figure 21: PL spectrum at the magnetic field of 0.12T. The PL signals associated with
exciton and several DA transitions were observed.
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Figure 22: Detailed PL spectrum near band edge at the magnetic field of 0.12T. The PL
signals for neutral donor bound exciton (DX) and neutral acceptor bound exciton (A%X)
were observed.
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Figure 23: ODCR spectrum shown as a function of the photon energy. The applied
magnetic field is 0.12T. The ODCR signals associated with exciton and DA transitions
were observed.
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Figure 24: Detailed ODCR spectrum near band edge at the magnetic field at 0.12T. The
ODCR signal for neutral donor bound exciton (DX) and neutral acceptor bound exciton
(AYX) were observed.
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Figure 25: ODCR spectrum for neutral acceptor bound exciton (A°X) as a function of the
magnetic field. The ODCR signal shows a broad peak that is equivalent to the ordinary
CR.
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Figure 26: ODCR spectrum for neutral donor bound exciton (D°X) as a function of the
magnetic field. The ODCR signal shows a broad peak that is equivalent to the ordinary
CR.
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Figure 27: CR spectrum taken at 4.2K. The broad CR peak was observed.
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Figure 28: PL spectrum at the magnetic field of 0.12T. Many PL peaks were observed.
They were attributed to DA transitions and exciton.
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Figure 29: Detailed PL spectrum near band edge at the magnetic filed of 0.12T. The PL
signals for neutral donor bound exciton (DX) and neutral acceptor bound exciton (A°X)

were observed.
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Figure 30: ODCR spectrum as a function of the photon energy. The applied magnetic
field is 0.12T. The ODCR signals are associated with exciton and DA transitions. All of
the ODCR signals were negative except for two peaks.
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Figure 31: Detailed ODCR spectrum near band edge as a function of the photon energy.
The ODCR signals for neutral donor bound exciton (D°X) and neutral acceptor bound
exciton (A°X) were observed.
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Figure 32: ODCR spectrum for neutral acceptor bound exciton (A°X) as a function of the
magnetic field. The ODCR signal shows a broad peak that is equivalent to the ordinary
CR.
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Figure 33: ODCR spectrum for neutral donor bound exciton (DX) as a function of the
magnetic field. The ODCR signal shows a broad peak that is equivalent to the ordinary
CR.
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Figure 34: Ordinary CR spectrum taken at 4.2K. The sharp CR peak was observed, which
represents high quality of the employed sample.
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Figure 35: PL spectrum at the magnetic field of 0.18T. The PL peaks associated with
exciton, R and Q series were observed. The inset shows the same spectrum with an
enlarged abscissa.
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Figure 36: ODCR spectrum as a function of the photon energy. The applied magnetic
field is 0.18T which corresponds to the electron CR. The ODCR signals for exciton and
R and Q series were observed. The inset shows the same spectrum with an enlarged
abscissa.
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Figure 37: Microwave power dependence of the ODCR signal for free exciton. The relative
microwave power level is indicated in the figure. The shoulder at 0.2T was observed at
the maximum microwave power level.
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Figure 38: ODCR spectrum for neutral donor bound exciton I, shown as a function of
the magnetic field. The microwave power level is maximum. The shoulder at 0.2T that
is equivalent to the case of the ODCR signal for free exciton was observed.
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Figure 39: Microwave power dependence of the ODCR signal for neutral acceptor bound
exciton I;. The relative microwave power level is indicated in the figure. The shoulder
0.2T was observed at maximum microwave power level, as in the case of the ODCR signal

for free exciton.
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Figure 40: Microwave power dependence of the ODCR signal for deep acceptor bound
exciton I{. The relative microwave power level is indicated in the figure. The shape of
the ODCR signal is different from that for free exciton.
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Figure 41: Microwave power dependence of the ordinary CR spectrum.
microwave power level is indicated in the figure. The sharp line suggests that the employed

sample is a high quality one.
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Figure 42: PL spectrum at the magnetic field of 0.18T. The PL peaks associated with

exciton, R and () series were observed.
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Figure 43: ODCR spectrum as a function of the photon energy. The applied magnetic
field is 0.18T that corresponds to the electron CR. The ODCR signals for exciton and Q
series were observed. The inset shows the same spectrum with an enlarged abscissa.
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Figure 44: Microwave power dependence of the ODCR signal for free exciton as a function
of the magnetic field. The relative intensity of microwave power is indicated in the figure.
The shoulder at 0.2T is observed at maximum microwave power level.
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Figure 45: ODCR spectrum for neutral donor bound exciton I,. The microwave power
level is maximum. The shoulder at 0.2T was observed.
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Figure 46: Microwave power dependence of the ODCR signal for neutral acceptor bound
exciton I;. The relative microwave power level is indicated in the figure. The shoulder
at 0.2T was observed at maximum microwave power level, as in the case of the ODCR

signal for free exciton.
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Figure 47: Microwave power dependence of the ordinary CR spectrum. The relative
microwave power level is indicated in the figure. The sharp line suggests that the used
sample is a high quality one.
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Figure 48: PL spectrum at the magnetic field of 0.18T. The PL peaks associated with
exciton, R and () series were observed.
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Figure 49: ODCR spectrum as a function of the photon energy. The applied magnetic
field is 0.18T that corresponds to the electron CR. The ODCR signals for exciton and Q
series were observed.
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Figure 50: Microwave power dependence of the ODCR spectrum for free exciton. The
relative microwave power level is indicated in the figure. The shoulder at 0.2T was not
observed.
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Figure 51: ODCR signal for neutral donor bound exciton I, as a function of the magnetic
field. The microwave power is maximum. The shoulder at 0.2T was not observed, as in
the case of the ODCR signal for free exciton.
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Figure 52: Microwave power dependence of the ODCR signal for neutral acceptor bound
exciton I;. The relative microwave power level is indicated in the figure. The prominent
shoulder at 0.2T was not observed.
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Figure 53: Microwave power dependence of the ODCR signal for deep acceptor bound
exciton I{. The relative microwave power level is indicated in the figure. The ODCR
signal was composed of two signals at maximum microwave power level.
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Figure 54: Ordinary CR spectrum at 4.2K. The sharp line represents that #8 is a high
quality crystal.
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Figure 55: PL spectrum at the magnetic field of 0.18T. The PL peaks associated with
exciton were observed. The PL peaks for neutral bound exciton I;, R and Q series were
not observed.
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Figure 56: ODCR spectrum as a function of the photon energy. The applied magnetic
field is 0.18T that corresponds to the electron CR. The ODCR signals associated with
exciton were observed.
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Figure 57: ODCR spectrum for free exciton as a function of the magnetic field. The
microwave power level is maximum. The prominent signal at 0.2T due to the resonant

formation of free exciton was observed.
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Figure 58: ODCR spectrum for neutral donor bound exciton I, as a function of the
magnetic field. The microwave power level is maximum. The prominent signal at 0.2T
due to the resonant formation of free exciton was observed, as in the case of the ODCR

signal for free exciton.
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Figure 59: The ODCR spectrum for deep acceptor bound exciton I¢ as a function of the
magnetic field. The microwave power level is maximum. The line shape is different from
that of the ODCR signal for free exciton.
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Figure 60: ODCR spectrum for the peak at 2.4eV. The signal is positive.
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Figure 61: Mean energy of electrons plotted against the applied dc electric field.
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Figure 62: Distribution function of electrons at dc electric field of 30V /cm. One notes
that there are some electrons that have kinetic energy above 13meV. The kink at 22meV
corresponds to LO-phonon energy.
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Figure 63: Distribution function of electrons at dc electric field of 30V /cm. There are few
electrons that have kinetic energy above 13meV.
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Figure 64: Energy diagram for free exciton, neutral donor bound exciton and neutral
acceptor bound exciton.
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Figure 65: Distribution function of electrons at dc electric field of 30V /cm. There are a
few electrons that have kinetic energy above 26meV. The kink at 32meV corresponds to
LO-phonon energy.
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Figure 66: Energy diagram models proposed by Bhargava et al. and Isshiki at al.
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