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ABSTRACT

Lanthanum-doped HfZrO is considered as the ferroelectric material for capacitor structures used in one-transistor-one capacitor nonvolatile
memory cells for the development of new generation nonvolatile random-access memory. Here, different capacitor structures are character-
ized by x-ray photoelectron spectroscopy electrically to determine the electron and hole contribution to the conductivity in these
capacitor structures. Experiments related to the minority carrier’s injection and charge transport from an n-Si and a p-Si substrate into a
lanthanum-doped HfZrO layer show that the conductivity is bipolar. Electrons are injected into La:HfZrO from a negatively biased contact,
and accordingly, holes are injected from a positive voltage biased electrode.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0050748

Ferroelectric random-access memory (FeRAM) is one of the pos-
sible promising candidates to realize a random-access memory that is
nonvolatile." However, modern FeRAM devices are limited in scaling
and cannot compete with dynamic random-access memories
(DRAM) in terms of their density and cost.” The discovery of ferro-
electricity in hafnium oxide solves the basic scaling issue of FeRAM
devices.” However, due to the high coercive field in ferroelectric haf-
nium oxide, the maximum number of read/write cycles here is cur-
rently in the range of 10'® or even below, which is the orders of
magnitude below the requirement of a virtually unlimited endurance.”
It was shown that the ferroelectric hafnium oxide endurance is corre-
lated with the leakage current and, thus, with the charge injection,
transport, and defect generation, finally leading to a ferroelectric
breakdown.” The exact origin of the degradation mechanisms deter-
mines the lifetime of ferroelectric capacitors and is still a subject of sci-
entific investigations. However, the La doping was shown to increase
the cycling endurance of Hfy 5Zr, 50, (HfZrO) films."® Therefore, the
charge transport mechanism in La doped HfZrO films is particularly
interesting to understand the starting point for the degradation
mechanisms.

Normally, the dielectric film conduction is assumed to be
monopolar and, in most cases, electron conduction is dominant.

However, in contrast, it was shown that SisN,, HfO,, GeO,, TiO,, and
ZrO, can also have a two-band conduction, i.e., the conduction is
determined by both electrons and holes.” ' The charge carrier’s sign
in a semiconductor can be verified by measuring the Hall effect.
However, this method is not applicable for dielectrics due to the very
low free charge carrier’s concentration. The charge carrier’s sign in
dielectrics can be determined by the minority carrier’s injection from
an n-type and p-type silicon substrate into metal-insulator-semicon-
ductor (MIS) structures.””"* The electron and hole contribution to the
dielectric conductivity also depends on the configuration of the MIS
structure. So the conductivity of Si;Ny in the metal-nitride-oxide-sili-
con structure with tunnel thin SiO, is bipolar,&14 whereas it with thick
SiO, is monopolar (electronic).” The dielectric conductivity in the
Al/HfO,/Si structure at both polarities is monopolar (electronic)'” but
in the Ni/HfO,/Si structure is two-band, bipolar.12

The purpose of this paper is the determination of electron and
hole contribution to the conductivity in ferroelectric La:Hf, sZr 50, in
the Si/La:HfZrO/TiN/Ti/Pt structure.

First, a metal-ferroelectric-insulator-semiconductor (MFIS) and
metal-ferroelectric-metal (MFM) capacitors were fabricated by the
atomic layer deposition of ferroelectric La-doped HfZrO layers on silicon
or on TiN on a silicon substrate. Tetrakis(ethylmethylamino)hafnium
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{Hf[N(C,H5)CH3]4}, tetrakis[ethylmethylamino]zirconium
{Zr[N(C,Hs5)CHjsly4}, and tris(isopropyl-cyclopentadienyl)lanthanum
[La-(iPrCp)s] were used for deposition at 280°C in the Oxford
Instruments OPAL system as hafnium, zirconium, and lanthanum
precursors, respectively. Oxygen plasma was used as an oxidant for
La, while H,O was utilized for Hf and Zr Atomic layer deposition
(ALD) cycles. La doped HfysZr;50, was deposited by alternating
HfO, and ZrO, ALD cycles with one additional LaO, ALD cycle
based sub-monolayers every 22 Hf, sZr, 5O, layers up to an overall
thickness of about 20nm. A 12nm thick titanium nitride top elec-
trode was deposited at room temperature similar to the bottom elec-
trode using a sputtering system from Alliance Concept. The samples
were then annealed at 500 °C for 1 min in the N, atmosphere. The La
concentration of approximately 3.5% was calculated from the corre-
sponding growth rate values and cycle ratios. Since La,03 was always
deposited on a Hf;, 5Zr, 5O, underlayer, it is likely that the real com-
position is proportional to the calculated values. Since only a small
amount of the La,O; interlayer is introduced in the HfysZr, 50,
layer and the La atoms are not uniformly distributed in the
Hf, 5Zr, 50, layer, a structural characterization method would not be
able to determine a more precise La content. La is assumed to be sub-
stitutional in the Hf, 5Zr, 5O, lattice. To pattern the capacitor struc-
tures, a 10nm thick titanium layer was deposited as an adhesion
layer and 25 nm thick platinum was deposited by the electron beam
evaporation through a shadow mask. The wet chemical etching of
the TiN top electrode was carried out for patterning using 5% NH;
and 2% H,0, solutions in H,O at the temperature of 50 °C (by SC1
etching). The silicon substrate resistance was 7.5 Q-cm for both n-Si
and p-Si substrates. In the further reading, the HfysZr,50, film
doped with about 3.5mol. % La is abbreviated as La:HfZrO.

The x-ray photoelectron spectra (XPS) were measured on a
SPECS spectrometer using a PHOIBOS-150 MCD-9 analyzer and
FOCUS-500 monochromator (Al Ko radiation, hv = 1486.74 €V,
200 W). The binding energy (BE) scale was pre-calibrated using the
Au 4f;, (BE =84.0 eV) and Cu 2p3), (BE = 932.67 eV) core
level peak positions. The peaks binding energy was set based on the
Cls peak (BE=284.8eV) position, which corresponds to the
hydrocarbon-like deposits on the surface. Shirley method was used for
the background subtraction. A convolution of Gaussian and Lorentz
functions was used to fit the core peaks.

The current-voltage (I-V) sweep measurements were performed
on the prepared structures in the temperature range from 300 to 400 K
in a Linkam LTS420E cell using a Keithley 2400 and Linkam T95 tem-
perature controller. The voltage ramp rate applied for the I-V mea-
surement was 0.9 V/s. The capacitance-voltage (C-V) measurements
were characterized utilizing the Agilent E4980A equipment connected
to the probe station.

First, the x-ray photoelectron spectra (XPS) were measured on
La-doped HfZrO films. The Hf4f and Zr3d levels can be well approxi-
mated by single doublets with the Hf 4f;/, and Zr 3ds;, peaks of
17.0eV and 182.3 eV, respectively [Figs. 1(a) and 1(b)]. These posi-
tions correspond to the Hf; and Zr] states for stoichiometric
HfO,'®" and ZrO,.""” The La 3d; /2 level shows the main peak at
the energy of 834.1eV and the corresponding satellite at 836.8eV
[Fig. 1(c)]. The energy agrees very well to the corresponding spectrum
from the previous studies of La,O5.”" The presence of the satellite is
determined by the shakeup process in which electrons are promoted
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FIG. 1. XPS of the La:HfZrO film (symbols) and deconvolution (lines) of Hf4f (a),
Zr3d (b), La 3ds 2 (c) and O1s (d) levels. (e) The bandgap estimation from the O1s
photoelectron energy loss spectra. (f) Valence band XPS and determination of the
valence band top position.
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from the filled 0>~ 2p to empty La>* 4f levels.”"”* Thus, the La atoms
in the La-doped HfZrO layer are, predominantly, in the La,O3 compo-
sition. The O1s XPS decays into two peaks, the first of which with the
maximum energy of 530.2eV can be unambiguously assigned to the
lattice oxygen in the mixture of HfZrO. The second peak with the
maximum energy of 531.8eV is characteristic for weakly bound
adsorbed oxygen on the samples surface [Fig. 1(d)]. The Ols-XPS
also reflects the photoelectron energy loss spectrum for the excitation
of inter-band electron transitions from the valence band to the
conduction band. It allows the bandgap energy value E, estimation.
E, is determined by the linear interpolation of the edge of the excita-
tion spectrum from inter-band transitions to the background level
[Fig. 1(e)]. The estimation of the E, value yields 5.4 = 0.2eV. This
result is consistent with the value of 5.37 eV previously determined for
Hf, 5Zry 50, from the transmission spectra.23

The valence band XPS is used to determine the valence band top
(Ey) position relative to the level of an electron in vacuum for the stud-
ied films [Fig. 1(f)]. Since the valence band top state’s binding energy
is 2.6 eV and the absolute zero of the used spectrometer, found from
the binding energy of the Au4f level, Fermi edge, and the Au work
function, is 5.0 eV, which is relative to the vacuum level, the absolute
Ey position is 7.6 eV. The justification for this approach is a fact that
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La incorporation suppresses the Fermi level pinning (FLP) effect.”**’

So the vacuum energies of Au and La:HfZrO are aligned. Moreover,
our result is consistent with the corresponding data for HfO, and
Zr0,.”° Knowing this value as well as the Ey position relative to the
vacuum level for Si (5.2eV”’) and the electron work function for TiN
(4.5eV"®), one can construct an energy diagram for the Si/La:HfZrO/
TiN structure (see the insets in Fig. 2). These simplified diagrams illus-
trate the two-band conductivity and do not consider the localization of
electrons and holes in the dielectric, as well as the SiO, layer on the Si
substrate is presented.

The measurement of the current-voltage curve on the p-Si/
La:HfZrO/TiN/Ti/Pt capacitor structure with two bias polarities on
the metal is shown in Fig. 2(a). When the voltage at the top metal elec-
trode is positive in the depletion mode, the current saturation is
observed in the dark. The current value is increased when the illumi-
nation is turned on. The saturation is associated with the minority
charge carrier’s injection in this case, electrons, from Si into the dielec-
tric. Thus, the current in the dielectric is provided by the electrons

(a)

1073k accumula}ion mode deplef]z'on mode

1074k
107
105 b= p-Si La:HfZrO

£ ]

TiN

1(A)

107
108
10°F
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(b)

10719k o lighting
e dark

6 4 2 0 2 4 6
U()

FIG. 2. Current-voltage characteristics of p-SilLa:HfZrO/TiN (a) and n-Si/lLa:HfZrO/
TiN (b) structures in the dark and under illumination. The insertions presents the rel-
evant energy diagrams of p-Si/La:HfZrO/TiN and n-Si/La:HfZrO/TiN structures with-
out applied voltage, in the depletion mode, and in the accumulation mode.
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injected from Si. When the potential at the metal is negative in the
accumulation mode, the current is increased exponentially with the
voltage rise and the illumination has no effect on the current value.
Almost, all of the applied voltage drops across the dielectric.

For the n-Si/La:HfZrO/TiN/Ti/Pt structure, the current is
increased when the illumination is turned on in the depletion mode if
a negative potential is applied to the metal and does not change in the
accumulation mode with a positive potential on the metal [Fig. 2(b)].
Thus, when a negative potential is applied to the metal, the current in
the dielectric is caused by the holes injected from Si. Accordingly, it
can be concluded that the La:HfZrO film conductivity is bipolar.

The electron and hole injection from Si into La:HfZrO can be
determined by the sign of the accumulated charge in the dielectric
based on the capacitance-voltage characteristicc. When a positive
potential is applied to the metal for a structure on the n-Si substrate,
the C-V characteristic shifts to the right, indicating the negative charge
accumulation from the electrons localized on the traps in the dielectric
[Fig. 3(a)]. This indicates the electron injection from »-Si in the
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—a—[1V;-1V]
M —o— [4V; 4V]
e [4V;4V]
——[5V; 5V]
L — s [5V:5V]

(b) T T T T T
8x10"°"_~im%% p-type T
6x10710F ‘

—o— [ 1V;-1V]

— —s—[-1V; 1V]

S 4x10-10k —o— [6Vi-6V]

O —e—[-6V; 6V]
2x107101

0 C 1
-6 -4

FIG. 3. Capacitance-voltage characteristics of n-Si/lLa:HfZrO/TiN (a) and p-Si/
La:HfZrO/TiN (b) structures.
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accumulation mode. When a negative potential is applied to the metal
for the structure with p-Si, the C-V characteristic shifts to the left
[Fig. 3(b)]. This indicates the accumulation of a positive charge from the
holes localized on the traps in La:HfZrO. This suggests the hole injection
from p-Si in the accumulation mode. Thus, the hysteresis of the C-V'
characteristic independently confirms that the La:HfZrO conductivity
is bipolar. For a positive potential on the metal electrode, electrons from
the Si substrate are injected into the dielectric, and for a negative poten-
tial on the metal, holes from the Si substrate are introduced in the dielec-
tric layer. Previously, the bipolar conductivity was observed also for
pure HfO,'"” and ZrO, films."” Here, we confirm that HfZrO, even
when doped with La, will still conduct both electrons and holes.

In summary, the energy diagram of the Si/La:HfZrO/TiN struc-
ture was constructed from the photoelectron spectroscopy data. The
saturation current in the depletion mode in the n-Si/La:HfZrO/TiN
and p-Si/La:HfZrO/TiN structures and an increase in the current level
in the accumulation mode under illumination indicate the minority
charge carrier’s injection from the silicon substrate into the adjacent
dielectric. In the accumulation mode, the majority charge carrier injec-
tion and accumulation are observed in both structures. Thus, the
La:HfZrO conductivity is bipolar and two-band. Electrons are injected
into the dielectric from a negatively biased contact, and correspond-
ingly, holes are injected for a positively applied voltage.

This work was supported by the Russian Foundation for Basic
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under the state contract with ISP SBRAS No. 0242-2021-0003
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