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The origin of charge carrier traps in ZrO, films was studied using charge transport measurements, EPR spec-
troscopy and quantum-chemical calculations. After the X-ray irradiation of the ZrO, films, the EPR spectra from
an interstitial oxygen and a negatively charged oxygen vacancy are observed. The trap thermal and optical activa-
tion energies 1.25 eV and 2.5 eV are estimated from the charge transport measurements. Within experiments on
the extraction of minority carriers from silicon substrates, it was demonstrated that both electrons and holes can

be trapped on oxygen vacancies in ZrO,. Hence, oxygen vacancies are supposed to operate as traps responsible
for the charge transport in ZrO, films.

1. Introduction

Crystalline and amorphous films based on zirconium dioxide are of
significant interest from a scientific viewpoint, as well as from a prac-
tical point of view. The permittivity of different ZrO, phases is 15-40.
Recently, high-x dielectric films, like ZrO,, Al,05, HfO,, Ta,0s, TiO,
and other ones, were suggested to be used in microelectronic devices as
gate dielectrics and active storage layers [1,2]. Also, zirconia is a promis-
ing dielectric for the use in the storage capacitor of a Dynamic Random
Access Memory cell [3], as well as a storage medium in a terabit scale
charge trap flash memory [4,5]. Another ZrO,-based memory device is
a Resistive Random Access Memory (RRAM) cell, which is more attrac-
tive that Static and Dynamic Random Access Memories due to its simple
structure, low power consumption, high speed operation, and high den-
sity integration [6-8]. As far as the charge transport in ZrO, is limited
by traps, the trap nature in ZrO, is the matter of discussion [9,10]. At
present, there is a generally accepted hypothesis that oxygen vacancies
play a crucial role in the resistive switching, as well as charge localiza-
tion and transport in ZrO,, and other high-« dielectrics. There are a lot
of theoretical investigations of oxygen vacancies electronic structure in
7r0, [11-16].

The conductivity of dielectrics can be monopolar or bipolar. In the
first case either electrons or holes contribute to the charge transport,
while, in the second case, both electrons and holes are charge carriers.

For example, the conductivity of metal-insulator-semiconductor (MIS)
structures with thermal SiO, [17] or Al,O5 [18] are monopolar (namely,
electronic), while HfO, [19-21], Hf, sZr, sO, [22] and TiO, [23] are of
bipolar conductivity. Non-stoichiometric GeO, films exhibit the bipolar
conductivity, whereas stoichiometric GeO, films, after a post deposition
annealing, are of monopolar electronic conductivity [24]. Thus, the con-
tribution of electrons and holes to the charge transport in ZrO, and the
transport mechanism are subjects to be studied.

This paper addresses the origin of the traps responsible for the charge
transport and their correlation with paramagnetic centres in ZrO,.

2. Experimental methods
2.1. Preparation of samples

The electron paramagnetic resonance (EPR) spectra were recorded
for 50 nm thick ZrO, films on the silicon substrate Si (100). The sam-
ples were prepared by the ion beam sputtering deposition on a high-
resistance silicon substrate with the resistance of 5000 Q-cm, as de-
scribed in Ref. [25]. The substrate at room temperature was placed near
the metal zirconium target. High-purity oxygen was delivered to the sub-
strate area, while the target was bombarded by Ar+ ions. The substrate
heating, due to the interaction with hot carriers from the target, did not
exceed 70°C. For the purity of the experiments on the high tempera-
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ture annealing effect, a silicon plate with deposited films was divided
into two fragments. One of them was X-ray irradiated and the resulting
paramagnetic states were studied. The second fragments of the plates
were pre-annealed at 1100°C, and then the samples were studied by
EPR before and after X-ray irradiation. To increase the oxygen vacancies
concentration and remove interstitial oxygen, part of the samples were
annealed at a high temperature (1100 °C) for two hours in the nitrogen
atmosphere. The post-deposition annealing was performed in a quartz
reactor. The heating and cooling phases were slow. The samples were
taken out from the reactor after cooling to room temperature. A possi-
ble formation of SiO, interfacial layer at the Si/ZrO, interface might be
confirmed by observing the E’ centre in SiO,, because we cannot sepa-
rate its signal from the quartz holders one. To create charged paramag-
netic oxygen vacancies, the initial samples and those annealed at a high
temperature were X-ray irradiated on a general purpose diffractometer
(DRON) with a copper anticathode at room temperature for two hours.
The structural properties of the as-deposited ZrO, dielectric were exam-
ined by a grazing incidence X-ray diffraction diffractogram (GI-XRD),
and the structural analysis showed that the resulting ZrO, films were
amorphous. The structural analysis was not carried out for the annealed
films, but one can assume that, after the high-temperature treatment,
recrystallization occurred in the monoclinic phase [16] or in a mixture
of different phases, including tetragonal or even cubic, due to the large
surface area to the bulk ratio for thin films [26].

The transport measurements were performed for test MIS structures
Ni/Zr0O,/Si on silicon substrates. The 20-nm thick zirconia films were
deposited on n-(100) 4.5Q-cm and p-type Si (111) 10Q-cm wafers by
physical vapour deposition (PVD). A pure ZrO, target was bombarded
by an electron beam in a high vacuum chamber, and ZrO, was de-
posited on the wafer. No post-deposition annealing was applied to pre-
vent the SiO, sub-layer forming. The structural analysis showed that the
resulting ZrO, films were amorphous. All samples for transport measure-
ments were equipped with round 50-nm-thick Ni gates with the radius
of 70 pm.

2.2. EPR measurements

The EPR spectra were recorded in the X-band frequency range of the
modified Varian E-109 spectrometer at room temperature. To improve
the signal-to-noise ratio in the EPR spectra, the number of spectral scans
was varied from 300 to 1000. A quartz holder was used for the reference
E’ centre.

2.3. Transport measurements

The DC current-voltage (J — V) curves were measured using a
Hewlett Packard 4155B Semiconductor parameter analyser at tempera-
tures 25-175°C.

The carriers charge sign in semiconductors can be found by mea-
suring the Hall effect and thermoelectric power. These methods are not
applicable to dielectrics due to the very low mobile charge carriers den-
sity. The carriers charge sign in dielectrics can be found from experi-
ments on the injection of minority carriers from n- and p-type silicon in
MIS structures [27,28] or on separating the electrons and holes of the to-
tal current in an MOSFET [20,29]. The non-equilibrium minority holes
might be injected into dielectrics from the »n-Si substrate under illumi-
nation, as well as non-equilibrium minority electrons might be injected
into dielectrics from the p-Si substrate under illumination [19,23,24].
In the present work, the minority carriers are extracted from »- and p-Si
in the equilibrium states at different temperatures.

In this case, according to the mass action law, electron and hole den-
sities (n, and p,, respectively) in the thermodynamic equilibrium state
of a semiconductor are related as

nepy =y, M

where »; is the intrinsic carrier density. Assuming that the major car-
rier density (electron) is constant within the experimental temperature
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range, and
E,
n; ~T3/zexp (—ﬁ), 2)

where T is temperature, E, is the bandgap in the semiconductor sub-
strate and k is the Boltzmann constant, one can conclude that the minor-
ity carriers current has exponentially increases with the growing tem-
perature:

' €
Jy ~ ps ~ T%exp (_ﬁ> 3)

where J;* is the current of holes as minority carriers, « is a constant
and ¢ is an activation energy that take into account the temperature
dependencies of charge-carrier densities, probability of injection on the
semiconductor-dielectric and dielectric-metal interfaces, and other fac-
tors that contribute to the current of minority carriers.

It should be noted that Egs. (1) and (2) are applicable for semicon-
ductors, and we use them in (3) just to evaluate the charge current
through a dielectric layer qualitatively. Thus, if the current of the MIS
structure with the »n-Si substrate in depletion mode demonstrates its ex-
ponential dependence on temperature, then the dielectric layer exhibits
the hole conductivity.

Similar considerations can be made for an MIS structure with a p-Si
substrate. In this case, if the current of electrons as minority carriers
exponentially depends on temperature, the dielectric layer exhibits the
electron conductivity.

In dielectrics with monopolar conductivity, the transport is described
by Shockley-Read-Hall equations:

a_"=+lv.Jf—avn(N—n()+"1Piom “
ot q

on, | R

B a1V T (N =) = Pen ®

where n is the density of ‘free’ electrons in the conduction band, ¢ is time,
q is elementary charge (absolute value), J; is the current of ‘free’ elec-
trons, o is the trap capture cross-section, v is the electron drift velocity,
N is the bulk trap density, P, , is the trap ionization rate, n, is the density
of trapped electrons, fl is the current of trapped electrons without ion-
ization into a conduction band. The total current is J = J; + J,. In case of
a large number of traps in dielectrics, the current of free electrons is neg-
ligible due to low n values [30]. In the one-dimensional static case with
the uniform distribution on charge traps (a = N~!/3), the Egs. (4) and
(5) give the final current-voltage characteristics:

_ n - - 2 Poan + P ot
J_qanl(l_ﬁ)(Plun_Plun)_ 2 0_x’ ©)
where a is the mean distance between neighbour traps, P, and P are

rates of charge carriers hopping between traps without ionization into
conduction (valence) band along and against the electric field, x is the
coordinate. The first term in Eq. (6) is the drift current, the second one
is the diffusion current. In the stationary case, the current values can be
calculated as described in Ref. [31]:

Taa = aN G [Py = P [1 + ™ y(@)], @
where
0=28 P+ Pian

d Py, = P,

is the dimensionless number that characterizes the trapped charge spa-
tial distribution in the stationary state, d is the dielectric layer thickness,
y(y) is the implicit function which satisfies the following equation:

ytan(y) = y~'.

Recently, it has been demonstrated that the Phonon-Assisted Tun-
nelling of Electrons (and holes) between Neighbour Traps (PATENT)
model [32] adequately describes the current in high-x dielectrics
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[21,22,33]. According to this model, the rate of the tunnel junction be-
tween neighbouring traps is the following:

/ he < (0 - 0y’ - (0 - qFa/0y)?
Pin= | —5—cxp|-
m*a2kT O, 2kT

>0

2m*(3/2 — (e — gFa)3/?
_4 V2m (£ — (e - gFa) ))dQ,
3 qFnh

—€&€ = —Qo(Q - Qo) - VVopp
Oy = /2Wyp — W), ®)

where # is the Planck constant, m* is the electron effective mass, Q is the
configuration coordinate of a ‘trapped-electron-with-phonons’ system.
Here ‘—¢’ represents the energy (below conduction band bottom E_) of
a trapped electron interacted with phonons, and Q) is the configuration
coordinate characterizing the electron-phonon interaction.

In case of low electric fields eFa < W, Eq. (8) can be simplified to

I/Vopt - I/Vt
Pin = vexp T
2a+/2m*W; F.
X exp (-T‘>sinh (%) ©)

Here, the pre-exponential factor v is the attempt-to-escape frequency:

24/7hW,

m*a2Qy kT
The first exponent represents the thermal ionization with the activation
energy of (W, — W,)/2, the next exponent is the tunnelling factor and
the last term indicates the activation energy decreasing due to the ex-
ternal electric field. Using Egs. (6) and (9) one can extract the largest
distance between neighbouring traps from the slope of experimentally
measured currents in the log(J)-vs-F plate.

The analysis shows that, in moderate and strong electric fields
(gFa> iW’t), Eq. (9) gives a significant deviation, and Eq. (8) should
be used.

In case of bipolar conductivity, Egs. (4) and (5) should be extended
with a system of the same equations for holes. The electron-hole recom-
bination should be taken into account as well.

(10)

V=

2.4. Ab-initio simulations

The ZrO, electronic structure was investigated within the density
functional theory with the BPEO exchange-correlation functional. The
plane-wave cutoff energy was taken equal to 70 Ry, and the potentials of
nuclei and core electrons were described by optimized norm-conserving
Vanderbilt pseudopotentials [34,35]. The oxygen vacancies were simu-
lated by removing an oxygen atom from the 96-atom supercell of mon-
oclinic (m-) ZrO,, respectively. The simulations were carried out using
the Quantum ESPRESSO code [36].

The thermal W, and optical W, trap electron ionization energies
of oxygen vacancy V¢ with charge g (¢ = —=2,-1,0,1) are estimated as
follows:

W, (V1) = (Ep" +Eg+1)— (E3+Eg), an
_ q+1 q+1
Won V) = WV + (ES) — ESEL ). (12)

Here Eg and Eg are the total energies of the perfect and defect supercell

with the total charge ¢ in the optimized geometry, respectively; EZ;;; is
the energy of the supercell with charge (¢ + 1) calculated in the geometry
corresponding to charge state ¢g. W, corresponds to a transition to the
ground (relaxed) state, W, corresponds to a vertical transition from the

occupied defect ground state to the excited (non-relaxed) empty state.
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Table 1
The calculated W; and W, (in eV) values for oxygen vacancies in five charge
states in m-ZrO, with the schemes of the corresponding excitation.

Coord. VO+1 VOO VO -1 VO -2
J EC J EC _'_T EC _HT EC
- )
EV EV EV EV
W, [ W 3-c 1.7/2.5 1.4/2.0 0.2/0.3 0.6/0.6
4-c 2.0/3.0 2.0/2.5 0.7/1.0 0.3/0.3
3. Results

3.1. Defect nature identification: ab initio simulations

The thermal trap energy values W, calculated by Eq. (11), can be in-
terpreted as an energy gain when the electron is localized on the defect.
Positive W, values indicate that the charge carriers localization on 3-
and 4-coordinated Vg, is energetically favourable (Table 1). The charge
density distribution and W, values indicate that Vg in m-ZrO, can act
as an electron and hole trap and, thus, be involved in the charge trans-
port. However, the asymmetry of Kohn-Shem level positions and spatial
charge distributions show that the holes exhibit the localization in the
V,, stronger than electrons. This conclusion can be generalized for amor-
phous and polycrystalline ZrO,, since the electron properties of solids
are determined by a short-range order [37,38]. This is consistent with
the fact that the V, is the key defect responsible for the high-«x dielectric
conductivity.

The calculated W, values in Table 1 can be compared with the exper-
imental ones that were obtained from charge transport studies: 1.15 eV
[39] 1.25 eV (will be discussed below), and also with the thermal trap
energy values 1.2 eV and 1.33 eV obtained in the TSL experiment. The
calculated W, values for Vg and V(‘)] are in a reasonable agreement with
the experiments considering the features of the calculation method. The
error value in this kind of calculations is greater than that for the Kohn-
Shem level positions due to the background charge compensation affects
on the supercell total energy values. The calculated W, values are also
affected by the simplicity of the excited state calculation model and, as a
result, the expected equality W, = 2W,, that takes place for SiO, [40],
Al, 05 [18], HfO, [21,33], Hf; 5Zr( 50, [22] and other dielectrics, is not
satisfied.

3.2. Defect nature identification: EPR methods

The EPR study was carried out for ZrO, films before and after X-
ray irradiation. The first sample with the initial ZrO, film on a silicon
substrate exhibits no paramagnetic centres. The X-ray irradiation of the
sample gives rise of two features in the EPR spectrum, as shown in Fig. 1.

To determine the g-factors for the observed centres, the E’ centre in
quartz with g = 2.0005 was used as a reference. The simulations of the
paramagnetic centres induced by X-ray irradiation show (Fig. 1) that
they can be described by the spin-Hamiltonian A = ggH S, where .S =
1/2, the main values of the g-factor for the first centre are g = 2.0378,
g, =2.004, and for the second one are g; = 1.958, g, = 1.964. Similar
EPR spectra with the identical g-factors were observed in ZrO, bulk and
film structures and correspond to the manifestation of interstitial O,
centres, and negatively charged oxygen vacancies [41-43]. It should be
noted, that the first centre with g, = 2.0378, g, = 2.004 can be a surface-
adsorbed superoxide ion O, [42,43].

Taking the ZrO, density of 6 g/cm?, the sample volume of 2.5 X
107> cm?, molar mass of ZrO, 123 g/mol, the EPR method sensitivity
of 10'0 at the line width 6 G, one can find the charged oxygen vacancy
density in about 1 ppm.
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Fig. 1. The EPR spectra of the ZrO, film after X-ray irradiation. (a) The ex-
perimental spectrum. (b) Simulations of a negatively charged oxygen vacancy
with g = 1958, g, =1.964. (c) Simulations of an interstitial O, with g = 2.0378,
g, = 2.004). The E’ centre in quartz is taken as a reference for the g-factor with
g = 2.0005.

After the high-temperature annealing at 1100 °C of the second ZrO,
sample, the EPR spectra exhibit no features in the signal. X-ray exposure
of annealed ZrO, fragment on a silicon substrate does not lead to the
appearance of EPR spectra.

To summarize, the X-ray irradiation of ZrO, films on a silicon sub-
strate transforms interstitial oxygen atoms and oxygen vacancies into a
paramagnetic centre.

3.3. Charge transport and trap parameters in ZrO,

3.3.1. Injection of minority carriers

In this section we report on the charge carrier sign determination in
ZrO,-based MIS structures using experiments on the minority carriers
injection from »-Si and p-Si substrates.

In Fig. 2(a) and (b) is the energy band diagrams in the flat band mode
of the Ni/ZrO,/n-Si and Ni/ZrO,/p-Si structures, respectively, based
on the photoemission data and photoconductivity measurements [44].
The energy barrier for electrons on the Si/ZrO, interface is 2.0 eV, and
the barrier for holes is 2.4 eV. The energy barrier for electrons on the
Ni/ZrO, interface is 3.0 eV [45].

A set of experimental J — V characteristics of Ni/ZrO,/n-Si struc-
tures measured at different temperatures 7 is shown in Fig. 3(a). The
positive voltage (V > 0) corresponds to the positive bias on the Ni con-
tact. In this case, the most part of the applied voltage falls on ZrO,, the
leakage current through ZrO, grows with an increase of the electric field
(applied voltage) and temperature in the accumulation mode (Fig. 2(c)).
The analysis of this regime will be discussed in the next section. In the
depletion mode, i.e. when a negative potential is applied to the metal
contact, the current is increased exponentially at low voltages. The cur-
rent saturation appears at a sufficiently large voltage V' < -2 V, and the
saturation current level increases with the growing temperature. These
phenomena indicate that, in the depletion mode, the minority carriers
are injected from Si into ZrO,. The minority carriers are holes in case of
the »-Si substrate.

On the other hand, the temperature growth might lead to an increas-
ing of the electron injection from the metal contact to ZrO, within Schot-
tky [46] or other mechanisms (J in Fig. 2(e)). However, the current sat-
uration indicated that it is the minority carriers in the silicon substrate
the charge transport through ZrO, is limited by.
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Fig. 2. Energy band diagrams of the Ni/ZrO,/Si structures: (a) the Ni/ZrO,/n-
Si structure in the flat band mode; (b) the Ni/ZrO,/p-Si structure; (c) The en-
ergy band diagram of the Ni/ZrO,/n-Si structure in the accumulation mode
(V > 0); (d) the Ni/ZrO,/p-Si structure in the accumulation mode (V' < 0); (e)
the Ni/ZrO,/n-Si structure in the depletion mode (V' < 0); (f) the Ni/ZrO,/p-Si
structure in the depletion mode (V' > 0). Here J, and J, are the flows of the
electrons and holes, respectively, injected into ZrO,; J* and J* are the flows
of the minority carriers (electrons and holes, respectively) injected from Si into
Zr0,.
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Fig. 3. Experimental current-voltage characteristics of Ni/ZrO,/Si structures at
different temperatures in the depletion mode. (a) The Ni/ZrO,/n-Si structure,
(b) the Ni/ZrO,/p-Si structure.

The experimental J — V characteristics for Ni/ZrO,/p-Si MIS struc-
tures are shown in Fig. 3(b). In the accumulation mode (V < 0), the
current grows exponentially with the increasing voltage. In the deple-
tion mode, at a low voltage, the current grows exponentially with the
increasing voltage. At V' > +3 V, the electron system falls into the inver-
sion mode, the current saturation appears, and the saturation level in-
creases with the growing temperature. The similar arguments, as shown
by Egs. (1)—(3), are suggestive of the minority-carrier (electrons in this
case) current in the depletion mode exponentially depends on tempera-
ture. This phenomenon indicates the electron injection from the silicon
substrate into ZrO, (J in Fig. 2(f)). However, it should be noted that the
same phenomenon might take place in the case of hole thermal injection
from the Ni contact (J}, in Fig. 2(g)).

In the conclusion of this section, the charge transport in ZrO, is
bipolar. Both electrons and holes contribute to the charge current in
this material. The obtained results are consistent with ab initio simula-
tions, namely, with the fact that the oxygen vacancy in ZrO, is a trap for
both electrons and holes, as well as with the experiments on the non-
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Fig. 4. Experimental (characters) and calculated, in terms of the PATENT model
(lines), current-voltage characteristics of Ni/ZrO,/n-Si structures at different
temperatures.

equilibrium minority carriers injection under illumination from silicon
substrates to perfect single-crystal ZrO, films [47].

3.3.2. Charge transport mechanisms

The current-voltage characteristics of the Ni/ZrO,/n-Si structure,
measured at different temperatures T, are shown in Fig. 4 in the semi-
log plate by characters. The current depends on the applied voltage
and temperature exponentially, as expected according to Egs. (6) and
(9). The best congruence of the calculated J — V — T curves with the
experimental data is achieved with the following PATENT model pa-
rameter values: W, = 1.25 eV, W, =2.5 eV, N =2.1x 10" cm™ and
m* = 0.2m,, where m, is the free electron mass. In case of the uniform
trap distribution, the obtained trap density corresponds to the mean dis-
tance between traps a = 3.62 nm, which is small enough to dominate the
tunnelling between traps over the trap ionization into the conduction
band.

It should be noted that the experimental data on charge transport can
be described in terms of Frenkel model [48] qualitatively. However, the
quantitative agreement of experimental data with simulations can be
achieved only in case of non-physical parameter values [33].

4. Discussion

The charge transport in ZrO, is described by the phonon assisted tun-
nelling between traps, as well as in HfO, and Hf, 5Zr, 0, [22,33,49].
The thermal trap energy in ZrO,, HfO, and Hf(sZr,50, is equal to
1.25 eV, and it is equal to the half of the Stokes blue luminescence shift
in both ZrO, and HfO, [16,25]. Hence, one can conclude that the oxy-
gen vacancy is the defect responsible for the charge transport in ZrO,,
HfO, and Hf, 5Zr( 50,. The presence of oxygen vacancies in ZrO, films
is demonstrated by EPR spectroscopy.

The configuration diagram of trap ionization on a negative charged
oxygen vacancy is shown in Fig. 5. The lower term corresponds to the
initial state of the phonon-coupled trap with an electron before the tun-
nelling act. The upper term represents the final state of electron-free trap
after the tunnelling to the neighbouring trap. The direct (optical) transi-
tion energy is 2.5 eV, while the minimal excitation (thermal transition)
energy is 1.25 eV. It is interesting to note, that the thermal trap energy
of 1.25 eV is equal to a half of the Stokes shift in blue photoluminescence
of ZrO, crystals and films.

Despite the fact that the charge transport in ZrO, is bipolar, the
monopolar model describes the experimental data with a good quan-
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Energy (eV)

Fig. 5. Configuration coordination energy diagram of trap ionization on a neg-
ative charged oxygen vacancy in ZrO,. The lower black term refers to the filled
ground state, and the upper red term does to the empty excited state.

titative agreement. This can be explained by the fact that one type of
charge carriers has the major contribution to the current, while the con-
tribution of another carrier type is negligible due to the larger barriers
at the semiconductor-insulator and metal-insulator interfaces, as shown
in Fig. 2(a) and (b), and their injection into the dielectric layer is sup-
pressed. Another possible reason is caused by the differences in the elec-
tronic structure of the defects for localized electrons and holes.

On the other hand, the transport in ZrO, is bipolar indeed, but the
electron and hole traps must have the same parameters (W, W, m*).
In this case, the transport might be described in terms of the monopolar
model. However, these arguments are not supported by the quantum-
chemical simulations which predict the asymmetry in the electronic
structure of the oxygen vacancy on ZrO, with a trapped electron and
hole [16].

5. Conclusion

In conclusion, the trap nature in ZrO, was studied with EPR spec-
troscopy and charge transport experiments and simulations. It was es-
tablished that the oxygen vacancies act as the traps responsible for the
charge transport in ZrO,. Both electrons and holes might be localized on
the oxygen vacancies in ZrO,. The charge transport in ZrO, is limited by
the phonon-assisted tunneling between traps. The thermal W, = 1.25 eV
and optical W, = 2.5 eV trap energies in ZrO, were determined. Thus,
it can be concluded that the oxygen vacancies in ZrO, are responsible
for the transport. It was shown that the X-ray irradiation of ZrO, films
on a silicon substrate transforms interstitial oxygen atoms and oxygen
vacancies into a paramagnetic state, and the observed parameters of the
EPR spectra correspond to the data for these centres. However, the role
of interstitial oxygen atoms in the charge transport and luminescence
properties is not clear and is the subject of further studies.
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