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ABSTRACT

Currently, it is generally accepted that the charge transport in dielectrics is limited by the Coulomb trap ionization in a strong electric field
(Frenkel effect). In the present work, the charge transport mechanism in La:HfO, was experimentally studied, and four theoretical
conductivity models—the Frenkel effect of Coulomb trap ionization, Hill-Adachi model of overlapping Coulomb potentials, Makram-Ebeid
and Lannoo model of multiphonon isolated trap ionization, and Nasyrov-Gritsenko phonon-assisted tunneling between traps—were quanti-
tatively analyzed. It was shown that the charge transport mechanism in La: HfO, is qualitatively described by the Frenkel effect, but the
Frenkel effect predicts an abnormally low trap concentration value and a large high-frequency dielectric constant value, which is not consis-
tent with the experiment. The charge transport in La:HfO, is quantitatively described by the model of phonon-assisted tunneling between

neighboring traps.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021779

Hafnium oxide (HfO,) was considered as a paraelectric material.
In 2011, it was found that HfO, doping, including lanthanum, leads to
the appearance of the ferroelectric effect." The presence of the ferro-
electric effect in doped HfO, opens up the possibility of developing a
terabit scale non-volatile Ferroelectric Random Access Memory
(FeRAM). Except for thermal silicon oxide (SiO,), other dielectrics,
such as almost stoichiometric SisN,, Al,Os, Ta,Os, HfO,, and ZrO,,
and the corresponding nonstoichiometric compounds, such as SiNy_ 43,
AlOy 35, TaOy 575, HfO4», and ZrO,,, contain high trap concentra-
tions in the range of 10'*-10**cm >, These traps can localize injected
electrons and holes, and they are responsible for leakage current. Traps
in a dielectric can play both a negative and positive role.

In metal-dielectric-semiconductor devices, the leakage current
through traps in the gate dielectric can lead to an undesirable power
dissipation and heating of silicon devices.” On the other hand, the
localization effect of electrons and holes for deep traps in dielectrics
is widely used in flash memory devices for recording and storing
information.”" The formation and annihilation of traps due to oxygen
vacancies underlie the next generation of high-speed resistive flash
memories.”’

Currently, it is widely accepted that the charge transport in
dielectrics is limited by the Coulomb trap ionization in a strong electric
field (Frenkel effect) (inset in Fig. 1).° The charge transport in Si;N,,"*

ALO;" Tay0s,''” HfO,,'™'* and Zr0,'>' is qualitatively inter-
preted in terms of the Frenkel effect model. However, it has recently
been established that the charge transport in Si;N,,' 7 ALO;, ™
HfO,,'"* ZrO,,”" and Hfy5Zry50,” is not quantitatively described
by the Frenkel effect. The charge transport in Si;N,'*'” and ALO;'® is
limited by the multiphonon isolated trap ionization, and the charge
transport in HfO,,'"*" ZrO,,”" and Hf,sZry50,> is limited by the
phonon-assisted tunneling between traps. Thin (~10 nm) doped films
are intensively studied as an active storage medium in the next genera-
tion of nonvolatile FeRAM." Leakage currents in the active medium of
doped HfO, can lead to an undesirable excessive power dissipation
and heating of memory devices. Therefore, it is important to know the
charge transport mechanism of doped HfO, in order to predict the
power dissipation in memory devices. The aim of this work is an
experimental study of the charge transport mechanism in La:HfO,
and its quantitative comparison with theoretical models.

We studied TiN/La:HfO,(10 nm)/TiN samples. We used the
p-type silicon substrate (100) with the resistivity of 12O0hm cm. A
10nm thick TiN layer was grown on a silicon substrate using the
atomic layer deposition technology at 320 °C. TiCl, was used as a pre-
cursor at room temperature. The synthesis was carried out in NHj;
+ Ar plasma. 10 nm thick La: HfO, films were deposited using atomic
layer deposition. The chamber temperature was 235 °C. The precursors
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FIG. 1. Experimental current densityelectric field characteristics of La:HfO, and the simulation data (a) obtained by the Frenkel effect model in coordinates Ig(J) ~ v/F; (b) by
the Hill-Adachi model in coordinates log (J) ~ F; (c) by the Makram-Ebeid and Lannoo model in coordinates log (J) ~ F; and (d) by the Nasyrov-Gritsenko model in coordi-

nates log (J) ~ F. Above is a schematic representation of the charge transport models.

were Hf(NCH;C,H;), (TEMAH) at a heating temperature 100 °C
and La (iPrCp); at a heating temperature 170 °C. The reactant was
O, + Ar plasma. Fast thermal annealing was used at the tempera-
ture of 500 °C for 30s in the N, atmosphere. The upper TiN elec-
trode had an area equal to 7.1 x 10~* cm?. The fabricated La:HfO,
film structure was crystalline. The study of photoelectron spectra
showed that the obtained La:HfO, compound is a mixture of HfO,
(85%) and La,03 (15%).

To compare the experimental data and theoretical model, the
simulation method of least absolute deviations (LADs) was used. It
consists of the theoretical model parameter selection process until the
maximum deviation value (20%) of the theory from the experiment is
reached. Due to the current expressions Log I ~ U or I ~ €Y, the maxi-
mum deviation has the form

Apax = ‘Log (;

At the beginning, the theoretical model parameters of one tem-
perature are selected. In our case, it is 450 K. The trap ionization
energy is determined independent of the current temperature depen-
dence; the greater the number of experimental temperatures is, the
more accurately the ionization energy is found. With four temperature
dependences, we guarantee the accuracy for the second decimal place
of the trap ionization parameter. Also, a weak electric field is not
always taken into account in the simulation process since, at weak
electric fields, there is a dynamic process of charging/discharging traps.
In our case, it is less than 0.2 MV/cm. In addition, in a weak field, it is
also possible to limit the current by the injection process at the metal-
dielectric contact. Using this simulation method at A, < 20%, we
have this accuracy of parameters: ¢, =&, =02, W=W =0.01,
W, =W, £0.01, Wop= W,y +0.02, v =v+0.1, N= N+ 0.1, and
m"=m"*0.02.

To account for the shift of voltage-polarization loops, our measure-
ments were carried out in this mode: each new measurement was made
on a new contact pad. Since the film is quite homogeneous and the

teor

x 100%. (1)

exp

contacts were obtained with a close areal accuracy, the model parameter
deviations should not exceed 5%, and this fits the parameter error.

The experimental current density-electric field (J-F) characteris-
tics of La:HfO, are shown in Fig. 1(a) at the coordinates corresponding
to the Frenkel effect®* (1),

63

W ﬁF \/_4> ﬂ = ( ) N
kT ’ F T €0 '
(2)

Here, ] is the current density, F is the electric field, N= s 2 is the
trap concentration, s is the distance between traps, P is the trap ioniza-
tion probability, = W/h is the attempt to escape factor, &4, = n” is
the high frequency permittivity, and # is the refractive index.

The refractive index of La:HfO,, measured at the wavelength of a
helium-neon laser using ellipsometry, is n=2.0. Therefore, the
La:HfO, high-frequency permittivity is &., = n> = 4. The slope of the
experimental J-F characteristics of La:HfO, in the coordinates 1g(J)
~ +/F gives parameter &, = 20 in the Frenkel model. The trap energy
in La: HfO, lies in the range of 0.7-0.8 eV. The J-F characteristics of
La:HfO, are satisfactorily described by the Frenkel effect with the trap
energy of W=0.7eV. According to the original Frenkel work,” the
attempt to escape factor for the trap energy W= 0.7 eV corresponds to
v=W/h~17 x 10"s". With such an attempt to escape factor, the
trap concentration in the Frenkel model should be equal to
N=1.0x 10°cm . The simulated data at 450 K and 400 K meet the
LAD requirement. For 350K and 303 K, the LAD works only in a
strong field (more than 0.5MV/cm) for simulated curves. If such an
error is ignored, the deviation of the trap concentration and attempt to
escape factor parameters does not exceed half of the order of magni-
tude. This means that an error in the simulating parameters is not able
to explain the discrepancy between the obtained simulating results and
expected theoretical results. Therefore, the experimentally obtained
anomalously low trap concentration and an anomalously large high
frequency permittivity value indicate that the Frenkel effect does not
quantitatively describe the charge transport in La:HfO,.

J = eN*/*p, P = v exp (—
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The exponential increase in the leakage current with the increas-
ing trap concentration is predicted by the overlapping Coulomb
potential Hill-Adachi model,”**

2

_ B T6a00S | . eFs.
P =2vexp T sinh (sz) . 3)

The J-F characteristics in the Pool coordinates Ig(J) ~ F are pre-
sented in Fig. 1(b).

The leakage current increases, and the slope of the curve log (J)
~ F decreases with the increasing temperature in La:HfO,. In the
Hill model, this is explained by an increase in the trap concentration
[Fig. 1(b)]. The high-frequency permittivity value &, = 4, determined
for La:HfO,, is in good agreement with the experiment. For energy
W=14eV, the attempt to escape factor in the Hill model should be
equal to v =3.3 x 10" s~ ", Therefore, the Hill model of overlapping
Coulomb potentials explains the slope of the J-F characteristic,
but does not explain the anomalously low attempt to escape factor
value v = 1.1 x 10°s™".

According to the Makram-Ebeid and Lannoo (ME-L) model, the
charge transport in a dielectric is caused by the multiphonon isolated
trap ionization.”® The trap ionization probability in the ME-L model
is described by the following expressions:

nWon  Wepr — Wy Won
p= _ opt = Wt e Lo
2 e ( 2kT Wy OMor

Wopt — Wt
x I -
thsmh(th/ZkT

p; = Lexp (_é—ﬂm* W3/2)_
2V 2m*W 3 heF

Here, W is the thermal energy trap, W, is the optical energy
trap, Wy, is the phonon energy, and m" is the effective electron mass.

In the ME-L multiphonon model, an electron tunnels, through a
phonon absorption, into the dielectric conduction band [inset in
Fig. 1(c)]. For the simulation, the trap parameters W,=0.65€V,
Wope=1.3eV, and Wy, =60meV were chosen for the quantitative
coincidence of the model curves with the experimental data in a strong
electric field. These trap parameters correspond to the abnormally
high effective electron mass value 7m"=10 m, and the abnormally small
trap concentration value N=>5 X 108 em ™3 [Fig. 1(c)]. These simulat-
ing results meet the 20% LAD requirement only in strong fields (more
than 0.9MV/cm). Thus, the ME-L model does not quantitatively
describe the charge transport in La:HfO,.

The Nasyrov-Gritsenko (NG) model was proposed in Refs. 27
and 28. In this model, an electron is excited from the ground state, due
to the phonon absorption, and then it tunnels to a neighboring trap
(see the inset in Fig. 4). In the NG model, the electron tunnels to a
neighboring trap due to the large overlap integral. The ionization trap
probability in the NG model is given by the following expression:”"**

ZﬁhWt e Wopt - Wt
f— X —_——
m*s2\ /2kT(Wope — Wy) P Won

25/ 2m* W, F.
< exp (_iv;j) sinh (ﬁ

)>Pi(Wt +nWpp), (4)

)

(6)
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The NG model quantitatively describes the J-F characteristics of
La:HfO, at reasonable trap parameters, which are shown in the inset
in Fig. 1(d). The obtained values of W;=125eV and Wy, =2.5eV
for La:HfO, correspond to the thermal and optical trap energies in
HSO,.

In this paper, four trap ionization models were used to explain
the charge transport in La:HfO, in a strong electric field. The Frenkel
model gives an unphysically low trap concentration and a fourfold
higher high-frequency permittivity value. The Hill-Adachi model of
overlapping Coulomb centers quantitatively explains the slope of
experimental J-F characteristics, but predicts an unphysically low
attempt to the escape parameter value. The multiphonon ME-L model
does not describe the charge transport in La:HfO,. The NG model
quantitatively describes the increase in the La:HfO, conductivity with
the increasing temperature.

The trap concentration in the NG model is the same as in the
Hill-Adachi model of overlapping Coulomb traps. The difference
between the models is that the Hill-Adachi model assumes the pres-
ence of positively charged traps and the NG model assumes the pres-
ence of neutral traps.

The thermal trap energy value W;=1.25eV and optical trap
energy value W, =2.5e¢V obtained in the NG model in hafnium
oxide doped with lanthanum (La:HfO,) coincide with the thermal and
optical trap energies in undoped hafnium oxide.'””**”*" In Ref. 20, it
was found that the traps in undoped HfO, are caused by oxygen
vacancies. The coincidence of the thermal and optical trap energies in
HfO, and in La:HfO, indicates that the traps in La:HfO, are due to
oxygen vacancies, similar to HfO,. Thus, we can conclude that the
charge transport in La:HfO, is also rather due to the presence of oxy-
gen vacancies in HfO, than to the doping with the La impurity. Based
on this conclusion, a practical recommendation can be made to reduce
undesirable leakage currents in the active La:HfO, medium in
FeRAM. The NG theory predicts an exponentially strong decrease in
the leakage current with a decrease in the trap concentration.
Annealing HfO, in the N, atmosphere decreases the trap concentra-
tion,”" but the annealing in the N, atmosphere may deteriorate ferro-
electric properties, as it was reported for Hf; sZrosO, in Ref. 32. On
the other hand, annealing Hf, sZr, 5O, in the O, atmosphere does not
change ferroelectric properties. We assume that this will be the same
in the case of La:HfO,. Since the traps in La:HfO, are caused by oxy-
gen vacancies, the trap concentration responsible for leakage currents
can be reduced by annealing La:HfO, in oxygen or in oxygen plasma.

In conclusion, the charge transport mechanism in La:HfO, was
experimentally studied at different temperatures. The experimental
data were analyzed based on four trap ionization mechanisms: the
Frenkel model of isolated Coulomb trap ionization, the Hill-Adachi
model of overlapping Coulomb traps, the Makram-Ebeid and Lannoo
model of multiphonon isolated neutral trap ionization, and the
Nasyrov-Gritsenko model of phonon-assisted tunneling between
traps. It was shown that the widespread Frenkel model does not quan-
titatively describe the charge transport in La:HfO,. The Hill-Adachi
and Makram-Ebeid and Lannoo models do not describe the charge
transport in La:HfO,. The Nasyrov-Gritsenko model of phonon-
assisted tunneling between traps at a high trap concentration quantita-
tively explains the slope of J-F characteristics and gives the thermal
trap energy value of Wy=1.25eV and optical trap energy value of
Wope=2.5eV. The coincidence of the thermal and optical trap
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energies in HfO, and in La:HfO, indicates that the traps in La:HfO,
are due to oxygen vacancies.
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