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Physics is a collection of answers to some questions
that we put to the surrounding world.
And the world answers,

but with a condition that we will not question more...

Stanistaw Lem
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Abstract

In this work emission, optical, electrical and magnetic properties of the d- and f- el-
ements doped zinc selenide crystals were investigated within a wide temperature range.
Doping was performed in various technological processes: during the growth by chemi-
cal vapor transport method; by thermal diffusion from the Bi or Zn melt. Concentration
of the doping impurity in the crystals was controlled by amount of the dopant in the
source material or by its concentration in the doping media. Special interest in the work
was paid to the influence of the different concentrations of Cr and Yb impurities on
ZnSe crystals’ properties, correlations between observed effects and similarities with
the Ni, Mn and Gd dopants are analysed.

Possibility of formation of the excitons bound to the doping d-ions was shown. In
contrast to this, it was observed that f-elements do not bound excitons, but prevent
formation of excitons bound to some uncontrolled impurities. A mechanism of Cr dop-
ing impurity interaction with background impurities and zinc selenide structural defects
was proposed based on experimental data. An assumption about resonant energy trans-
fer between double charged chromium ions and complexes based on crystals’ vacancy
defects was made. A correlation between emission and magnetic properties of the d-
ions doped samples was established. Based on this correlation a mechanism explaining
the concentration quench of the emission was proposed.

It was found that f-ions bind electrically active shallow and deep donor and acceptor
states of background impurity to electrically neutral complexes. This may be observed
as “purification” of ZnSe crystals by doping with the rare-earth elements, resulting in
tendency of the properties of f-ion doped crystals to the properties of intrinsic crystals,
but with smaller concentration of uncontrolled native and impurity defects. A possi-
ble interpretation of this effect was proposed. It was shown that selenium substituting
impurities decrease efficiency of the Yb doping. Based on this experimental results an
attempt to determine ytterbium ion surroundings in the crystal lattice was made.

It was shown that co-doping of zinc selenide crystals with the d- and f- ions leads to
the combination of the impurities influence on the material’s properties. On the basis of
obtained data an interaction mechanism of the d- and f-elements co-dopants was pro-
posed. Guided by the model of the ytterbium ion incorporation in the selenide sublattice
of the ZnSe crystals, an assumption about stabilization of single charged chromium ions
in the zinc sublattice crystal nodes, by means of formation of the local charge compen-

sating clusters, was made.



Tiivistelméa

Tissd tyossd tutkittiin d- ja f-alkuaineilla doopattujen ZnSe-kiteiden emissio-, opti-
sia, sdhkdisid ja magneettisia ominaisuuksia laajalla 1impdtila-alueella. Dooppaus teh-
tiin eri tekniikoilla: kasvatuksen aikana kemiallisesessa kaasufaasikasvatuksessa ja ter-
miselld diffuusiolla Bi- tai Zn-nesteestd. Dooppauksen maéédrd kontrolloitiin sddtdmail-
14 dopantin méaérii 1dhtoaineissa tai sen konsentraatiolla dooppausnesteessi. Erityisesti
tutkittiin Cr- ja Yb-atomien konsentraation vaikutusta ZnSe-kiteiden ominaisuuksiin se-
ki korrelaatioita havaittujen ilmididen vililla ja yhtéldisyyksid Ni-, Mn- ja Gd-ioneilla
doopattuihin kiteisiin.

TyOsséd osoitettiin, ettd d-ionien sitomien eksitonien syntyminen on mahdollista.
Sen sijaan f-ionit eivit sido eksitoneja, vaan estdvét niiden synnyn kontrolloimatto-
mien epdpuhtausionien ympéristoon. Pohjautuen kokeelliseen dataan ehdotettiin, et-
td resonoiva energian siirto Cr’*-ionien ja kiteessi olevien vakanssien vililld selittii
Cr-dopantin vuorovaikutuksen kontrolloimattomien epdpuhtausatomien kanssa. Tyossd
havaittiin myos korrelaatio magneettisten ja emissio-ominaisuuksien vililld d-atomeilla
doopatuissa niytteissi ja tihédn perustuen ehdotettiin mekanismia, joka selittdi emission
hividmisen dopantin konsentraation kasvaessa.

f-ionien havaittiin sitoutuvan kontrolloimattomien epéipuhtausatomien muodosta-
miin sdhkoisesti aktiivisiin mataliin ja syviin donori- ja akseptoritiloihin ja yhdesséd ne
muodostavat sidhkoisesti neutraaleja komplekseja. Tamin havaittiin ndyttdvin kiteen
“puhdistumisena”, kun sitd doopataan harvinaisilla maametalleilla: kiteen ominaisuu-
det ovat yhd lihempéni tiysin puhtaan ZnSe:n ominaisuuksia. Tille ilmidlle esitettiin
syntymekanismi. Ty0ssd osoitettiin my0s, ettd seleenin korvaavat epdpuhtaudet vihen-
tivit Yb-dooppauksen tehoa. Téhiin perustuen yritettiin médrittdd Yb-ionien ympéristod
kidehilassa.

Ty0Ossé osoitettiin myos, ettd ZnSe-kiteiden dooppaaminen samanaikaisesti d- ja f-
atomeilla johtaa dopanttien yhteisvaikutukseen kiteiden ominaisuuksissa. Kokeiden tu-
loksena ehdotettiin vuorovaikutusmekanismia dopanttien vilille, jossa Yb-ionit korvaa-
vat Se-ioneita Se-alihilassa ja samalla stabiloivat Cr*-ioneita Zn-alihilassa muodosta-

malla paikallisia varauksen kompensoivia klustereita.
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Glossary

ABE
CB
CVT
Cw
DAP
DMS
DPSSL
ESR
FC

FE
FWHM
IR

LO
OPO
PL
PMT
REE
RKKY
SA
™
[0AY
VB
ZFC

acceptor bound exciton
conduction band

chemical vapor transport
continuous wave
donor-acceptor pair

diluted magnetic semiconductors
diode-pumped solid state lasers
electron spin resonance
field-cooled

free exciton

full width at half maximum
infrared

longitudinal optical

optical parametric oscillators
photoluminescence
photomultiplier tube

rare-earth elements
Ruderman—Kittel-Kasuya—Yosida
self-activated

transition metals

ultraviolet

valence band

zero-field-cooled

vii

BUrF

*

KE

electron mobility

Fermi energy

reduced Fermi energy
electron mobility
electrical conductivity
mass-magnetization
magnetic susceptibility
acceptor center

donor center

electron or electron charge
acceptor energy

exciton bound energy
donor energy

bandgap energy
degeneracy factor

hole

effective coupling
Boltzmann constant

Fermi wavevector

volume magnetization
concentration of shallow acceptors
n in impurity band

n in conduction band
concentration of shallow donors

Hall coefficient
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1 Introduction

1.1 Semiconductors

Optoelectronics brings together optics and electronics within a single device, a single
material. The material of choice needs to allow the manipulation of light, the manip-
ulation of electrical current, and their interaction. Metals are excellent electrical con-
ductors, but do not allow light to propagate. Glass and related dielectric materials can
accommodate and guide light waves, but they are electrical insulators. Semiconductors
are in between these two material types, as they can carry electrical current as well as
light waves. Even better, semiconductors can be designed to allow for the transforma-
tion of light into current and vice versa.

The conduction of electrical current is based on the flow of electrons. Most electrons
are bound to single atoms and do not transport charge. Only some electrons on the
external shells are released and become conduction electrons. The same number of
positively charged ions is left. The positive charges can also move, as valence electrons
move from atom to atom. Both groups of valence electrons (holes) and conduction
electrons are able to carry electrical current. Both types of carriers are separated by an
energy gap; i.e., valence electrons need to receive at least the gap energy £, to become
conduction electrons (Fig. 1).

To control the concentration of electrons or holes, impurity atoms are introduced
into the semiconductor crystal. The dopants have energy levels slightly above the va-
lence band (VB), acceptors, or slightly below the conduction band (CB), donors (Fig.
1). Acceptors receive an additional electron from the valence band and become nega-
tively charged ions, thereby generating a hole (p-doping). Donors release an electron
into the conduction band and become positively charged ions (n-doping) [1]. Donor and
acceptor impurities may be divided into two groups: deep and shallow. Characteristic
for the last group is determination of the energy levels by the core’s long range coulomb
potential, for the deep donors or acceptors energy levels are defined by the core’s short
range potential. Usually shallow impurity levels differ less than hundred meV from the
allowed band edges, while deep levels are placed closer to the middle of the bandgap.

Thus, semiconductor is a material with intermediate conductivity between metals
and dielectrics, which is strongly dependent on the crystal structure, impurities and
external conditions, i.e., temperature, illumination, electric or magnetic field etc.

There are several classification of semiconductor materials: by type of conductivity

semiconductors can be intrinsic or extrinsic. The last group divides into n-type and p-
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Figure 1: Illustration of donor and acceptor levels within the energy bandgap (Ep and

FE 4 are activation energies).

type. By composition elementary (e.g. Si, Ge), binary (e.g. GaAs, CdTe), ternary (e.g.
CulnSe,), etc. Binary semiconductor compounds include several groups depending on
the component elements: II-VI compounds (e.g. CdTe, ZnS), III-V compounds (e.g.
GaAs, InN), IV-VI compounds (e.g. PbTe, SnS), etc. Semiconductors formed by the
elements of II and VI groups of the periodic table have been known for a relatively long
time. Their properties, like high photosensitivity, high probability of emission recom-
bination in the case of direct transitions and large bandgap, are used in many practical
applications [2]. However, the well-known problems of near-equilibrium doping and
self-compensation must be overcome for the wider use of the wide-bandgap II-VI com-

pounds in industry [3].

1.2 Luminescence

The notion of luminescence was introduced by Eilhard Wiedemann in 1888. Accord-
ing to this definition luminescence (from latin “lumen”: light) is the “light emission
predominant over the background thermal noise, i.e., emission not conditioned by the
rise in temperature” (not incandescence) [4]. However, the Wiedemann’s definition is
too wide and includes all types of non-equilibrium emission including, e.g., Rayleigh
and Raman. To separate luminescence from another emission types Sergey Vavilov in-
troduced the lifetime criteria. Thus, the contemporary definition of luminescence is a
spontaneous emission of radiation from an electronically excited states not in thermal
equilibrium with its environment, and duration of the overglow more than half-period
of the light oscillation [5].



Table 1: Types of luminescence.

Designation Excitation Trigger | Acronym
Photoluminescence Photons - PL
Radioluminescence | X-ray, gamma rays, charged particles - RL

Cathodoluminescence Energetic electrons - CL
Electroluminescence Electric field - EL
Thermoluminescence Photons, charged particles Heat TSL
Bioluminescence Biochemical reaction - BL
Chemiluminescence Chemical reaction - CHL
Triboluminescence Strain, fracture - TL
Sonoluminescence Sound wave - SL

Luminescence as a process may be conventionally divided into three stages: exci-
tation or ionization of the emission centers, their stay in the excited or ionized state,
and the light emission. On the first stage, a wide range of energy sources can stimulate
luminescence, and their diversity provides a convenient classification scheme for lumi-
nescence phenomena (see Table 1). On the second stage of luminescence, when the
emission centers are in the excited state, diffusion of the non-equilibrium charge car-
riers and their interaction with ionized emission centers take place. The third stage of
luminescence may be divided into either intrashell (monomolecular) or recombination
emission. In the first case luminescence appears because of transition of the earlier ex-
cited center to the equilibrium state. In the last one emission is caused by recombination
of different charge carriers [6].

Photoluminescence (PL), where the luminescence is most often stimulated by ul-
traviolet (UV) or visible light, is a frequently used technique in materials science for
characterising dopants and impurities. For example, PL in semiconductors is domi-
nated by near-bandgap luminescence arising from recombination of free electrons and
holes. This process has the highest efficiency in direct-bandgap materials such as ZnSe
and GaP lower in indirect-gap materials (e.g. Si and Ge) because the transition proba-
bility requires conservation of wavevector. The photon wavevector is ~ 0 on the scale
of the Brillouin zone. Thus, creation or destruction of a phonon is needed for band-
to-band luminescence in indirect-gap materials, which is less probable. The term edge
luminescence is applied to a recombination processes leading to appearance of photons

with energy of few tenth of eV smaller than the E,. The edge luminescence arises from



a variety of shallow energy-level structures such as free or bound excitons [2].

The deep-level luminescence is a particular case of the recombination emission that
appears at longer wavelengths than the edge luminescence. There are three main mech-
anisms for this type of emission. The Klasens model represents recombination of the
free major charge carriers with localized minor charge carriers. Particularity of this
recombination scheme is correlation between the photoinduced current and emission
intensity [7]. The Lambe-Klick model may be applied to the recombination of the
free minor charge carriers with localized major charge carriers [8]. The Prener-Apple-
Williams scheme assumes emission recombination within an interactive donor-acceptor
pair (DAP) [9].

1.3 Impurity band

It was observed that at some relatively high doping impurity concentrations in semicon-
ductors the Hall coefficient and the resistivity do not increase indefinitely with decreas-
ing temperature, as predicted by the usual theory. Thus, the absolute value of the Hall
coefficient goes through maximum at low temperatures, but the resistivity approaches
a saturation. This anomaly in both the resistivity and the Hall effect requires a modifi-
cation of the usual theory of an extrinsic semiconductor with localized impurity states
[10]. The Hall coefficient may decrease from its maximum by a factor of over 100 as
the temperature is decreased. The concentration of free carriers in the conduction band
(or the other filled band), on the other hand, can not be expected to increase with de-
creasing temperature. This allows to conclude that the usual expressions for electrical

conductivity o and Hall coefficient Ry

o = enp, ey
1

Ry = —, 2
ne

can not be applied at low temperatures [11]. Here n is the free electron concentration,
e is an electron charge, and y is electron mobility. The experimentally observed results
can be explained only if a mechanism is found that includes a combination of different
kinds of charge carriers with various mobilities. James and Ginzbarg [12] assumed that
due to the interaction between the impurity states, an impurity band is formed.

Basing on James and Ginzbarg model, an impurity band forms by the interaction
of localized impurity states, in other words by the overlapping of their wave functions.
The energy distribution of states in a perfect crystal is not the same as that of a crys-

tal in which n-type impurity atom substitutes a regular lattice atom. In the latter case
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the difference consists in absence of two energy states from the conduction band and
one energy state (doubly degenerate) appears in the forbidden gap. The degeneracy is
caused by the alternative spin directions. The corresponding eigenfunctions should be
localized, thus, they have a finite amplitude only near the impurity. If there are two im-
purities replacing regular lattice atoms, than two doubly-degenerate energy states rise
in the semiconductor bandgap and a similar number of states disappears from the con-
duction band. The difference in energy between the mentioned states can be obtained
in terms of an exchange integral of the single-impurity wave functions. The eigenfunc-
tions of these energy states may also be appreciated only in the neighborhood of the two
impurities. When there are many impurities, the group of energy states in the forbidden
energy gap is called an impurity band.

In the hypothetical case when impurity atoms are periodically arranged, the impu-
rity band is separated from the lowest energy level in the conduction band (or from the
highest energy level in the valence band in p-type) by a forbidden gap. This contains
twice of energy states as there is number of impurity atoms. James and Ginzbarg have
proofed that, if the case of random distribution of impurities the impurity band repre-
sents an energy range of high-level density, distanced from the conduction band by a
range of smaller level density and the number of energy states in the impurity band is
twice less comparing to the number of impurity atoms [13].

When simultaneous conduction in both the donor band and the conduction band
(or the acceptor band and the filled band) can not be neglected, the expressions for

conductivity o and the Hall coefficient Ry are given as follows:

0 = eNcflc + enpfip, 3)

2 2
eNcfly + eNpli
RH = ¢re b R (4)
(encﬂc + €lelufb)

where n; and p;, are the concentration and mobility of charge carriers in the impurity

band, and n. and p. are the concentration and mobility of charge carriers in the conduc-
tance band.

Since u; has usually smaller value than p at high temperatures, the conduction
within the impurity band can be neglected. Thus values of ¢ and Ry may be obtained
from Egs. (1) and (2) with respect to the usual theory. At the decreasing temperature
n decreases indefinitely, conduction within the impurity band increases and becomes
important, so at low temperatures conduction in the conduction band can be neglected.
At sufficiently low temperatures, all the charge carriers are in the impurity band, and at

room temperature, all the electrons are excited into the conduction band. Therefore, the



Hall coefficients at room temperature and at very low temperatures have similar value.
At intermediate temperatures both contribution should be taken into account. This is in

approximate agreement with experiment [11].

1.4 Magnetism

The origin of magnetism lies in the orbital and spin motions of electrons and how the
electrons interact with each other. The fundamental object in magnetism is the magnetic
moment, equivalent to a current loop in classical electromagnetism. A magnetic solid
consists of a large number of atoms with magnetic moments. The quantitative descrip-
tion of the magnetic properties of a solid is given by magnetization M, defined as the
magnetic moment per unit volume, or mass-magnetization oy, representing magnetic
moment per unit mass. In the special case when the magnetization M is linearly related
to the magnetic field H and may be represented as M = y H, where Y is proportionality
coefficient named magnetic susceptibility. The definition of M means that y represents
the magnetic moment induced by a magnetic field H per unit volume, however, it may
be reformulated for the unit mass (mass susceptibility) or molar volume (molar mag-
netic susceptibility). Depending on reaction of the material to the external magnetic
field materials may be classified.

In diamagnetic substance, a magnetic field induces a magnetic moment which op-
poses the applied magnetic field that caused it. This effect is often discussed from a
classical viewpoint: the action of a magnetic field on the orbital motion of an elec-
tron causes a back electromotive force, which by Lenz’s law opposes the magnetic field
which causes it. Paramagnetism corresponds to a positive susceptibility so that an ap-
plied magnetic field induces a magnetization, which aligns parallel with the applied
magnetic field which caused it. Magnetic moments of atoms that do have a non-zero
magnetic moment without an applied magnetic field point in random directions be-
cause the magnetic moments on neighbouring atoms interact only very weakly with
each other and can be assumed to be independent. The application of a magnetic field
lines them up, the degree of lining up (and hence the induced magnetization) depends
on the strength of the applied magnetic field. Unlike two previous cases interaction
between magnetic moments in ferromagnetic and antiferromagnetic materials is very
strong leading to parallel and antiparallel orientation, respectively, of the magnetic mo-
ments in the external field [14].

Materials based on II-VI semiconductor compounds in which a fraction of the non-

magnetic cations (e.g. Zn>*) has been randomly replaced by magnetic ions (e.g. Cr,



Fe, Eu), are widely known as diluted magnetic semiconductors (DMS) [15]. DMSs
form two distinct classes. The first class consists of materials, in which the presence of
robust ferromagnetism correlates with the existence of nanoscale regions containing a
large density of magnetic cations. These regions represent condensed magnetic semi-
conductors buried in the host matrix and specified by a high spin ordering temperature.
The second class of ferromagnetic DMSs comprises semiconductors containing ran-
domly distributed magnetic impurities. In these materials charge carriers can mediate
efficient long-range ferromagnetic spin-spin couplings.

There are 5 main mechanisms of the exchange interaction in DMS. The potential and
kinetic exchange interactions represent spin exchange mechanisms. The superexchange
interaction caused by either attraction or repulsion by the adjacent magnetic ions of
the charge carriers, depending on the mutual orientation of the itinerant and localized
spins. This results in a spatial redistribution of spin-down and spin-up valence band
electrons. The Ruderman—Kittel-Kasuya—Yosida (RKKY) model is based on carrier-
mediated interaction between localized spins and its value oscillates with the distance

between these localized states as

F(€) = (sin€ — Ecos€) /&4, )

where ¢ = 2kpr, kr being the Fermi wavevector and r the distance between mag-
netic impurities [16]. The double exchange mechanism operates if the width of a partly
occupied band is smaller than the energy of the exchange interaction of carriers with lo-
calized spins. This situation occurs if magnetic ions with differing charge states coexist.
The Stoner ferromagnetism occurs when an overlap between transition metals (TM) d
orbitals leads to a Mott—Hubbard insulator-to-metal transition [17].

The interest in DMS is primarily a result of their unique features: the existence
of magnetic phenomena in a host with a simple band and crystallographic structure;
the possibility of reliable control of stoichiometry as well as of carrier, impurity, and
magnetic-ion concentration; excellent optical and transport properties enabling applica-
tion of the most powerful methods that have been developed for the studies of canonical

semiconductors [18].

1.5 d- and f-element dopants

It has been known for a long time that the influence of impurity atoms on material
magnetic and emission properties is ultimately related to the position of the energy lev-

els with respect to the Fermi level and band edges. This position as well as the ion



charge state, and the nature of the excited states are determined by various competing
interactions [18]. A wide variety of centers gives rise to luminescence and magnetism
in semiconductors and insulating materials, including rare-earth elements (REE) and
TM ions. Luminescence spectra of TM doped materials includes broad emission bands
caused by the interaction between the charge carriers localised at the luminescent cen-
ter and other particles (including phonons) which surround it. Bands may arise from
simultaneous transitions of electronic as well as vibrational systems. For REE materials
the spectra consist of sharp lines coming from purely electronic transitions. In this case
the effect of the REE environment is reduced to change of the lifetimes of the states.
Thus the physical background to luminescence and magnetism is simpler for the REE
impuritites, where the effect of vibrations can be ignored [6].

The triply charged rare-earth ion has n electrons (n = 1 - 14) in the 4 f shell. In
the case of a free ion, the eigenstates rised from the various atomic interactions are
distinguished by the total spin S and orbital angular momenta L. Spin-orbit coupling
breaks each L, S multiplet of degeneracy (25 + 1)(2L + 1) into sub-multiplets marked
by the total angular momentum J = L + S, where J can range from L - S to L + S. The
4 f™ orbitals lie within the outer 552 and 5p° filled shells. These are partly shielded from
the effects of the crystalline environment. The crystal-field splitting is smaller than the
spin—orbit splitting. Thus, the multiplet labels follow the usual 2*1 L ; system [18].

Study of the REE doped semiconductors is interesting form both the fundamental
and application points of view. For example, the interaction between REE ion 4 f-
electrons with the free charge carriers or bulk crystal lattice recombination center elec-
trons presents a particular interest. Absence of the free charge carriers in the pure ionic
crystals allows to presuppose that such effects may be observed only in II-VI semi-
conductor compounds [19]. This context has significantly stimulated research on the
optical and magnetic properties of the wide bandgap semiconductors doped with f- el-
ement ions [19-23]. Photo- [24, 25] and electroluminescence [26], excitation spectra,
optical absorption [27] and electron spin resonance (ESR) [28-30] have been studied.
Results of the last allowed to determine the possible sites of the REE ion in the bulk
crystal lattice and its surrounding, as well as energy transfer mechanisms between REE
ion and Li, Cu, Ag ions [31-33]. While the REE chalcogenides were among the most
studied magnetic semiconductors, there have been only a few reports on DMS incorpo-
rating REE as the magnetic constituent. Such a situation has largely been caused by the
low solubility limit of the rare earths in both III-V and II-VI semiconductor compounds

as well as by their tendency to form clusters and to occupy other sites than the cation



substitutional ones [18].

For example, Brown et al. [32] have described a center formed by the triply charged
REE substituting the anion and surrounded by a tetrahedron of cations. Charge compen-
sation for this type of center is provided by formation of a cluster, which includes the
studied rare-earth ion and background impurities. However, many other centers formed
by a REE ion have been described. A substitutional one, when REE is placed in the
cation node and 4 first order neighbors, anions, are on their places as they would be in
the ideal crystal [28, 31]. Calculated values for this model are unexpectedly close to the
experimental values [29]. Another center may exist, when the dopant ion is placed in
an interstitial site and the crystal lattice is deformed. In this case, the closest neighbors,
4 cations and 6 anions, are displaced in such a way that they compensate local charge
disbalance, caused by incorporation of the triply charged REE ion. Charge compen-
sation may be also achieved by replacing double charged cations in the crystal lattice
nodes with single charged ions of the another (compensating) impurity. This leads to
formation of a cluster, which does not change the local charges and does not deform the
lattice.

Transition metals from the 3d series have a much stronger interaction with the crys-
tal lattice comparing to the 4 f ions since there is no equivalent to the screening outer
shells (5s, 5p). Also, the spin—orbit coupling is weaker, so the order of perturbation
is reversed: the atomic L, S multiplets are split by the crystal field, with spin—orbit
coupling being a smaller interaction. Intra-configurational transitions are again strictly
forbidden, but become weakly allowed by inter-configurational mixing through odd-
parity crystal fields, and by odd-parity vibrations. This results in the strongest selection
rule after parity, thus, transitions should have AS = 0 (the electric dipole operator does
not involve spin). Abother difference is caused by the strength of the crystal-field in-
teraction. Transitions thar are purely electronic (zero-phonon lines) are rarely observed
[6]

Despite the fact, that all TM ions isoelectronically replace cations in II-VI semi-
conductor compounds (e.g. [34, 35]) and do not form complexes, the experimental
results on their magnetic and emission properties are ambiguous and often contradic-
tory. For example, it was considered that Cr-based DMS should reveal an intermediate
magnetic behaviour between Brillouin-type paramagnetism, resulting from the single
multiplet ground state of the doping ion (e.g. Mn or Co), and Van Vleck-type para-
magnetism, due to the singlet ground state of the TM (e.g. Fe) [36]. This behaviour

was experimentally confirmed [37], however, there are other experimental data, which



Figure 2: The unit cell of zinc blende (left side) and wurtzite (right side) crystals struc-

ture.

reveal antiferromagnetic [38] and ferromagnetic [39] behaviour of the chromium doped
II-VI compounds. A similar contradiction appears in determination of the maximum
position of the chromium intrashell emission: 1.8 ym (0.67 eV) [40], 2.1 um (0.59 eV)
[41,42],2.2 um (0.56 eV) [43], 2.4 um (0. 51 eV) [44, 45].

1.6 ZnSe

Zinc selenide is a binary diamond type wide bandgap semiconductor (£4(300K) = 2.722
£ 0.003 eV, E4(5K) =2.820 eV [46]). It is a part of both Ge-GaAs isoelectronic series
and II-VI semiconductor compounds group [47]. It is empirical rule that the behavior
of bond energy versus covalency is quite linear in the isoelectronic series, thus, is a
series of compounds with the similar electron density [46]. This results in similarity of
electrical properties of the ZnSe crystals with electrical properties of such largely used
materials as GaAs. On the other hand, ZnSe as a wide bandgap II-VI compound has
a high transparency in both visible and infrared (IR) spectral ranges, good stability to
commonly used chemical reagents and also industry-acceptable thermal and mechanical
properties. All these make zinc selenide an ideal candidate for optoelectronic applica-
tions. Thus, ZnSe is a valuable model material for both Ge-GaAs isoelectronic series
and II-VI semiconductors group. Main properties of ZnSe required for practical appli-
cations are listed in Table 2.

Depending on the growth conditions ZnSe may form sphalerite (zincblend) or wurt-
zite structure (Fig. 2). The first one represents a cubic crystal cell from the hextetrahe-

dral crystallographic class (space group F43m). Every Zn(Se) atom is surrounded with
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Table 2: Properties of zinc selenide used in laser (LASERTRAN) and infrared
(INFRATRAN) optics [48].

Material LASERTRAN INFRATRAN
Absorption coefficient at 10.6 zm, cm™ <5-10* <7-1073
Characteristic transmission at 10.6 um for
] >99.97 >99.9
6-mm-thick samples, %
10% transmission range, ym >0.5-22
Pulsed CO, laser damage threshold, J/cm? > 20 Not standardized
Refractive-index nonuniformity at .
<5-107° Not standardized
0.6328 ym
Inclusions  less
. No observable | than 100 pum
Inclusions ) ) ) )
inclusions in size may be
present
Melting point, °C 1520 £ 15
Thermal expansion coefficient, K™! 7.6-10°
Mean grain size, pym 50-70
Bending strength, MPa 50
Knoop hardness, MPa 1500

4 Se(Zn) atoms placed in the vertices of a regular tetrahedron on a distance of 1/4+/3a,
where « is a lattice constant 5.668 A [46], 12 atoms of the same type, each placed at
1/2v/2a, are the second order neighbors. The wurtzite structure is hexagonal (the space
group P63mc). The lattice constants for the ZnSe wurtzite modification are a = 4.003 A
and ¢ = 6.540 A [46].

Both structures are very similar, thus the crystal grown from the vapor phase may
form politypes: combination of both cubic and hexagonal structures. It is known that
excess of Se during the crystal growth leads to formation of cubic modification and to
modification of the hexagonal structure to the cubic one. Opposite to this, excess of
Zn leads to stabilization of the hexagonal phase. However, crystals with just wurtzite
structure may be obtained only by hydrazine reduction of the zinc selenite [49]. The
shortest distance between the different atoms is d(Zn-Se) = 2.45 A, and between similar
is d(Zn-Zn) = 4.01 A. It is also worth mentioning that the ionic radius of major d- and

f-elements is smaller than ionic radius of zinc (e.g. r(Zn**) = 0.74 A, r(Cr**) = 0.73
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A, r(Ni%*) = 0.69 A, 7(Yb>*) = 0.87 A) this favors doping of ZnSe with TM and REE
elements. However, the selenium ionic radius is much bigger (r(Se*) = 1.98 A), which

does not exclude formation of antisites [50].

1.7 Motivation

Infrared lasers tunable in wide spectral range have found their applications in many
fields: acousto-optical gas detection and determination of gas concentrations, environ-
ment monitoring, electronic communications, as well as numerous medical or military
applications [51-53]. Obtaining tunable emission in IR spectral range is possible using,
for example, optical parametric oscillators (OPO), which may generate electro-magnetic
waves in a range from UV to mid-IR spectral region [54]. OPO’s main disadvantages
are large dimensions and high price. Usage of quantum cascade lasers may be a good
alternative to OPO, but they may function only at low temperatures, their production
is extremely expensive and tunability range is narrow [55]. These factors attracted at-
tention to development of diode-pumped solid state lasers (DPSSL) on the base of Zn
and Cd chalcogenides doped with TM, for example, Cr** and Fe?*. Despite a smaller
tunability range, comparing to OPO, these lasers have many advantages, like low pro-
duction cost, room-temperature functioning, flexible pulse format modes [45, 54] also
their electrical pumping may be developed [51, 56].

One of the most studied TM doped zinc chalcogenides is ZnSe:Cr. Spectroscopic
properties of this material are: 1) quantum efficiency close to one at room tempera-
ture, 2) wide absorption band near 1.8 psm, which allows optical pumping of intra-shell
transitions with various methods and 3) absence of significant absorption on the excited
state in mid-IR spectral range [51, 57], make it a valuable source of coherent emission
in the mid-IR spectral range. Intensive study of ZnSe:Cr crystals allowed not only to
determine the structure of the doping impurity energy levels [58], their optical [59, 60]
and luminescent [59] properties, but also to elaborate few prototypes of the laser system
working in pulsed [61] and continuous modes [62].

The interest in the materials doped with REE is also renewed in the last few years.
This is mainly caused by various practical applications, where such materials may be
used. The emission properties of the REE ions have attracted particular interest [63, 64].
It has been shown that REE-doped garnets are efficient active media for the DPSSL [65,
66], self-Q-switched Er/YD fiber lasers are developed for use in telecommunications
[67, 68], and REE-doped glasses are promising for eye-safe applications in medicine

and meteorology [69]. Recently, a new potential application has emerged: the use of
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II-VI semiconductors doped with lanthanide ions for spectral conversion in solar cells
to reduce the spectral mismatch losses [70].

Particular interest to Yb* ion is caused by its relatively simple energy diagram
(electronic structure of [Xe]?f1? type), presented by one excited state 2Fj 2 and a
ground 2F; /2 state lying ~1.2 eV below, absence of the line widening and absorp-
tion on the excited state [32, 71]. The extremely simple energy structure of the Yb3*
ion allows to use it as a model for other REE ions. However, a possible resonance en-
ergy transfer between ytterbium and TM dopants [72] stimulates a practical interest to
Yb-doped materials.

Historically, the magnetism of doped wide bandgap semiconductors and their opti-
cal properties have been considered separately in relation to different tasks. However,
DMS, which combine both magnetic and optical properties, seem to be the most novel
and interesting objects for investigation not only because of their fundamental proper-
ties (e.g. giant Faraday rotation or giant exciton splitting) [73], but also because of their
practical applications in magneto-optics and magneto-electronics [74, 75]. In this the-
sis, the complex investigation of the TM and REE doping effects on electric, magnetic
and luminescent properties of the zinc selenide crystals. Special interest will be paid to
the influence of the Cr and Yb impurities concentrations on ZnSe crystals’ properties,
correlations between observed effects and similarities with the Ni and Gd dopants will

be analysed.
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2 Experimental details

2.1 Sample preparation

The ZnSe crystals doped with Cr, Ni, Yb and Gd were studied in this thesis. The doping
was performed during the crystal growth from elements or by the thermal diffusion from
melt. Growth and diffusion conditions were similar for all the studied crystal series. Im-
purity concentration used further in the thesis corresponds to the dopant concentration
in the source material for growth or in the annealing media.

The chemical vapor transport (CVT) method with iodine as transportation agent
was used for the doping of the ZnSe crystals during the growth process. The growth
technique is based on interaction of a gaseous agent A with a non-volatile substance X
(material for the crystal growth). Depending on external conditions (temperature and
partial pressures) formation of various gaseous molecules of the A, X type takes place.
Change of the these external conditions may lead to decomposition of the volatile com-
pound with separation of the substance X. Thus, for the crystallization of X, it is nec-
essary to create a temperature gradient and to place in it the source material X and the
transportation agent. In this case at some temperature 7} in the source zone formation
of the volatile molecules A, X, will take place, and in the growth zone these molecules
will decompose at T5. After the decomposition the transportation agent should diffuse
back into the source zone. Thus a fixed amount of the transportation agent may pro-
vide crystallization of arbitraty amount of the substance X [76]. Reaction used for the

growth of ZnSe crystals may be written as
2Z1’lse(80h’d) + I2(gas) = QZHIQ(gas) + SeQ(gas)- (6)

Choice of the reaction (6) is based on the following: reaction is heterogeneous (solid
substance is presented only in one part of reaction, this guarantees the transport); in
equilibrium conditions (in absence of a temperature gradient) the reaction does not lead
to any significant transport of the substance; reaction is thermo-chemical (formation
of gaseous agent is endothermic, thus, takes place with heat absorption, crystallization
reaction is exothermal) allowing to control it on the basis of Le Chatelier’s principle
(transport goes from the zone with higher temperature to the zone with lower tempera-
ture) [48, 77].

Crystallization process may be divided into the few stages. On the first stage a
volatile compound (Znl,) forms in the zone with higher temperature. Concentration

gradient leads to transport of this compound into the zone with lower temperature. TM
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and REE dopant is also transported by the transportation agent. It should be mentioned
that in the case of ZnSe chalcogen is not transported by the agent, selenium forms
diatomic molecule, which moves to the crystallization zone by itself. On the second
stage the decomposition of the volatile compound takes place, and solid compound
crystallizes in the growth zone. On the last stage diatomic molecule of the transportation
agent (I) moves back to the source zone.

The number of atoms is proportional to the amount of substance, thus, the masses
of substances for the growth process may be determined from the following: m(Zn) =
(1-C")-v-M(Zn) ;m(X) = C"-v-M(X); m(Se) = v-M(Se), where X is the doping
impurity, C’ is concentration of the dopant in unity fractions, v is amount of substance
calculated from the needed crystal’s mass, m(Zn), m(X), m(Se) are the masses of
zinc, dopant and selenium, respectively, in the source zone; M (Zn), M(X), M(Se)
are the molar weights of zinc, dopant and selenium, respectively. Transformation of
concentration units may be done as follows: Clat.%] = 100 - C’ and Clcm™] = Ny -
p(ZnSe)-C’ /M (ZnSe), where C[at.%], C[cm™] and C" are concentrations of the dopant
in atomic percents, inverse cubic centimeters and fractions of one respectively, N4 is
Avogadro constant, p(ZnSe) is the zinc selenide density in [g/cm?®], M (ZnSe) is the
zinc selenide molar weight in [g/mol]. For example, to obtain ZnSe:Cr crystal with
mass of 2.5 g and concentration of the dopant 0.03 at.% (0.0003, 6.5 - 10'® cm™) it is
necessary to use 1.1322 g Se, 1.3676 g Zn, 0.0002 g Cr.

The purity of the substances used in the technological processes is: double subli-
mated in vacuum Zn with initial purity of ~99.9%, Se ~99.99%, metallic Cr ~99.8%,
metallic Ni ~99.8%, metallic Mn ~99.8%, metallic Yb ~99%, metallic Gd ~99.9%.
Inferior purity of the dopants should not have significant influence on the crystal prop-
erties because their concentration in the crystals is very low.

Synthesis from the elements and CVT crystal growth were performed in high vacu-
um pumped (<0.1 Pa) silica ampoules. Iodine (~99 % purity) amount introduced in

ampoules was taken as 5 mg/cm’

. During synthesis, ampoule with substances was
placed for 2-3 days in zone of reverse gradient, i.e. temperature in the source zone was
smaller than in the growth zone. Such position prevents substance transport and allows
to synthesize zinc selenide. Synthesis was performed at temperatures of ~1020 K. Af-
ter the synthesis, the ampoule was placed in the growth position with direct gradient
(temperature in the source zone is 10-15 K higher than in the growth zone), in which
it was maintained during the whole crystal growth time (8-14 days depending on the

crystal dimensions). After the growth, ampoule was rapidly cooled to the room tem-
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perature, at the same time the sample-free end of the ampoule was cooled quicker to
guarantee solidification of the transportation agent in it. Grown crystals were washed
in boiling ethanol to remove iodine from their surfaces. For study of properties single-
crystal blocks were cut out from bulk samples by wire-saw, and the surface damaged
by cutting was mechanically polished. The growth face, used for the PL study was not
polished neither mechanically nor chemically. Growth by CVT method with iodine as
transportation agent leads to inevitable background doping with iodine, therefore all
crystal obtained by this technique will further be marked as [I].

Doping by high-temperature annealing in Bi melt (Bi ~99.99 %) was also per-
formed in sealed and pumped silica ampoules. Before annealing, all the samples were
cut out from the intrinsic high resistivity n-ZnSe crystal grown from melt (by the Bridg-
man method) and mechanically polished for giving them a necessary shape. Prior to
annealing, crystals’ surface was cleaned by etching in solution of bromide in methanol
(Br, + CH30H) and after that boiled in sodium hydroxide and deionized water. An-
nealing was performed for 120 h at 1160 K temperature. The ratio between the sample
volume and melt volume was maintained 1:7, respectively, in every annealing process.
The doping level was controlled by dopant (X') concentration in melt ((100 - C') at.%
Bi + C at. % X). After annealing, the ampoules were turned in a way, which pro-
vides transfer of the melt to the sample-free end of ampoule, and then the samples were
rapidly cooled to room temperature. Crystals were treated in a concentrated solution of
iron chloride (IIT) to eliminate the rest of the melt after solidification, and next the sam-
ples were boiled in sodium hydroxide and deionized water. It should be mentioned that
the high-temperature annealing of zinc selenide crystals in bismuth melt leads to their
partial dissolution. Because of this, prior to study of samples’ properties, all the crystals
were newly mechanically polished and chemically etched in bromide in methanol solu-
tion. Selenium residuals, formed as a result of chemical etching, were eliminated from
the samples’ surfaces by the last boiling in concentrated solution of sodium hydroxide.
Annealing in Bi melt leads to background doping with bismuth, therefore all crystal
obtained by this technique will further be marked as [Bi].

The sample preparation of crystals doped by thermal annealing in Zn is the same as
used for ZnSe [Bi] crystals. Annealing was performed for 100 h at 1200 K temperature.
The ratio between the sample and melt volume was maintained 1:15, respectively, in
every annealing process. The doping level was controlled by dopant (X') concentration
in melt (100 - C) at.% Zn + C at. % X). After the doping samples were quickly

cooled to the room temperature, assuring transfer of the melt before its solidification
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to the sample-free end of ampoule. Afterwards, samples were etched in HCI for the
elimination of the soldered Zn remains from the surfaces, the last etching in the bromide
and methanol solution and in sodium hydroxide was the same as for the ZnSe [Bi]
series. Treatment in zinc melt leads to the strong deviation of stoichiometry in the
crystals, decrease in zinc vacancy concentration (Vz,) and increase of concentration
of interstitial zinc (Zn;), therefore all crystal obtained by this technique will further be
marked as [Zn].

The difference in the doping temperature (annealing in the Bi melt was made at
lower temperature) is caused by the higher zinc selenide solubility in liquid bismuth
comparing to the liquid zinc. After the annealing in the Bi melt, samples lost some of
their masses comparing to the initial samples, but annealing in the Zn melt does not have
any significant influence on the mass or shape of the samples. It may be assumed that
at lower temperatures, zinc selenide solubility in the liquid Bi is lower, however, lower
annealing temperature will lead to lower dopant diffusion from melt into the sample.
The maintenance of the doping level at the lower diffusion rates may be compensated by
increasing the annealing duration: 120 h for annealing in Bi melt annealing, comparing

to 100 h for annealing in Zn melt.

2.2 Characterization of photoluminescence and optical properties

Luminescent properties were studied on the measurement system designed for inves-
tigation of spectral properties within 0.2 - 4.0 um wavelength region and 4 - 300 K
temperature range. Functional scheme of the measurement system is presented in Fig. 3.

A pulse nitrogen laser (Aex = 337.1 nm £ 0.1 nm, pulse duration <3.5 ns, pulse en-
ergy 170 pJ, average power 3.4 mW) with a controlled pulse frequency (Fig. 3-1) was
used for excitation of the emission in the visible spectral range. For suppression of the
laser harmonics a narrow bandpass 337NB3 optical filter was used (transmission range
337.0 £ 0.6 nm) (Fig. 3-2). A green continuous wave (CW) laser Nd3*:YAG (\ex = 532
nm, average power 330 mW) was used for excitation of the emission in the IR spectral
range. CW laser beam was modulated with a mechanical SR540 chopper at 119 Hz fre-
quency. The selection of modulation frequency f was conditioned by 1/ f dependence
of the registered noise, at the same time the upper frequency limit is determined by the
lifetime of the excited state ¢; (1/2f > t;). Also, the modulation frequency should not
be multiple to other frequencies used in the measurement system (e.g. power supply,
data transmission, etc.), this allows to exclude registration of additional noise. Output

of the Nd**:YAG was covered with a blue-green glass optical filter to cut the pumping
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Figure 3: Functional scheme of the measurement system designed for investigation of
PL properties: 1 - laser with the modulation system; 2 - optical filter; 3 - system of
lenses and mirrors, 4 - sample; 5 - cryostat; 6 - optical condenser; 7 - optical filter; 8

- monochromator; 9 - photodetector; 10 - loopback connection for the phase sensitive

detection; 11 - integrator and averager; 12 - computer interface; 13 - operating computer.

diode wavelength (~ 860 nm). An additional neutral optical filter with variable optical
density NDL25S4 (Fig. 3-2) was used, when the dependence of the photoluminescence
intensity versus excitation power was studied. A system of mirrors directed the laser
beam on a thin lens (Fig. 3-3) that focused it on the sample (Fig. 3-4).

During the measurement the sample was mechanically attached to the cold finger of
the continuously pumped open-flow helium cryostat Janis Research ST100 with quartz
windows (Fig. 3-5). Temperature was detected by a silicon diode and controlled by the
RVElektroniikka TS520 temperature controller. PL emission was focused by an optical
condenser (Fig. 3-6) to the Oriel MS257 monochromator (Fig. 3-8) input slit. To protect
the diffraction gratings from the reflected laser beam, as well as to exclude apparition
of the diffraction gratings’ replica, the monocromator’s input slit was covered with an
optical filter (Fig. 3-7): a white glass neutral Corning 0.51 with the absorption edge of
~ 380 nm for measurements in the visible spectral range (420 - 800 nm), or interference
IR filters with the absorption edge of 800 nm (FEL800) and 1500 nm (FEL1500) for the
near-IR (800 - 1500 nm) and mid-IR (1500 - 3000) spectral ranges, respectively.
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The MS257 monochromator represents an opto-mechanical system controlled ei-
ther manually or via data transmission interface (RS-232 or GPIB). Mechanical part
is presented by a rotating disc with a mounted quadruple grating turret drive allowing
selection of the proper grating for different spectral ranges. The disc is controlled by a
build-in step engine via a gear-drive. The optical system consists of diffraction gratings,
and two mirrors (one spherical and one toroidal) that determine the light way. Light flux
through the input and output ports is controlled by the slits with opening within O - 2.2
mm range (precision of 0.1 mm).

Emission on the output of monochromator was registered either by photomultiplier
tube (PMT) Hamamatsu 943-02 (sensibility range 160 - 930 nm, response time 3 ns) or
PbS photoresistor Hamamatsu P394A (sensibility range 1.0 - 3.6 ym) (Fig. 3-9). When
the photoresistor was used its output electrical signal was preamplified by Brookdeal
Precision ac Amplifier (Type 452) and Brookdeal Lock-in-Amplifier (Type 401) before
transmission to the SRS Gated Integrator and Boxcar Averager (Model SRS250) (Fig.
3-10). The output signal of PMT was directly sent to the averager.

Electrical signal after averaging was sent to the Computer Interface (Model SRS
245) equipped with 13-bit digital-to-analog converter with precision not less than 2.5
mV (Fig. 3-7). The same interface was used for sending control sequences to monochro-
mator.

The transmission spectra were studied on the same measuring system after few re-
configurations. The studied sample was placed between the output slit of monochroma-
tor (Fig. 3-8) and the photodetector (Fig. 3-9). A halogen lamp with a stabilized power
supply was used as a light source. The modulation, optical and registration systems

remained unchanged.

2.3 Characterization of electrical and magnetic properties

Electrical measurements were carried out in constant electric and magnetic fields by

electrometric method for the samples in the dark. Measurable electrical quantities were

Hall voltage and voltage along the sample. Basing on the geometry of the samples and

measurable values the Hall coefficient was calculated as follows
Ex Ugd

" J,B. LB,

Ry (N

where Uy is the Hall voltage, d is width of the sample in directions perpendicular to
both electric and magnetic fields, I, is the current applied to the sample and B, is

magnetic induction. Other main electrical parameters were extracted from combination
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of Egs. (1), (2) and (7).

Magnetic properties were measured with the superconducting quantum interfer-
ence device (SQUID) magnetometer Quantum Design (QD) MPMS XL. The basics of
SQUID magnetometer may be found elsewhere (e.g. [78]). In this thesis, three types of
measurement were used to study magnetization: zero-field-cooled (ZFC), field-cooled
(FC) and field dependences. In ZFC measurement the sample was cooled to the lowest
studied temperature in absence of the external magnetic field, after the field was turned
on and the temperature dependence was measured while the temperature increased. FC
measurements were made by switching the external magnetic field on at the highest
studied temperature and then measuring the temperature dependence while the sample
was cooled. Field dependences were measured for ZFC samples. At the room tem-
perature the whole system was degaussed every time before performing next type of

measurement.
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3 Influence of d-element dopants on physical properties of

ZnSe crystals

3.1 Emission properties
3.1.1 ZnSe:Cr

One of the most studied TM doped zinc chalcogenide is ZnSe:Cr. Spectroscopic proper-
ties of this material are: close to one quantum efficiency at room temperature, wide ab-
sorption band near 1.8 pm, which allows optical pumping of intra-shell transitions with
various methods and absence of significant absorption on excited state in middle-IR
spectral range [51, 57, 79] make it a valuable source of coherent emission in middle-IR
spectral range.

PL spectra of ZnSe:Cr crystals in exciton region for all doping impurity concentra-
tions are presented in Fig. 4. Emission spectrum of undoped ZnSe [I] crystal shows a
relatively broad band of edge emission (full width at half maximum (FWHM) is 46.4
meV) with maximum localized at 444.4 nm at liquid helium temperature. Considering
the large FWHM of the band, it may be assumed that it is not elementary, but the tem-
perature dependence of its maximum position repeats with high accuracy the shape of
free exciton maximum position temperature dependence, calculated by Varshni equa-
tion [18, 80]. This reveals its excitonic nature and allows to conclude that the band
consists of free exciton emission overlapped with few bound-exciton emission lines.

Increase of the chromium concentration in ZnSe [I] samples up to 0.05 at.% leads
to the decrease of the band intensity and shift of its maximum position to 453.0 nm
(Fig. 4-a). At the same time, the shorter wavelength components, caused by radiative
recombination of excitons bound to native defects and iodine, practically disappear.
Further increase of the chromium concentration up to 0.10 at.% or higher in reactor
during the growth process leads to more significant decrease of the edge band intensity
and increase of its FWHM, which includes spectral range from ~436 nm to ~455 nm.
It should be mentioned that the decrease of the emission intensity in the visible spectral
range with the increase of the doping impurity concentration in the zinc selenide crystals
is characteristic for all the doping elements from the iron group, including chromium
[81]. In addition, it could be observed that chromium-bound excitons are dominant in
the spectrum of the crystal with 0.05 at.% doping impurity.

Taking into account that excitons bound to acceptors are placed in longer wave-

length region of the PL spectra, we may use the Hynes’ rule [82—84], establishing re-
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Figure 4: PL spectra of ZnSe:Cr [I] (a) and ZnSe:Cr [Bi] (b) crystals in exciton spectral
range at 7' = 6.5 K. Inset: the dependence of the ZnSe:Cr [Bi] edge band maximum

position on Cr concentration [P1].

lation between the acceptor level energy position (£ 4) and exciton bound energy (E'p)
FE 4 = 10E5 to determine position of the energy level, responsible for formation of the
long wavelength component of the edge band: £'4 =10-(2.8015eV —(1.239eV -nm )/
(453.0 nm)) = 0.66 eV. This value corresponds to position of the unexcited state of Cr?t
ion above the valence band of zinc selenide [85], if band gap is considered to be 2.820
eV atT =4.2 K[18]. Also, it should be mentioned that the presence of excitons bound
to chromium acceptor levels is in good agreement with known excitation mechanisms
of chromium intra-shell emission in zinc selenide. Doubly charged chromium ions are
considered to be acceptors in non-equilibrium state [51, 86].

Also, it is worth to mention that presence of excitons bound to chromium ions can
not be observed in the PL spectra in form of individual bands or some particularities of
the spectra. For example, chromium doping from the Bi melt (Fig. 4-b) does not lead to
appearance of the features in ~450 nm region of the PL spectra even in case of signif-
icant chromium concentration in the doping melt. However, increase of the chromium
bound exciton contribution to the edge band emission may be observed from shift of
the band to the long wavelength region of the spectra with chromium concentration in-
creasing in the melt (Fig. 4(b), inset). Another detail characteristic for the increase
of chromium impurity concentration in ZnSe:Cr [Bi] crystals is the increase of the PL

band intensity with maximum close to 459.0 nm with its phonon replicas distanced 32
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T=300K (b). Inset: dependence of the emission intensity in the bands maximum on

doping impurity concentration [P1].

meV from the main maximum, which corresponds to longitudinal optical (LO) phonon
energy in zinc selenide. Position of this band maximum, as well as its shape with a
few phonon replicas precisely corresponds to Ry band, caused by emission transitions
between donor complexes [Lizy,Vse] and acceptors Liz, [87]. Taking into account the
possibility of non-radiative recombination of TM?* bound excitons [86] as well as pos-
sibility of resonant energy transfer between chromium states and donor-acceptor pair
[88], may be assumed that increase of the Ry band intensity is caused by non-radiative
transitions of a hole and an electron, forming an exciton bound to chromium impu-
rity, to a donor and an acceptor, forming an appropriate DAP. This assumption is con-
firmed by closeness of recombination energy of DAP emission, resulting in Ry band,
and chromium bound exciton recombination energy, determined from PL spectra of
ZnSe:Cr [I]. Presence of a small Stokes shift does not contradict the assumption. In this
case the increase of the Ry band intensity should be considered a result of the chromium
doping. Also, the obtained result allows us to assume that the absence of the emission
caused by radiative recombination of excitons bound to Cr?* ions in ZnSe:Cr PL spectra
may be caused by presence of a number of structural or impurity defects in the crystals.

The near-IR PL band located at ~ 0.95 pum in spectra of Cr-doped ZnSe crystals is
usually attributed to 3T, — 3T, intrashell transitions within Cr?* ion [89]. In PL spectra
of ZnSe:Cr [Bi] crystals this band is shifted to the long wavelength region of the spectra
and its maximum is located near 1.1 um (Fig. 5). This shift is probably caused by the
partial overlapping of the band in near-IR spectral range with the PL band located close
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to 1.5 um, observed only in PL spectra of ZnSe:Cr [Bi] crystals. Taking into account the
ability of Bi impurity to form point defects such as Bige and Bij, as well as complexes
with native impurities [90], it can be assumed that the band with 1.5 ym maximum is
caused by incorporation of the bismuth atoms from melt. However, a strong dependence
of emission intensity of the both bands located at 1.1 ym and 1.5 pm on the chromium
concentration suggests that both bismuth and chromium impurities participate in the
formation of the band.

In mid-IR spectral range a wide structural PL band with a few maxima may be ob-
served (Fig. 6). The band’s FWHM as well as the ratio of its primary and secondary
maxima strongly depend on the crystal’s doping method and temperature. At liquid
helium temperatures and low concentrations of the chromium impurity, the main max-
imum is localized at 2.2 pm (Fig. 6-a). Increase of the chromium concentration leads
to increase of 2.07 pm maximum even at low temperatures (Fig. 6-a, inset). At room
temperature, the main peak is close to 2.07 um in spectra of all studied ZnSe:Cr crys-
tals (Fig. 6-b), which is in good agreement with data of more efficient emission of
chromium ions in mid-IR spectral range when the temperature is increased [44]. The
large FWHM of the discussed band, presence of few maxima in its shape, as well as
change in the maxima ratio depending on the chromium concentration or doping method
at low temperatures (Fig. 6-a, inset), allows us to conclude that 2.07 ym band is com-

plex, consisting of a number of elementary bands. This assumption does not contradict
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with the literature on intrashell emission of the chromium ions in IR spectral range, but
may explain differences in experimental data presented in literature and enumerated in
the section 1.5. Even more, secondary maxima repeat with sufficient accuracy position
of the mid-IR band given in other papers [41-45].

In case the band with the main maximum at room temperature located at ~2.07 ym
is complex, we may try to associate its components with radiative transitions. The com-
ponent located at 2.07 pm is most probably caused by intrashell transitions 'E — 3T,
within the Cr?* ions. This is confirmed by its intensity dependence on chromium con-
centration (Fig. 6-a, inset); intensity increase with temperature, which may be evidence
of higher emission efficiency at room temperature [44]; as well as the energy position
of the emission being closest to theoretically calculated distance between °E and 5T,
levels (2.04 pm) of Cr?* ion [91]. Energy position of 2.2 ;zm component corresponds
to the energy position of [Vz,, Alz,] complexes within the ZnSe bandgap [3], but 2.4
pm component may be caused by associative defects of shallow donor impurity (for
example, iodine) and zinc vacancies [3]. Particularly, in Ref. [92] it is communicated
that presence of emission in mid-IR spectral region is characteristic for ZnSe crystals
grown by CVT method with iodine as transportation agent. It should be mentioned that
assumptions about the defect-impurity composition of the crystals made during analysis
of IR PL spectra are in the good agreement with assumptions made in description of the

visible PL spectra.

3.1.2 ZnSe:Ni

Influence of nickel impurity concentration on PL spectra of ZnSe:Ni in visible spectral
range is shown in Fig. 7-a. At 6.5 K the PL spectra of the crystals mainly consist
of an edge band and two wide PL bands localised in long-wavelength region at 537
nm (2.307 eV) and 612 nm (2.025 eV). Taking into account the large FWHM of 26
meV for the edge band and its shift towards long wavelengths in comparison to the free
exciton (FE) line, this band may be considered to be a superposition of few bands caused
by recombination of excitons bound to uncontrolled impurities and native defects, e.g.
iodine, zinc vacancies or aluminum.

Excitation light power dependence of the edge PL intensity is presented in the inset
of Fig. 7. Itis well established that the PL intensity I increases with the excitation power
P as I ~ P®[93]. According to the previous studies, which are commonly accepted
and independently confirmed for different material systems, the power factor « falls into

one of the following ranges if the excitation energy is higher than the bandgap energy
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Figure 7: Influence of nickel impurity concentration on edge and visible (a) and IR (b)
PL spectra of ZnSe:Ni crystals, measured at 7' = 6.5 K. Inset: the dependence of the
edge band PL intensity versus the power of excitation light [P2].

as in our measurements. Power factor is in the range 1 < o < 2 for the bound-exciton
emission, and in the range 0 < a < 1 for the free-to-bound radiative recombination,
such as free hole and neutral donor recombination (h, D), free electron and neutral
acceptor recombination (e, A), or donor-acceptor pair recombination (D, A) [94, 95]. In
our case, 1 < a < 2, that confirms the excitonic nature of the edge PL band.

Broad and less intensive PL bands with maxima at 537 nm (2.307 eV) and 612 nm
(2.025 eV) were observed earlier in PL spectra of ZnSe:Fe [P8], ZnSe:Mn [P9] and
ZnSe:Cr [P3] crystals and were attributed to native defects. The band localised in
this region was observed in PL spectra of the both undoped and halogen-doped ZnSe
crystals and was regarded as a self-activated (SA) emission band [96]. The authors of
[97] attribute this SA-band to DAP recombination within the (Vz,-Clse) complex cen-
ters. Taking into account that the crystals studied here were grown by iodine transport
method, it is assumed that iodine atoms incorporate into the selenium sublattice during
the growth process and form shallow hydrogen-like donors with the activation energy
of 28-33 meV [98]. A part of the iodine ions may form (Vz,-Is.) complexes with native
defects, responsible for the observed SA-emission in the undoped sample. The band
with maximum at 612 nm is caused by DAP-recombination within the centers formed

by Vz, native defects and uncontrolled Alg, shallow donors [99].
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Light nickel doping (0.001 at.%) of ZnSe crystals changes the structure of the PL
spectrum (Fig. 7-a) slightly: the intensity of the PL bands decreases more than 6
times, the edge band slightly shifts towards short wavelengths (444.2 nm) and the long-
wavelength PL bands slightly shift to 538 and 616 nm, respectively. It is known that
d-element dopants are the quenchers of visible PL in ZnSe. Incorporation of nickel ions
into zinc sublattice of ZnSe leads to a decrease of Vg, native defects concentration. As
a result, the formation of (Vz,-D) emission centers becomes less probable. This may
explain the concentration quenching of the SA-bands. The increase of nickel concentra-
tion to 0.025 at.% leads to a further decrease of the edge PL band intensity and its shift
towards long-wavelengths. Intensities of the long-wavelength visible PL bands also de-
crease. At nickel concentrations of 0.20 and 0.50 at.%, the edge and long-wavelength
PL bands are practically quenched and only a weak PL band with maximum at 496 nm
may be observed (Fig. 7-a). A similar band with maximum at 488 nm, observed in PL
spectra of ZnSe crystals grown in the presence of Hy vapors, was attributed to DAP-
recombination of associative emission centers based on Vz, native defect and oxygen
impurity [100].

Temperature influence on ZnSe:Ni (0.001 at.% Ni) edge PL spectra is shown in Fig.
8-a. The temperature increase leads to a decrease of the edge band intensity, an increase

of its FWHM and its shift towards long wavelengths. The process of PL temperature
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quenching may be described in general case by equation [93, 101]

Iy
pr— _EA 5
1 + Aexp (m)

I(T) ®)
where I is the maximum intensity of the PL band in the absence of temperature quench-
ing, E/4 is the activation energy of PL temperature quenching, kg is the Boltzmann
constant and A is a proportionality constant. The PL band intensity versus inverse tem-
perature and its spectral position versus temperature are presented in Figs. 8-b and 8-c,
respectively. The edge band emission starts to quench at temperatures above 50 K with
the quenching energy of ~45 meV (Fig. 8-a). The hole binding energy to Ni impurity
in ZnSe:Ni crystals is estimated to be 37 meV [102], and the binding energy of the
exciton to the same impurity should be larger [2], corresponding to our experimental
value of the activation energy of thermal quenching. Considering that Ni-bound exci-
tons have a major contribution to the edge band, we may use the Haynes’ rule [82, 83]
to estimate the energy of optical transition responsible for this PL band: E = 10 - 45
meV = 450 meV. According to Ref. [103], the 3T, level of Ni2*{d®} ion is localized
540 meV above the ZnSe valence band top. It gives reason to conclude that the edge
PL band in ZnSe:Ni crystals is caused by a superposition of at least two lines: Vz, ac-
ceptor bound exciton (ABE) (Ii’) and Ni?*{d®}-ABE. The obtained value of 450 meV
for the energy of optical transition in the exciton emission range is less than the local-
ization energy of 3T, level for Ni>*{d®} ion, given in Ref. [103]. This inconsistency
between the value obtained from the presented results and values reported previously
may be caused by an error in determination of the activation energy of the edge band
temperature quenching. The contribution of Vz,-ABE (I¢-line) to the edge band may
slightly lower the temperature quenching activation energy since the localization energy
of Vz, acceptor is 220 meV [104]. With increasing temperature, maximum of the edge
PL band shifts monotonically towards long wavelengths (Fig. 8-c), which corresponds
to the shift of free exciton peak position according to the Varshni equation. This fact is
an additional confirmation of excitonic nature of the edge PL band in the PL spectra of
ZnSe:Ni samples.

Low-temperature (6.5 K) mid-IR PL spectra of ZnSe crystals doped with various Ni
concentrations are presented in Fig. 7-b. Large emission bands with maxima at 2.2, 2.4
and 2.6 pum are observed in the PL spectrum of undoped ZnSe crystal. A light nickel
doping (0.025 at.%) of the samples leads to appearance of only one emission band in
IR PL spectrum with maximum at 2.6 um and a peculiarity on the long-wavelength

“wing” at 2.7 pum that indicates a complex structure of the band. The increase of Ni
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concentration to 0.20 at.% results in a broadening of the IR PL band, a slight shift of its
maximum towards long wavelengths (2.63 um) and a decrease of the band intensity. A
further increase of the doping impurity concentration up to 0.50 at.% leads to quenching
of the IR emission in the studied spectral range.

The IR PL band with maximum near 2.16 um was earlier observed in PL spectra
of ZnSe:Fe [P8] and ZnSe:Cr [P3] crystals. It was attributed to chromium uncontrolled
impurity or complexes, which include Vz, native defects [P1]. An IR PL band with
maximum at 2.4 pm was observed for the crystals grown by iodine-transport technique
and was attributed to iodine-based complex emission centers [92]. The studied crystals
are grown by the same method, and therefore it may be considered that the observed IR
PL band at 2.4 yum in 6.5 K spectrum for undoped crystal is caused by complex emis-
sion centers based on iodine impurity and zinc vacancy. Nickel doping of the studied
crystals quenches this PL band intensity. Nickel incorporates into the zinc sublattice
and decreases the concentration of Vz, native defects, therefore, the formation of the
complex emission centers based on iodine impurity and zinc vacancy, becomes less
probable. The band with maximum at 2.6 gm in IR PL spectra of undoped ZnSe crys-
tals was attributed to uncontrolled impurities [92], e.g. nickel contamination of the zinc
used for the crystal growth.

The increase of Ni concentration to 0.20 at.% decreases the band intensity, increases
its FWHM and slightly shifts the maximum to 2.63 pm (Fig. 7-b). Thus, the maximum
intensity of the nickel intrashell emission is obtained for Ni concentration of ~0.025
at.%. This correlates well with the data obtained from the study of visible PL spectra,
when at the same concentration, the shift of the edge band becomes more prominent.
For nickel impurity concentrations above 0.50 at.%, IR emission is quenched due to

concentration quenching as observed earlier [92, 105].

3.2 Magnetic properties
3.2.1 ZnSe:Cr

At sufficiently low temperatures and TM impurity concentrations, the magnetization of
DMS may be expressed as the sum of contributions from magnetic centers and diamag-
netic crystal host [106]. In Fig. 9, the field dependence of the magnetization in ZnSe:Cr
[I] crystals is presented. The magnetization of the undoped crystal has a positive sign
and the value is significantly larger than that of the chromium doped samples. This

may be explained by paramagnetic contribution of [Ise,Vz,] centers [3]. These com-
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Figure 9: The field dependence of ZnSe:Ni crystals magnetization at T=5 K (inset is
enlargement of 0.03 - 0.30 at. % Ni samples) [P3].

plexes could be formed during the CVT growth process because of the iodine used as
the transport agent. However, the saturation, which starts to appear at fields higher than
3 T, may indicate some amount of the uncontrolled magnetic impurities, e.g. TM ions,
which are typical background dopants for the zinc chalcogenide crystals [30]. Doping
with chromium leads to significant decrease of the magnetization values and to inver-
sion of the magnetization sign at concentrations of the doping impurity higher than 0.10
at.% Cr. The negative values of magnetization are most probably caused by diamag-
netic contribution of the zinc selenide crystal lattice. This should be larger than the
sum of paramagnetic contribution from [Ise,Vz,] complexes and contribution from the
chromium ions. Decrease of the paramagnetic contribution from iodine-based com-
plexes may be caused by decrease of its concentration due to the Cr-doping. Chromium
ions incorporate into the zinc sublattice nodes [81, 107], thus chromium doping sig-
nificantly reduces number of zinc-vacancy nodes, which take part in the formation of
[Ise,Vzn] paramagnetic centers. At the same time, low chromium concentrations in the
source materials (0.03 at.%) decrease the value of magnetic field at which the saturation
begins (Fig. 9). This indicates some increase in the concentration of the ferromagnetic
centers within the crystals.

The hysteresis loops were measured to prove that chromium doping of the zinc
selenide crystals leads to increase of the concentration of ferromagnetic centers. The
Fig. 10 confirms this for concentrations less than 0.05 at.% Cr. It may be observed

that undoped crystal has no remanent magnetization (Mg ~ 6 - 10 A-m’!, which is
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Figure 10: The hysteresis loops of ZnSe:Cr crystals with dopant concentration of 0.03
(a), 0.05 (b), 0.10 (c) and 0.30 (d) at.% Cr at T=5 K [P3].

near the measuring precision). Adding of small amounts of chromium impurity to the
source material during the growth process results in appearance and enlargement of the
remanence of the hysteresis loop (cg~ 1.8 - 10~* A-m?/kg in case of 0.03 at.% Cr and
or~ 2.9-107* A-m?/kg for 0.05 at.% Cr ). Also, as it was observed from the magneti-
zation field dependences, chromium doping leads to the lowering of the magnetic field,
at which saturation begins, to ~0.2 T. Determination of the saturation magnetization,
og, can not be done precisely because of two additional contributions: paramagnetic
from the [Ise,Vzn] complexes, concentration of which is smaller when the chromium
doping level is higher, and diamagnetic, which comes from the ZnSe crystal lattice and
should be independent on the chromium doping. However, increase of the doping level
from 0.03 at.% Cr to 0.05 at.% Cr leads to increase of the o'g from ~ 1.2-1072 A-m?/kg
to ~ 1.5 - 1073 A-m?/kg, eventually increase of the saturation magnetization should be
higher, because the used experimental values do not take into account decrease of the
paramagnetic contribution to the magnetization. Increase of the chromium concentra-
tion in the samples above 0.10 at.% leads to decrease of the remanent magnetization
value to ~ 6.5 - 107> A-m?/kg. This univocally indicates that ferromagnetic properties
of ZnSe crystals, which appear because of the chromium doping, become weaker at
concentrations of the doping impurity higher than 0.05 at.%.

The oscillating change in the magnetic properties of the ZnSe crystals (increase
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and decrease of the remanent magnetization with increasing Cr impurity concentration)
may be explained, for example, by the RKKY theory. Taking into account that p-type
conductivity in bulk ZnSe samples is almost unreachable [81], we may consider only
the carriers in the conduction band. In such a case, the effective coupling (J,4) will
be simply proportional to the RKKY-function, but its sign, which determine the type
of magnetic interaction between the localised spins, will correspond to the sign of the
RKKY-function. Considering that chromium impurity in the crystals is distributed uni-
formly, we may approximate the distances between the Cr ions for the concentrations
0.03, 0.05, 0.10, 0.30 at.% Cr as 6.6, 5.6, 4.4, 3.0 nm, respectively. These can be used
to analyze the results with Eq.(5), using the kr as a fitting parameter. The best fitting
(RKKY-function is positive for 0.03 and 0.05 at.% Cr samples and negative for 0.10
and 0.30 at.%) was obtained for kr=0.8 nm™!, which corresponds to n ~10'" cm!. For
this electron concentration, electron gas in ZnSe crystal should be degenerated [108],
but experimentally measured resistance does not confirm this since the resistance of
the samples measured at room temperature is of the order of M{). The argument ¢ of
the RKKY-function is the product of the Fermi wavevector and the distance between
the magnetic impurities. This means that smaller values of &k, corresponding to the
lower free electron concentrations, fits the experimental result if the distance between
magnetic impurities is proportionally higher. Reasonable values of kr for the mea-
sured resistance of the samples fit the results with 2-3 times larger distances between
the chromium atoms.

It is well-known that TM in the II-VI materials may form homonuclear pair [58,
109], e.g. Cr**-Cr**. Formation of these pairs may explain larger distances between
magnetic ions in the studied crystals, however, the presence of these centers excludes
possibility of the direct application of the RKKY-interaction to explanation of the re-
sults. The concentration of TM-TM pairs or complexes most often follows statistical
laws [58]. This means that concentration of these centers depends on the concentration
of chromium impurity in the crystals, and assumption about random and uniform distri-
bution of the doping impurity can not be applied to the whole concentration range. At
the same time, the presence of Cr-Cr pairs may qualitatively explain the obtained results.
At large distances between the chromium ions, Bethe-Slatter curve predicts the parallel
orientation of the magnetic moments with a maximum of the J value at some certain
distance between the impurities [110]. However, the Bethe-Slatter curve may be applied
only in case of the direct interaction between the ions and is mostly determined by the

balance between the Coulomb and kinetic energies. Direct interaction for the studied
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Figure 11: The magnetization temperature dependence of ZnSe:Cr 0.05 at. % (a) and
ZnSe:Cr 0.10 at. % (b) crystals, open circles show field-cooled (FC) data and filled
circles show zero-field-cooled (ZFC) data, B=10 mT [P3].

concentration of the chromium impurity is possible only by means of the tunneling of
electrons between two neighbouring Cr ions. Regardless the large interatomic distances
aproximated above, it is known that at low temperatures tunneling to the distant atom
has higher probability than tunneling to the closer one [111]. Thus, direct interaction
via tunneling of electrons may explain ferromagnetic behaviour of the ZnSe:Cr sam-
ples at concentrations of the doping impurity less than 0.05 at.%. At high chromium
concentration, doping impurities start to form pairs, in which magnetic moments of the
consisting ions are antiparallel. This may also be confirmed by the Bethe-Slatter curve,
which predicts antiferromagnetic properties of two chromium ions situated at distances
comparable with the radius of the incompletely filled shell [110]. Antiparallel orienta-
tion of the magnetic moments results in decrease of the og as well as the area of the
opening on the hysteresis curve, observed experimentally.

The assumption made about the formation of chromium homonuclear pairs at con-
centrations above 0.05 at.% Cr may be confirmed by the temperature dependence of
magnetization (Fig. 11). The FC and ZFC temperature dependences of ZnSe:Cr 0.05
at.% crystal magnetization coincide, at the same time, temperature dependence of mag-
netization of ZnSe:Cr 0.10 at.% crystal shows a behaviour characteristic for spin-glasses.
Spin-glass behaviour will mean the presence of both ferromagnetic (isolated Cr ions)

and antiferromagnetic (Cr-Cr pairs) centers.

33



-
)]

= 0.10
10F ¢ B=10mT < ]
- e
;m‘ 8| ¥ >
= ¢ Ni, at.%: —
E gl % 05 0.50
‘ x
I 1 os0 =
© 4}  mm—
§ ol 0.10 50 100 150 200 250 300
s I Temperature (K)
N
B Of
c L
g .2
z
4L 0.00

0] 50 100 150 200 250 300
Temperature (K)

Figure 12: Temperature dependence of magnetization for ZnSe:Ni samples and inverse

magnetic susceptibility (insert), B = 10 mT [P2].

3.2.2 ZnSe:Ni

The magnetic properties of the studied ZnSe samples with various Ni concentrations are
presented in Fig. 12. FC and ZFC temperature dependences of the sample magnetiza-
tion coincide, therefore, only one of them is shown.

Assuming that the distribution of the Ni ions in the host crystal follows the statistical

law

pi=Cla'(1—z)", )

where p; means the number of unit cells containing ¢ Ni ions, C]* = n!/i!(n —4)! and i
=0, 1, 2, 3, 4, one can find that the majority of unit cells (about 97.82%) do not contain
Ni ions and 2.16% of unit cells contains one Ni ion. The fraction of unit cells with 2
(pairs) or more (trimers and tetramers) nickel ions is about 0.02% and, therefore, their
influence on the magnetic behavior of the studied crystals can be neglected.

However, the detailed analysis of the magnetic curves measured at various concen-
trations of Ni impurity demonstrates that they cannot be obtained from each other by
simple scaling (compare the curves for 0.1 and 0.5 at.% Ni). The change in the impurity

concentration leads to the change in the curvature of the 7" curves. The intersection of
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the extrapolated linear section of the curve with the temperature axis also changes from
~ - 20 K in case of the 0.10 at.% sample to ~ - 80 K for the 0.50 at.% concentration
(Fig. 12, inset). Formation of the exchange coupled Ni pairs in the amount sufficient
to affect slightly the magnetic behavior of the whole crystal may take place as it was
reported in [P3] for ZnSe samples doped with Cr.

Another explanation of a slight difference of the x1' curves shape can be based on
the presence of few kinds of magnetic centers, contribution of which changes with in-
creasing Ni concentration. For example, it is known that Ni ions occupy Zn sites, thus,
Ni doping leads to decrease in zinc vacancy concentration. It is also known that param-
agnetism of iodine-doped zinc selenide crystals arises from paramagnetic contribution
of (Vz, - Ise) complexes [3], amount of which decreases with decreasing concentration
of Vz,. Decrease in the concentration of iodine- and zinc vacancy-based complexes,
resulting from the nickel doping, leads to the formation of other types of iodine-based
defects, e.g. (I-Zn-I) or (I-I), which are diamagnetic [112]. Presence of the different
types of magnetic centers and their combined influence on the crystals magnetic prop-
erties may also explain the complex shape of the magnetization temperature dependence
(Fig. 12).

3.3 Comparative analysis of TM doped ZnSe crystals

The main bands observed in PL spectra of the studied samples are summarized in Table
3. Comparative analysis of PL and magnetic properties of ZnSe:Fe [P8], ZnSe:Mn [P9],
ZnSe:Cr [P3] and ZnSe:Ni [P2] crystals allows to conclude that only double charged
TM ions (e.g. Cr?* or Ni%*) actively participate in formation of emission bands in visible
and IR spectral ranges. Presence of TM?* ions in the crystals leads to formation of TM-
ABE, however, influence of these excitons on the emission properties strongly depends
on the background impurities and native defects, thus, it depends on the doping method.
In the mid-IR spectral range TM?* ions give rise to broad intrashell emission bands,
position of these bands depends on the type of ion and of possible resonance energy
transfer between the ion and other emission centers. Presence of TM charge states
other than TM?* can not be excluded, even more, it may be assumed that TM* ions are
involved in photoexcitation processes. However, the present study allows to think that
TM charge states other than 2+ will act as non-radiative recombination centers.
Concentration quenching of the TM activated emission was observed for all studied
samples. For a long time, TM ion “agregates” are considered one of the most probable

mechanisms for the concentration quenching, but its origin was unclear [43]. Compar-
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Table 3: Main PL bands in emission spectra of ZnSe crystals.

Position
Description Ref
atT~5K
439.5 nm CB to VB transitions [46]
441.5 nm Recombination of free excitons [46]
444 - 446 nm Complex edge band (bound excitons) [P3], [P2]
453.0 nm Cr?* bound excitons [P1]
458.9 nm Ry-band: [Liz,, Vsc]—Liz, transitions [87]
460.1 nm Qp-band: Alyz, — Liy, transitions [87]
recombination within the centers
~ 488 nm [100]

based on Vz; and oxygen impurity

self-activated emission:
~ 540 nm o o [97]
recombination within the (Vz,-Cls.) complex centers

~ 0.95 um 3T, — T, intrashell transitions within Cr?* ion [89]
~ 1.5 pm probably Bi-based centers

2.07 pm >E — 3T, intrashell transitions within the Cr>* ions [44, 51]
~ 2.2 pm [Vzn, Alzy] to VB [3]
~ 2.4 pm [Ise, Vzn] to VB [3]

~2.6um | 3T>CF) — 3T CF) intrashell transition within Ni** ion | [45, 113]

ative study of both magnetic and luminescent properties allows us to conclude that in
some cases (e.g. Cr and Mn) formation of homonuclear pairs is confirmed by the mag-
netic interaction between the ions, which has further influence on the emission proper-
ties. At the same time, the present study allows to assume that simultaneous usage of
both optical and magnetic properties of ZnSe:TM crystals in practical applications may
be difficult, because the highest emission efficiency from the crystal may be obtained at
low TM?* concentration, when magnetic properties exhibited by the TM ions are weak
and comparable by the value with crystal host or uncontrolled defects magnetism. The
effects, caused by high concentration of the TM doping impurity, may be interesting
for some magnetic applications, however, they lead to formation of different magnetic
centers on the TM basis, which have negative influence on the emission properties of

the crystals.
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4 Influence of f-element dopants on physical properties of

ZnSe crystals

4.1 Emission properties

Photoluminescence spectra of ZnSe:YDb [I] crystals in the visible spectral range for a
few doping impurity concentrations are presented in Fig. 13-a. The edge emission band
is relatively broad. Considering the large FWHM of the band, it may be assumed that
it is not elementary, but the temperature dependence of its maximum position repeats
with high accuracy the shape of free excitons temperature dependence of the maximum
position, calculated by Varshni equation [18, 80]. This reveals its excitonic nature and
allows to conclude that the band consists of few overlapped emission bands caused by
radiative recombination of excitons bound to different impurity centers. Increase of the
Yb impurity concentration in the source material leads to increase of the edge bands
FWHM (e.g. 47.8 meV for ZnSe:Yb [1] 0.20 at. % and 58.7 meV for ZnSe:Yb [I] 2.00
at. %), which indicates an appearance of some additional components in the edge band
structure. The same conclusion may be stated based on the weak change of the edge
band shape, which extends to the smaller wavelengths at Yb concentrations below 0.20
at. % and to smaller photon energies at Yb concentrations above 0.30 at. %. However,
this extensions of the band are unsignificant and do not change the position of the edge
band maximum. All these facts allow us to conclude that the influence of Yb doping on
the edge emission of ZnSe crystals grown by CVT method and doped during the growth
is weaker than the influence of the background defects introduced in the crystals by the
growth method.

The same conclusion may be obtained from the dependence of the temperature
quenching activation energy on the Yb concentration. Activation energy calculated from
Eq. (8) is equal to 2442 meV for the all studied concentration ranges of Yb impurity in
ZnSe crystals. This temperature quenching activation energy with high accuracy corre-
sponds to energy position of halogen impurities within zinc selenide bandgap [98, 114].
This indicates that there are excitons bound to iodine and chlorine impurities in the edge
band spectra. The presence of halogens in the samples grown by CVT method may be
explained by iodine usage as a transport agent, which has stronger influence on the PL
spectra than the Yb doping impurity. Broad and structured bands of SA luminescence
were discussed earlier (see section 3.1.2).

PL spectra of ZnSe:Yb [Bi] crystals in the visible spectral range consist only of the

bands in the exciton region (Fig. 14-a). The edge band with the maximum at 446.6 nm
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Figure 13: Visible PL spectra of ZnSe:Yb [I] crystals in excitonic (a) and long-
wavelength (b) regions at T' = 6.5 K. The temperature evolution of the ZnSe:YDb [I]
2.00 at. % PL band in the excitonic region (c). Inset: determination of the edge band

thermal quenching activation energy [P4].

is significantly shifted to the longer wavelengths comparing to the free exciton emission.
Position of the band does not change with the change of Yb impurity concentration in
the doping melt, and the Yb doping results only in change of the edge band intensity.
This behavior of the edge emission of the ZnSe:YDb [Bi] crystals is very similar to the
previously observed for ZnSe:Yb [I] and allows us to assume that the Bi impurity, as
well as iodine, has stronger influence on the PL properties of the zinc selenide crystals
than Yb ions. This conclusion is also confirmed by the temperature quenching acti-
vation energy of the edge band (Fig.14-c). The energy calculated from the Eq. (8) is
equal to 33+2 meV for the whole studied ytterbium concentration range. This value
corresponds to the deep donor activation energy in the Bi-doped ZnSe crystals [115].
The obtained value of the activation energy leads to the conclusion that annealing in Bi
melt performed in this study leads to formation of donor-like Bi complexes (e.g. Bige-
Zn-Vg. or Bige-Biz, [90, 115]). The similarity of iodine and bismuth sites explains the
similarity of the observed emission properties of ZnSe:YDb [I] and ZnSe:YDb [Bi] crystals.

The structured band with the main maximum localised at 460.1 nm, with its phonon

replicas distanced 32 meV from the main maximum, which corresponds to LO-phonon
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Figure 14: Visible PL spectra of ZnSe:Yb [Bi] crystals in excitonic (a) and long-
wavelength (b) regions at 7' = 6.5 K. The temperature evolution of the ZnSe:Yb [Bi]
6.00 at. % PL band in the excitonic region (c). Inset: determination of the edge band
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energy in zinc selenide, may be associated with the radiative DAP recombination (Fig.
14 (a)). Position of this DAP-band in the spectra of ZnSe:Yb [Bi] crystals, as well as its
shape with few phonon replicas, precisely corresponds to Qg band [87].

PL spectra of the ZnSe:YDb [Zn] in the visible spectral range consist of three bands
(Fig. 15): a band in exciton region, emission caused by DAP-recombination and a
long-wavelength visible band, localized near 545 nm in the undoped crystal. In contrast
to iodine and bismuth co-doped crystals, ytterbium doping has a significant influence
on all parameters of the edge band emission in the spectra of ZnSe:Yb [Zn] crystals:
the maximum position, FWHM and temperature quenching activation energy change.
The transformation of the edge emission with increase of the Yb concentration in the
doping melt reveals significant changes in the crystal’s defect-impurity composition.
Particular interest should be paid to the change of the temperature quenching activation
energy of the band (Fig. 16). In the case of ZnSe:Yb[I] and ZnSe:Yb [Bi] crystals,
the value of activation energy corresponds to the ionization of the iodine and bismuth
impurity respectively and does not depend on the Yb impurity concentration. In the

case of ZnSe:Yb [Zn] crystals, ytterbium doping leads to disappearance of the 63 meV
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Figure 15: Visible PL spectra of ZnSe:Yb [Zn] crystals in excitonic (a) and long-
wavelength (b) regions at 7' = 6.5 K. The temperature evolution of the ZnSe:Yb [Zn]
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thermal quenching activation energy [P4].

activation, which corresponds to ionization of [Liz,, Vse] or [Naz,, Vse] complexes
[87]. At the same time, the maximum of the DAP-band shifts from 458.9 nm (Rg-band,
caused by [Liz,, Vse]—Liz, transitions) to 460.1 nm (Qg-band, caused by Alz, — Liz,
transitions) with increase of Yb concentration in the doping melt from. In both of these,
the activation energies change and the shift of the DAP-band suggest destruction of the
selenium vacancy based complexes [P5].

Emission spectra of the ZnSe:YDb [I] crystals in the IR spectral range are presented in
Fig. 17. The two bands with maxima at ~ 0.95 ym and ~ 2 pym dominate the spectra.
These two bands are usually referred as intracentral transitions within the chromium
ions in ZnSe crystals [51]. Chromium, as well as iron, copper and other transition
metal impurities, are typical contaminants of II-VI semiconductor compounds [30]. In
mid-IR spectral range (Fig. 17-b), the increase of the ytterbium concentration in the
crystals leads to the shift of the main maximum of the structured band to the smaller
wavelengths. The same situation was observed in the case of ZnSe:Cr [I] crystals, when

increase of chromium concentration leads to shift of the band’s maximum and increase
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ZnSe:Yb 0.03 at.% (b) and ZnSe:Yb 8 at.% (c) crystals. Inset: determination of thermal

quenching activation energy [P5].

of the band’s intensity [P1]. Thus, it may be considered that ytterbium, with concen-
trations below 0.30 at. %, acts as sensitizer for the chromium emission in the mid-IR
spectral range. Taking into account that the band with the maximum at ~ 2 ym is com-
plex and includes [Ise., Vz,] complexes. This emission is generated by the resonance
energy transfer from the chromium ions (see section 3.1.1). It may be assumed that
similarity of the Yb and Cr doping is caused by destruction of iodine-based complexes
with increase of ytterbium concentration. In the analysis of the visible PL spectra, it
was shown that efficiency of ZnSe activation with ytterbium strongly depends on con-
centration of selenium vacancies or selenium substituting centers, and thus it may be
considered that concentration of Ig. defects and complexes on their basis will decrease
with increasing of ytterbium concentration in the crystals. Decrease of [Ise, Vz,] com-
plexes’ concentration will eliminate energy transfer channel from the Cr>* ions, and
thus the intensity of competitive intrashell emission should increase. The consistent
shift of the mid-IR band maximum also confirms this assumption, because the shift
indicates the increase of the chromium ions emission contribution to the band compar-
ative to emission from the [Is., Vz,] complexes, for which emission is located at larger
wavelengths. The decrease of the mid-IR band intensity at large Yb concentration (Fig.

17-b) may be a sign of Yb-complexes’ formation, which lead to “purification” of the
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at 7=6.5 K. The temperature evolution of the ZnSe:YDb [I] 0.10 at. % PL band in the
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crystals from the background impurities [P6].

At the same time, doping with ytterbium leads to appearance of a new band with
the maximum at ~ 1.6 ym in the spectra of ZnSe:YDb [I] crystals (Fig. 17-b and -c).
This band was not previously observed in spectra of intrinsic crystals or crystals doped
with TM. The intensity of the band quickly decreases with increasing temperature, and
at temperatures above 100 K (Fig. 17-c) the band could hardly be observed on the
background of the ~ 2 pm band. A band with similar properties is also observed in
the same spectral region of the ZnSe:Yb [Bi] crystals PL spectra (Fig. 18-b and -c)).
Addition of Yb impurity to the Bi melt during annealing process leads to disappearance
of the band with maximum at ~ 1.5 pm, attributed to the bismuth emission centers
[116]. Instead of this band in spectra of ZnSe:Yb [Bi] crystals, a band with maximum
at ~ 1.7 um may be observed. Increase of the Yb concentration in the Bi melt leads
to the decrease of the band intensity (Fig. 18-b). This emphasizes the similarity with
the ~ 1.6 um band in spectra of ZnSe:Yb [I] crystals, which disappears at large Yb
concentration (Fig. 17-b). The complicated dependence of the bands intensity on the
Yb concentration is another argument in favor of the assumption that Yb impurity tends
to form some complexes or clusters. Also, this emission band one more time emphasizes
the similarity of the Yb influence on the PL spectra of ZnSe:YDb [I] and ZnSe:Yb [Bi]
crystals.

Structured bands in the near-IR spectral range (Fig. 18-a, Fig. 19-a) are character-
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at 7'=6.5 K. The temperature evolution of the ZnSe:YDb [Bi] 1.00 at. % PL band in the

mid-IR region (c) [P4].

istic for the Yb doped crystals [26, 30, 32]. Emission with the maximum at 0.98 pym
is usually associated with intrashell transitions between the ground (®F7,) and exited
(*Fs)») states of the Yb>* ions [26, 30]. The temperature dependence of this maximum
(Fig. 19-c) confirms the intrashell character of the emission. The presence of this char-
acteristic band indicates the incorporation of the ytterbium impurity in the crystal lattice
in the form of Yb** ions. Increase of the 0.98 ;zm maximum contribution to the spectra,
with increase of the ytterbium concentration in the doping media, confirms the conclu-
sion made. Howeyver, it should be mentioned that the intensity of the Yb intrashell emis-
sion is much higher in the crystals doped by annealing in the zinc melt. This supports
the conclusion made during discussion of the visible PL spectra about more significant
influence of the Yb on emission properties of the crystals, when concentration of the
selenium vacancies is higher.

The presence of an additional band, overlapping the ytterbium ions’ intrashell emis-
sion from the shorter wavelengths part of the band, was also previously observed [26].
Usually this band is explained by trapping of the hole from the valence band by the
Coulomb-attractive potential provided by the ytterbium compensating ion with a fur-
ther charge-transfer resulting in excitation of REE ion [30]. Thus, the different spectral
position of the maximum, overlapping Yb>* ions intrashell emission in ZnSe:Yb [Zn]
and ZnSe:Yb [Bi] crystals (Fig. 18-a, Fig. 19-a), is caused by different compensation

mechanisms of the REE ions.
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at 7'=6.5 K. The temperature evolution of the ZnSe:Yb [Zn] 1.00 at. % PL band in the
mid-IR region (c) [P4].

In the mid-IR spectral range of the ZnSe:Yb [Zn] crystals’ PL spectra (Fig. 19-b) a
band, similar to the one earlier seen in the ZnSe:YDb [I] emission spectra ((Fig. 17-b),
can be observed. This can be explained by the uncontrolled contamination of the source
material. The intensity of this band is 30 times smaller than of the intrashell emission
of the Yb ions and decreases with increase of the ytterbium impurity concentration in
the doping melt. Decrease of the 2 um band was also observed at high concentration
of the Yb ions in ZnSe:Yb [I] crystals, which may be considered as a sign of a cluster

formation on the basis of ytterbium impurity and uncontrolled background defects.

4.2 Optical density

The optical density spectra for all studied ZnSe:Yb crystals are presented in Fig. 20.
The sharp decrease in transparency below ~ 500 nm is caused by intrinsic absorption of
ZnSe, however, any significant absorption lines were not observed in the whole studied
spectral range. This result confirms assumption about indirect excitation of the center
based on Yb>* ion. A characteristic for all studied spectra is decrease of optical density
with increasing Yb concentration in the crystals. Similarity of technological processes
within the crystal series allows to exclude possibility of the extraction of the uncon-
trolled background impurities into the growth media. It may be assumed that increase
of the samples transparency is caused by inclusion of the singular impurities in clus-

ters. Thus, internal light dispersion should be smaller, which may result in the observed
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Figure 20: Optical density spectra of ZnSe:Yb crystals, 7' = 300 K [unpublished].

decrease of the optical density. However, presence of the large impurity blocks in the
crystal lattice should lead to the significant decrease in the crystals transparency in the

far-IR range.

4.3 Electrical properties
4.3.1 ZnSe:Yb

The behaviour of the Hall temperature dependence may be explained with the “impurity
band” model [117-120]. Increase of the Yb concentration leads to the increase of the
relative amplitude of the observed maximum (Fig. 21-a). This fact is a vivid manifes-
tation of “purification” of ZnSe:Yb [Zn] samples during the doping with REEs from
uncontrolled background impurities that form the impurity band. Ytterbium atoms are
incorporated into the ZnSe crystal lattice and bind shallow impurities in electrically pas-
sive complexes. Finally, the concentration of single centers of background impurities,
which form the impurity band, decreases. This conclusion is in a good agreement with
photoluminescent data (see section 4.1), where the formation of the Yb-based com-
plexes was also shown.

The relatively small value of the maximum in the Ry (7") dependence for the un-
doped n-ZnSe [Zn] sample (Fig. 21-a, curve 1), its highest-temperature position and the
well-manifested constancy of the Hall coefficient at low temperatures (7" < 30 K) are

the evidence of the well-developed, fairly wide impurity band, which is located near the
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Figure 21: Temperature dependence of the Hall coefficient (a) and of the free electron
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(n.) and the impurity band (n;) for n-ZnSe:4 at.% Yb sample [P6].

conduction band minimum but not overlapping with it.

Manifestation of a small slope on the Ry dependence for ZnSe:Yb [Zn] samples
at 7' < 20 K is also a result of the sample “purification” from background impurities,
which is accompanied by decreasing of the bandgap energy, appearance of the impurity
density-of-states tails due to their random distribution and electron freeze-out from the
impurity band into these local states.

The increase of sample temperature from 150 to 300 K leads to a rapid decrease of
the Hall coefficient due to ionization of deep impurity level of unknown origin.

The temperature dependence of the Hall coefficient in the temperature range, where
the impurity conductivity should be absent (7' > 50 K) and electronic gas in the studied
samples is not degenerated, makes it possible to determine the concentration of shallow
donors, Np, concentration of acceptors, IV 4, and activation energy of donor impurity,

Ep, using the equation [121]

. 3/2
2mrm*kpT
natm () exp (22 (10)
(Np —Na—n) g P\&sT )
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where ¢ is the degeneracy of the donor state and m™ is the electron effective mass. The
values of the parameters calculated by least-square fitting of the experimental data to
Eq. (10) show that introduction of ytterbium atoms into ZnSe [Zn] crystals considerably
reduces the concentrations of both electrically active shallow donors and acceptors, as a
part of them enters into the composition of neutral complexes formed near the ytterbium
atoms.

The temperature dependence of free electron concentration, n, in the temperature
range that corresponds to activation of deep impurity level is described by the equation
[121]

) 2mem*kpT 3/2
n (n —ng) h2 —Epeep
= exp ; (1T)
(NDeep +no — 1) g1 kT

where Npeep is the concentration of deep donors, Epeey, is the ionization energy, ng is
the concentration of the electrons activated from shallow donors in the region of their
exhaustion and ¢; is the degeneracy of the deep level.

The temperature dependence of the electrical conductivity, o, presented in Fig. 22,
is almost completely determined by the temperature dependence of the free electron
concentration (Fig. 21-b), as the electron Hall mobility, Ry o, weakly depends on tem-
perature (Fig. 22 inset). Figure 22 shows that the doping of ZnSe [Zn] samples with
Yb impurity increases the electrical conductivity in the whole investigated temperature
range, and this increases with increase of Yb impurity concentration, while the con-
centration of free electrons decreases (Fig. 21-b). The reason for growth of electrical
conductivity with decreasing concentration of free electrons is a significant increase
(about an order of magnitude, see Fig. 22 inset) of electron mobility due to “purifica-
tion” of the samples from single background impurities, which are effective centers for
charge carrier scattering.

For the sample with the highest concentration of Yb impurity (Fig. 22 inset), curve
3), the electron mobility in the temperature range from 100 to 300 K obeys the 7—3/2
law, thus, the scattering of free charge carriers by acoustic phonons takes place. This
result is in good correlation with the change of electrical conductivity at 7' > 100 K
(Fig. 22, curve 3), which appears due to “purification” of the sample from background
impurities.

The simplest and the most evident method for analyzing the energy level spectrum
for the crystals with impurity band is based on the study of temperature dependence of
the Fermi level, . This dependence for all the investigated samples was calculated

according to the equation [122]
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Figure 22: Temperature dependence of the electrical conductivity and the electron Hall

mobility (inset) of n-ZnSe:Yb [Zn] samples with various dopant concentrations [P6].

2m*kBT

3/2
2 > Fyjp (pp) =545 105 (m*)*/? T3/2F1/2 (up) (12)

ne (T) = 4w <

where n, is the electron concentration in the conduction band, p}. = pp/kpT is

the reduced Fermi level and F /5(pu}) is the Fermi integral, the values of which are
tabulated [123].

For the calculation of the temperature dependence of the Fermi level, the tempera-
ture dependence of the free electron concentration n. is needed. The n.(7") and ny(T')
dependences, where n;, is the concentration of electrons in the impurity band, may be
calculated using a two-band semiconductor model. The results of this calculation are
given in Fig. 21 (inset) for the ZnSe:4 at.% Yb sample. Then, using the equation (12),
the temperature dependence of the Fermi level, up(T'), (Fig. 23-a) and the reduced
Fermi level, ;1}.(T), (Fig. 23-b) were calculated.

The temperature dependence of the reduced Fermi level (Fig. 23-b) shows that as
the Yb dopant concentration increases, the temperature of the beginning of electron gas

degeneracy (17 = 0) shifts towards low temperatures and the degree of electron gas
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Figure 23: Temperature dependence of the Fermi level (a) and reduced Fermi level (b)
for n-ZnSe:Yb [Zn] samples [P6].

degeneracy decreases. This effect is a consequence of “purification” of the investigated

ZnSe:Yb [Zn] samples from electrically active background impurity.

4.3.2 ZnSe:Gd

Concentration of the free electron charge carriers in the undoped sample from the
ZnSe:Gd [Zn] series is even higher than in the similar sample from the ZnSe:Yb [Zn]
series. This is caused by selection of another initial ZnSe crystal crystal for sample
preparation. Concentration of the free electron charge carriers in the undoped sample
isn = 1.8 - 10?2 cm™ and changes non-linearly with the temperature and concentration
(Fig. 24-a), the fact also observed for the ZnSe:Yb [Zn] samples (Fig. 24-b).

5
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Figure 24: The dependence of the free electron concentration on the Gd (a) and Yb (b)

impurity concentration (curves are drawn by eye)[unpublished].
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Figure 25: Temperature dependence of the Hall coefficient for n-ZnSe:Gd [Zn] samples
[unpublished].

The temperature dependence of the Hall coefficient of the ZnSe:Gd [Zn] crystals
(Fig.25) has a similar shape as the dependence of ZnSe:Yb [Zn] crystals. A maximum
characteristic for the impurity band is observed, also, for Gd series it is shifted to the
higher temperatures (~ 100 K) comparing to the Yb series (~ 40 - 50 K). It may be
assumed that at such a high free charge concentration the impurity band formed by
donors with the small activation energy overlapps with the conduction band. At the
same time, another impurity band is formed in the ZnSe:Gd [Zn] crystals by the deep
donors, presence of which was univocally established for the ZnSe:Yb [Zn] because of
their thermal activation at ~ 200 - 300 K. The temperature dependence of the charge
carriers Hall mobility for the ZnSe:Gd [Zn] confirms the impurity band model (Fig.

2F a) ZnSe:Gd X at. %

E 4.00
= 0.00

10 100 0.1 1
Temperature (K) Gd concentration (at. %)

Figure 26: Temperature (a) and Gd concentration (b) dependence of Hall mobility for
n-ZnSe:Gd [Zn] samples [unpublished].
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Figure 27: Field dependence of mass-magnetization of ZnSe:Yb crystals, 7' =5 K [un-
published].

26-a).

Presence of a maximum in the temperature dependence of the Hall mobility shows
the presence of charge scattering on phonons (for 7" > T'n,x) and impurity ions (for 7' <
T'max)- A sharp decrease of the electron mobility at 30 - 40 K represents a transition to
conductivity within the impurity band. Reduced values and unsignificant temperature

dependence are characteristic for the electron mobility within the impurity band.

4.4 Magnetic properties

The change of the magnetic properties of the samples with increasing Yb concentra-
tion significantly depends on the doping method (Fig. 27). In the case of the iodine
co-doped samples increase of Yb concentration leads to increase of paramagnetic sig-
nal, which may arise from the iodine complexes. In case of the bismuth co-doped the
situation is opposite increase of Yb concentration leads to increase of diamagnetic sig-
nal, which is most probably caused by the ZnSe host, thus ytterbium influence results
in approaching of magnetic properties of doped ZnSe:Yb [Bi] crystals to the properties
of intrinsic ZnSe samples, but with smaller concentration of native and uncontrolled
impurity defects (more perfect). The case when the crystals were doped from the zinc
melt represents combination of the two previously discussed cases. This behavior of the
magnetic properties with increase of the Yb impurity may be explained by formation of
Yb-based complexes, when magnetic moments of defects, which are joined by Yb in
complex, are compensated. Thus magnetic properties will be controlled not by Yb itself

but by combination of Yb and other defects.
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4.5 Structure of the impurity center

The emission properties indicate that selenium vacancies are involved in the Yb dop-
ing. Optical and electrical measurements allow observing decreasing concentration of
singular defects, when REE ion concentration in the samples increases. From the elec-
trical properties a simultaneous compensation of both acceptor and donor defects was
seen. Magnetic properties show that Yb impurity forms complexes. All these facts
may be combined together within the slightly modified Brown’s model [32]. An ion-
ized selenium vacancy creates +2¢ charge. Placement of a triple charged REE ion in it
increases charge to +5¢. Charge compensation may be achieved by substitution of the
first order neighbours of Yb>* , 4Zn>* ions in tetrahedron nodes, by singly charged ions.
In such a case, a cluster based on REE ion surrounded by four singly charged ions is
formed. The total charge of such a cluster will be +e and its formation is accomplished

by simultaneous compensation of both donor and acceptor impurities.
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5 Influence of d- and f-elements co-doping on emission prop-

erties of ZnSe crystals

The luminescent properties of ZnSe, ZnSe:Cr (0.05 at.% Cr), ZnSe:YDb (0.03 at.% YD)
and ZnSe:Cr:Yb (0.05 at.% Cr, 0.05 at.% Yb) crystals, doped during the growth process
by the chemical vapor transport method, were compared within the temperature interval
of 6 - 300 K. The emission spectra of Cr and Yb doped crystals are discussed in details
in sections 3.1.1 and 4.1, respectively. Thus, only the spectra of d- and f- ions co-doped
samples will be analysed here.

Co-doping of the zinc selenide crystals with chromium and ytterbium leads to com-
bined influence of these impurities on the edge band emission (Fig. 28). The position
of the edge-band maximum in the PL spectrum shifts to the more short-wavelength re-
gion comparing to the undoped sample or samples doped with a single type of impurity.
Energy position (439.5 nm) of the bands maximum in the PL spectrum of TM and REE
co-doped crystal is in good agreement with the zinc selenide band-gap at the liquid he-
lium temperature[18] allowing the conclusion that the emission is caused by CB - VB
radiative transitions. The thermal band-gap expansion coefficient at temperatures above
80K (dE,/dT =45 - 10* eV/K), similar to that given by the other authors [124], agrees
with this conclusion. At the same time, the similarity of the band-gap thermal expansion
coefficient between the samples excludes the possibility of phase separation and forma-
tion of solid solutions due to the doping. Absence of the observable exciton emissions
is caused by the presence of significant internal fields in the crystals, which prevent the
exciton formation. The decrease of the edge-band intensity is similar to that observed in
the ZnSe:Cr PL spectrum, however, differences in the temperature quenching activation
energies [P7] indicate differences in the electronic transitions in the co-doped crystal
and crystals doped only with TM or REE impurity.

In the IR spectral range co-doping of the zinc selenide crystals with chromium and
ytterbium impurities leads to appearance of a large band with nearly constant intensity
within 1.6 pm - 2.4 pym spectral interval (Fig. 28). This band retains the complex struc-
ture observed earlier in ZnSe:Cr samples, and also has an additional maximum localized
close to 1.7 um. Energy position of the 1.7 yum maximum is in a good agreement with
the energy distance between Cr* and Cr?* ions levels within the zinc selenide band-
gap. This allows us to conclude the possibility of light emission transitions between
two neighboring chromium ions in different charge states. It is also worth mentioning,

that the high energy part of this band may have a similar origin as the 1.6 ym band,
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Figure 28: PL spectra of ZnSe (1), ZnSe:Cr (2), ZnSe:Yb (3) and ZnSe:Cr:Yb (4)
crystals in the visible (a) and IR (b) spectral range at 7' = 6.5 K [P7].
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previously observed in spectra of ZnSe:Yb crystals (see section 4.1).

The Cr™ ions represent a non-equilibrium state in ZnSe, however, as it was described
in section 4.5, ytterbium ion requires a charge compensation, which may be achieved
by substitution of the first order neighbours by single charged ions. In the case of the
ZnSe:Cr:Yb crystals the ytterbium ion, most probably, stabilizes the singly charged
chromium ions in the zinc crystal lattice nodes by the analogy with the Brown model
[32]. In such a case, resonant energy transfer from one chromium ion to another will
not lead to the concentration quenching as in the case of ZnSe:Cr crystals (see 3.1.1),
but to the broadening of the complex IR band, as observed in the ZnSe:Cr:Yb crystals
PL spectrum.

Based on the described model it may concluded that co-doping of the ZnSe crystals
with ytterbium and chromium will lead to the change of the chromium ion equilibrium
charge state: the dominant charge state without excitation is Cr* in ZnSe:Cr:Yb crystals
and Cr?* in ZnSe:Cr. However, both charge states should be observed under the laser
excitation [51], but the electron transitions will significantly differ. Despite the fact
that chromium concentration in both samples ZnSe:Cr and ZnSe:Cr:Yb is the same, the
structure of the spectra is completely different. The band in the near-IR spectral range
with maximum close to 0.95 pm observed in spectra of ZnSe:Cr crystal disappears
in the spectra of co-doped sample. This may be explained by the electron transitions
involved in formation of the discussed band. In PL spectrum of the ZnSe:Cr sample
the 0.95 pm band appears because of the intra-shell transitions between second excited
(*T;) and ground (°T,) states of the Cr>* ion [89]. In ZnSe:Cr:Yb crystal, when an
electron will be placed on the external shell of non-equilibrium Cr?*, it will have a much
higher probability to be taken away from the ion than in the case of ZnSe:Cr crystal. In
ZnSe:Cr crystals, when Cr?* is equilibrium charge state, electron most probably will
relax to the ground (°T,) state of Cr?* ion emitting a photon in near-IR spectral region.
However, it was shown [P1] that electron transitions responsible for 0.95 ym band in
ZnSe:Cr crystals are competitive with transitions responsible for 2.07 ym band. At T'
~ 5 K the intensity of the band in near-IR region is higher than the intensity of the band
at 2.07 pm [P1]. Temperature increase leads to the quenching of the 0.95 pm band
and the increase of the mid-IR band intensity. In the case of the ZnSe:Cr:YDb crystals, a
similar situation may be observed, but instead of 3T, — T, transitions within Cr?* ions,
recharge transitions between Cr?* and Cr* ions are involved (Fig. 29). The temperature
dependence of the IR broad band in the PL spectrum of ZnSe:Cr:Yb crystal confirms

participation of chromium ions in formation of both 1.7 ym and 2.07 pm components.
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Figure 29: Temperature evolution of the IR band in the PL spectrum of ZnSe:Cr:Yb
crystal [P7].

It is known that the efficiency of the intrashell emission caused by 5E — 3T transitions
within Cr?* ions is higher at room temperature than at lower temperatures [86, 88].
This may indicate that at room temperature the IR emission of the ZnSe:Cr crystals is
formed as the result of Cr** — (Cr**)" — Cr** transitions. At low temperatures, IR
emission may be formed because of transition with participation of the semiconductor
allowed bands, which requires changing of the chromium ion charge state [51]. It also
may be supposed that at higher temperatures the probability to change the charge state of
equilibrium Cr* ions, which appears because of formation of ytterbium cluster, is lower,

and this lowers the probability of transitions responsible for the 1.7 um emission.
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6 Conclusions

In this thesis influence of d- and f-elements on emission, optical, electrical and mag-
netic properties of ZnSe were investigated within a wide temperature range (5 - 300 K).
Doping was performed by various technological methods that allowed to study interac-
tion between doping impurities of Cr, Ni, Yb and Gd and the most common uncontrolled
contamination impurities and native defects.

It was shown that only 2+ ions of the d-element are optically active and give rise to
emission bands in the visible and IR spectral ranges. It was proved that broad emission
bands in the mid-IR spectral range, attractive from application point of view, are caused
by the resonance energy transfer between the doping ions and background native and
impurity defects. Also, it was shown that the intensity and the structure of the emission
bands are determined not only by the impurity type and its concentration but also by the
initial concentration of the native defects, thus, a combination of different impurities
and doping techniques may allow to extend the tunability range of the possible laser
systems.

The performed study allows to assume that simultaneous usage of both optical and
magnetic properties of TM doped ZnSe crystals in practical applications may be diffi-
cult, because the highest emission efficiency from the crystal may be obtained at low
concentration of d-ions, when magnetic properties exhibited by them are weak and com-
parable by the value with crystal host or uncontrolled defects magnetism. High concen-
tration of the TM doping impurity may be interesting for some magnetic applications,
however, the magnetic interaction between d-ions leads to quenching of the emission
and significant decrease in optical transparency. Thus, it was established that the effect
of concentration quenching of the emission observed for the ZnSe:TM crystals is most
probably caused by magnetic coupling of emission centers and changing of its structure.

Doping of ZnSe with REE results in decrease of concentration of singular defects
in the crystals. This leads to simultaneous compensation of donor and acceptor defects,
which may be a key for obtaining of p-type conductivity in bulk zinc selenide. It was
shown that co-doping of ZnSe with Yb ion and selenium substituting impurities, which
decrease concentration of selenium vacancies, results in weak influence of ytterbium on
the emission spectra. On the other hand, annealing of the crystals in Zn+Yb melt, which
favors the generation of selenium vacancies, leads to appearance of intensive band in
the near-IR range, characteristic for the ytterbium doped crystals. It was established that
the increase of Yb ion concentration leads to the destruction of the complexes, which

include selenium vacancies. These facts allow us to conclude that selenium vacancies
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are directly involved in formation of Yb-based emission centers by increasing the yt-
terbium ions solubility in ZnSe crystals or by formation of complexes with ytterbium
ions.

It was shown that co-doping of zinc selenide with the TM and REE impurities leads
to the combination of their influence on the crystal’s emission, being a powerful tool for
modeling of required properties for practical applications.

The research carried out in this thesis has shown that all studied properties of zinc
selenide crystals are determined not by the doping impurity exclusively but by interac-
tion between native and impurity defects. Control over the concentration of the intrinsic
defects is a big challenge for all II-VI semiconductor compounds and sometimes is
crucial for practical applications. However, it is evident that nanostructuring will lead
to significant increase in concentration of the surface defects comparative to the con-
centration of the native defects in volume, thus, allowing to control concentration of
the intrinsic defects by changing the size of the particle. It allows to think that nanos-
trucuring will give possibility to change concentration of native and impurity defects
independently and to control interaction between them. As it was shown in the thesis,
namely this interaction mainly determines the crystal properties. A logical continua-
tion of the presented work will be study of the physical properties of nanostructured
II-VI semiconductor compounds doped with transition metals and rare-earth elements,
for which control over interaction between native and impurity defects seems to be less

complicated.
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