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Charge trapping study at 300 and 77 K in ferroelectric (annealed Al- or Si-doped) and nonferroelectric
(unannealed and/or undoped) HfO, films grown by atomic layer deposition reveals the presence of “deep”
~3 range. The concentration of deep
traps responsible for electron trapping at 300 K is virtually insensitive to the oxide doping by Al or Si but
slightly decreases in films crystallized by high-temperature annealing in oxygen-free ambient. This behavior
indicates that the trapping sites are intrinsic and probably related to disorder in HfO, rather than to the oxygen
deficiency of the film. Electron injection at 77 K allowed us to fill shallow electron traps energetically distributed
at ~0.2 eV. These electrons are mobile and populate states with thermal ionization energies in the range
~0.6-0.7 eV below the HfO, conduction band (CB). The trap energy depth and marginal sensitivity of their
concentration to crystallization annealing or film doping with Si or Al suggests that these traps are associated
with boundaries between crystalline grains and interfaces between crystalline and amorphous regions in HfO,

and “shallow” electron traps with volume concentrations in the 10'°-cm

films. This hypothesis is supported by density functional theory calculations of electron trapping at surfaces
of monoclinic, tetragonal, and orthorhombic phases of HfO,. The calculated trap states are consistent with the
observed thermal ionization (0.7-1.0 eV below the HfO, CB) and photoionization energies (in the range of

2.0-3.5 eV below the HfO, CB) and support their intrinsic polaronic nature.

DOLI: 10.1103/PhysRevMaterials.5.034415

I. INTRODUCTION

In recent years ferroelectric (FE) HfO,-based insulat-
ing layers have attracted significant attention because the
ferroelectricity, associated with the oxide crystallization in
noncentrosymmetric orthorhombic phase, can be achieved in
films of only several nanometers in thickness [1] enabling
fabrication of deep-scaled electron devices. In particular, FE
field effect transistors (FE-FETSs) in which information is
stored in the form of polarization of the FE gate insula-
tor, are compatible with the mainstream Si complementary
metal-oxide semiconductor technology [2,3] and, therefore,
can easily be implemented, and this continues to be scaled.
However, HfO, layers are long known to suffer from sig-
nificant electron trapping [4,5] leading to threshold voltage
instability which greatly impairs the FET reliability [6,7].
In FE-FETs the problem becomes even more acute because
of the high coercive field in FE-HfO, facilitating electron
injection and larger thickness of the oxide layer (typically in
the range 5—10 nm) than in the scaled FETs in logic circuits.
The charge trapping effectively compensates the electric field
induced by the FE polarization and may eventually overrun
the FE behavior if using polarizing pulses of large amplitude
[8]. This mandates the search for possible technological ways
to reduce the electron trap density prompting quantification
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of electron trap density in HfO, layers and establishing their
atomic nature.

In the present work we compared electron trapping prop-
erties of FE HfO, layers stabilized by Al(5.5%) or Si(3.6%)
doping to the non-FE undoped HfO, films grown by atomic
layer deposition (ALD). Experiments conducted at room tem-
perature and at 77 K enabled determination of electron trap
density both deep in the oxide gap and near the HfO, con-
duction band (CB) bottom edge. The trap densities appear
to be comparable in FE and non-FE HfO,, i.e., insensitive
to the presence of dopants, suggesting their intrinsic nature.
One may consider oxygen vacancies as dominant defects in
HfO, since their concentration is expected to be enhanced
upon high temperature post deposition annealing (PDA) in
O-free ambient. Furthermore, O scavenging from the under-
lying HfO, layer by the TiN-based top electrodes is possible
at even lower temperatures than used in the present work [9]
leading to higher O deficiency in HfO, layers. However, the
observed reduction of trap density with annealing temperature
in O-free ambient allows one to exclude the O deficiency
of HfO, as the main source of electron trapping. It is worth
mentioning that electron spin resonance (ESR) measurements
have been done on such samples but revealed no paramag-
netic signal from HfO,, either prior or after electron injection
from the Si substrate. The only observed ESR signal that was
tentatively associated with the O-vacancy in HfO, (based on
comparison to the ab initio calculations of g values) correlates
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with irradiation-induced positive charging of the oxide [10].
Rather, the observed annealing-dependent behavior supports
the earlier proposed relationship of deep traps (optical depth
2-4 eV) to polaronic states [11,12] formed in disordered re-
gions of HfO,, such as remaining inclusions of amorphous
phase. Moreover, the DFT modeling presented here suggests
that numerous traps with thermal ionization energies of ~0.6—
1.0 eV may be associated with boundaries between crystalline
grains and interfaces between crystalline and amorphous re-
gions in HfO, films.

II. METHODOLOGY

A. Experiment

Samples were fabricated by ALD of 9.5-nm-thick HfO,
layers from HfCl; and H,O precursors at 300 °C on top of
7.5-nm-thick SiO, layers thermally grown on low doped p-
type (100)Si substrates (N, ~ 103 cm™3). The SiO, layer
serves as a tunnel oxide to allow electron injection from Si
into HfO, to fill the traps. The ferroelectric phase of HfO, was
stabilized by including several cycles of Al or Si precursor
resulting in the doped (5.5%) Al:HfO, and (3.5%) Si:HfO,
films. All samples initially received a protective top electrode
stack comprised of 10 nm TiN and 50 nm polycrystalline Si
deposited on top of HfO,. In order to investigate the impact
of crystallization on HfO, trapping properties, the samples
were studied in the as-deposited state (largely amorphous
Al-doped HfO, and undoped “reference” layers) and after
crystallization annealing in N, at 850 °C for 60 s (Al-doped
HfO, and the undoped HfO, reference) or at 1000 °C for 30
s (Si-doped HfO, and the undoped HfO, reference). To allow
for optical input to the HfO, film, the top electrode stack was
removed by wet etching and replaced by semitransparent (15
nm thick) gold electrodes of ~0.5 mm? area deposited by
thermoresistive evaporation of Au in high vacuum.

Electron traps in HfO, layers were characterized by
first injecting electrons from Si followed by a 100-kHz
capacitance-voltage (CV) curve recording. The 100-kHz fre-
quency was chosen for two reasons. First, to remain in the
high frequency limit of CV measurements and exclude the
possible impact of Si/SiO; interface states on the flat-band
capacitance (at least for room temperature experiments). Sec-
ond, it ensures that impact of series (contact) resistance of
the semitransparent top metal electrode remains negligible.
Electrons were injected by applying a positive voltage pulse
to the gold electrode of the MOS capacitor sufficient for
electron tunneling across the SiO, barrier while illuminating
the sample by visible light in order to produce sufficient con-
centration of electrons at the surface of Si. The charging pulse
time (~500 ms) was chosen to be definitely larger than the
trapping kinetics saturation time to ensure the maximal filling
of the traps and “decouple” the capture cross-section effects
from the available trap concentration. Potentially, one can
estimate the capture cross section of electron traps from the
trapped charge versus injection charge dependence provided
the injection current lateral uniformity is guaranteed (see, e.g.,
Ref. [4]). The latter is not guaranteed in the case of tunnel
injection in ferroelectric HfO, because of polycrystalline film
structure which precluded the trapping kinetics analysis in

the present work. At the same time, the small thickness of
the FE-HfO, films precludes use of laterally uniform optical
generation implemented in the above indicated publication.

The injection-induced shift of the CV curve was used
to quantify the trapped electron density as described else-
where [11,12]. Next, the evolution of the trapped electron
density with time has been monitored in darkness or under
monochromatic illumination to evaluate the energy distribu-
tion of trapped electrons using exhaustive photodepopulation
spectroscopy (EPDS) [13—15]. It has been repeatedly noticed
that after electron injection pulse the density of trapped elec-
trons significantly decreases even without optical excitation in
samples stored in darkness at 300 K, indicating a high density
of relatively shallow electron traps in HfO, with thermal ion-
ization energies <0.5 eV. Therefore, we extended the injection
experiments to low temperatures (7" > 77 K) to evaluate the
density and energy distribution of these electron traps.

As in the case of room temperature experiments, charg-
ing at 77 K was performed by applying a long (=500 ms)
positive voltage pulse to the semitransparent top electrode
of MOS capacitor. An additional illumination of the sample
was needed to generate sufficient density of minority carriers
(electrons) near the p-Si/SiO; interface to allow their tunnel
injection into the oxide stack. Long pulse time (/500 ms)
ensured that the charging process reaches saturation, i.e., all
available traps are filled. Using the incremental charging pulse
amplitudes Viharging, the CV curve shift was measured (the
flat-band voltage Vj, or the voltage corresponding to 50% of
accumulation capacitance) to monitor the density of trapped
electrons.

Analysis of deep traps at room temperature was performed
as described previously [11,16] after filling the maximal trap
density by electron tunneling from Si. After applying the
filling pulse, the samples were left in the dark for at least
48 hours to empty all shallow traps available for thermal
detrapping. The CV curve shift after this “ageing” reflects the
total amount of electrons stably trapped in HfO,. Based on
the spectral charge density (or SCD, defined as the density
of charge lost after optical excitation by photons with the
specified energies between Av and hv + Ahv) energy distri-
bution, these electrons have been previously shown to have
photoionization energies into mobility edge states in the HfO,
conduction band (CB) in the range of 2.0-3.5 eV (cf. Fig. 1
in [16]). SCD distribution can be directly inferred from the
illumination induced change in the trapped charge density AQ
(or the corresponding flat-band voltage shift, AVy,), as can be
seen from the following equation [11-16]:

AQ
SCD=————
Ahv dHf02 A q
1 EOT(HfO ds;
_ [EOT(HfO,) + soz]AVbe%
Ahv dHfo2 A q EOT(HfOz)
(1)

where A stands for the capacitor area (~0.5 mm?), g is the
elementary charge, the oxide capacitance (Cyox) value is deter-
mined from 100-kHz CV measurements, and effective oxide
thickness (EOT) of HfO, layers is defined as EOT(HfO,) =
duro, kuro, /ksio,. In the following SCD calculations the same
permittivity value (k = 20) was used for HfO, films as ca-

034415-2



ELECTRON TRAPPING IN FERROELECTRIC HfO,

PHYSICAL REVIEW MATERIALS §, 034415 (2021)

impact
E ionization
S— >o——p /o

Si Si0,  HfO,

FIG. 1. Schematics of electron transitions during electron tunnel-
ing injection from Si into SiO,/HfO, dielectric stack when applying
positive charging pulse Veparing to the top gold electrode of the MOS
capacitor.

pacitance variation between different samples was considered
to remain insignificant (within 10-20% accuracy limit). By
plotting the inferred SCD values versus photon energy after
each illumination step one obtains a bar plot reflecting the
energy distribution of the trapped electron density.

The low temperature (77 K) HfO, charging and the trapped
electron density monitoring have been done similarly to those
at 300 K. The major difference concerns electron detrap-
ping experiments in which, instead of optical excitation used
in EPDS, thermal excitation was used by heating up the
sample to room temperature. From the observed temperature-
dependent CV curve shift one can estimate the trapped charge
loss due to thermal excitation of captured electrons from the
trap levels to the HfO, CB. It should be noted, however,
that one also should take into account the possible effect of
impact ionization. In particular, as illustrated in Fig. 1, during
electron tunnel injection from silicon substrate, the applied
voltage (usually in the range from +13 to +18 V) significantly
exceeds the band gap of HfO, (about 5.6-5.9 eV [17]). This
may cause generation of holes in the valence band (VB) of
hafnia by impact ionization. These holes are probably initially
“frozen” at 77 K and become mobile during the temperature
ramp up and may efficiently annihilate electrons trapped in
the oxide. To enable separation between these two processes,
i.e., thermal detrapping of electrons and annihilation with
holes which become mobile in the HfO, VB upon heating,
measurements were repeated under opposite polarities of the
bias voltage Vioa, applied to the top metal electrode during
sample heating from 77 to 300 K.

This approach is illustrated by band diagrams of MOS
capacitors shown in Fig. 2 for two biasing conditions: In the
case of a positive bias Vol g = Vi, > OV [Fig. 2(a)] the effi-
cient annihilation process can be expected because “unfrozen”
holes are pulled through the whole HfO, film. By contrast, in
the case of a negative bias Vo = —5 V [Fig. 2(b)] the holes
will be collected at the gold electrode, thereby revealing the
“intrinsic” electron detrapping properties.

On the basis of the above considerations, the low temper-
ature charge injection and detrapping experiments described
below were conducted using the following protocol:

e Thermal detrapping
o\
Ec <
EF— [ 7'y
v QVhoa=aVro
\4 Er
Si SiO, | HfO, Au
®
Annihilation by holes
(a)
Thermal detrapping
° =3
/ A
L]
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[ )
Si SiO, | HfO, Au
EC__/
Er e i
Ev

(b)

FIG. 2. Schematics of electron transition during thermal detrap-
ping in SiO,/HfO, insulating stack when applying positive (a) and
negative (b) voltages Viqq to the top gold electrode of the MOS
capacitor during temperature ramp up from 77 to 300 K.

(i) Control 100-kHz CV curves of the uncharged sample
were recorded at room temperature and after cooling to 77 K.

(i1) Charging was done at 77 K (charging pulse amplitude
was set to achieve maximal trapped electron density) and the
after-charging CV curve was recorded.

(iii) The sample was left for 4-5 h at 77 K under zero bias
to reach the stable trapped charge density level as monitored
by CV curves.

(iv) The sample was biased to Violq = —5V or to Vyoia =
Vib > 0 at 77 K and allowed to slowly (1 K/min) warm
up to room temperature while keeping the bias applied and
monitoring the CV curve shift as a function of the sample
temperature.

(v) The final CV curve was recorded at room temperature
to evaluate the density of the remaining charge corresponding
to electrons stably trapped on deep traps.

B. DFT calculations

Density functional theory (DFT) calculations were carried
out using the CP2K package [18]. We used a hybrid DFT
functional PBEO-TC-LRC [19], which mixes a percentage
of nonlocal (Hartree-Fock) exchange into the exchange-
correlation (XC) functional in order to improve the description
of electronic structure and localized states, both of which are
necessary for our purposes. This functional is derived from
the standard PBEO functional and uses 25% of Hartree-Fock
(HF) exchange. For computational efficiency the HF exchange
is truncated by a cutoff radius of 4 A, beyond which the
exchange interaction is calculated within a generalized gra-
dient approximation (GGA). We used a DZVP basis set [20]
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FIG. 3. Vy, shift vs Viparging as measured at room temperature and at 77 K on (doped) HfO, samples with and without annealing. The V,
shift is calculated relative the Vi, value measured before charging at 300 or 77 K respectively. For charging at room temperature, the Vp, shift
remaining after >48 h relaxation is indicated in the legend and shown by black arrows on the graph. Negative remaining Vy, shift indicates

presence of trapped electrons in as-fabricated films.

and Goedecker, Teter, and Hutter pseudopotentials [21]. HF
calculations are accelerated using the auxiliary density matrix
method (ADMM) [22].

To study the energetics of electron traps in polycrystalline
HfO,, we considered how polaronic states form at surfaces
of three phases of crystalline HfO,. This is justified in more
detail below. Surfaces are described in a slab model. Since we
look at different surfaces of different crystal phases, the slab
models vary in size. In all cases we have used at least a 3 x 3
supercell extension in the a and b (in-plane) directions. All
slab models also contain at least 324 atoms. These slabs are
translated in the ¢ direction with 30 A vacuum between the
slabs.

The thermal stability of traps is evaluated by comparing
the total energies of a periodic cell with an extra electron in
its delocalized state and in a localized polaronic state. The
electron trapping energy E, is defined as

Ey = Edeloc - Eloc~ (2)

Here Egcoc is the cell total energy calculated with the elec-
tron in the perfect surface state, extended over the surface slab.
Ejo is the total energy of the system with the electron in its
localized state, with the atomic geometry fully relaxed. Trap-
ping energy is large for more stable (“deeper”) trap states and
corresponds to the thermal ionization energy of the trapped
electron into the bottom of CB states.

III. RESULTS AND DISCUSSION

A. Experimental results
1. Electron injection study

The Vg, shift vs Viparging curves measured at 300 K (red
symbols) and 77 K (blue symbols) are compared in Fig. 3 for
as-deposited and annealed samples, both Al or Si doped and
the undoped HfO, references. At both temperatures the flat-
band voltage shift was calculated as the difference between
Vip values measured exactly before and after electron injec-
tion, i.e., A Vib = Vivfinal — Vibinitial- A several times higher Vg,
shift during low temperature charge injection indicates that
at 77 K electron trapping is dominated by shallow traps. At
both temperatures the charge injection from Si is essentially
limited by the breakdown of the tunnel SiO, layer which pre-
vents application of the higher charging pulse because of the
used charging current compliance limit (3.2 mA). This may
explain the distribution in the Vj, shift between identically
processed test structures (shown as error bars in Fig. 3) as
well as between as-deposited and annealed samples, since
the samples annealed at higher temperature tend to expe-
rience earlier breakdown of the tunnel SiO, layer at room
temperature. On the other hand, at 77 K the resistance of
the tunnel SiO, to dielectric breakdown increases and the
difference between as-deposited and annealed samples be-
comes less pronounced (maximum Vj, shift is observed at the
same charging pulse amplitude Vepaging = +15V for almost
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all samples). The observed decrease in the Vy, shift values at
higher charging pulse amplitudes may be explained by par-
tial field-induced detrapping of the shallow trapped electrons
and/or annihilation of the trapped electron charges by holes
generated in HfO, due to impact ionization (cf. Fig. 1). Elec-
tron trapping seems to be relatively insensitive to the doping
of HfO, films; the observed deviations may simply result
from permittivity variation and/or differently occuring SiO,
breakdown.

The density of thermally stable deep traps can be inferred
from the Vj, shift measured after filling the traps (at room
temperature) followed by at least 48 h relaxation in the dark.
As shown in Fig. 3, the Vj, shift of ~0.6 V, which corresponds
to the concentration of traps of ~1.5 x 10! cm™ (assuming
uniform distribution across the thickness of the high-k oxide
layer; see Ref. [14] for detailed description) remains after
relaxation as measured on the as-deposited undoped sample.
Meanwhile a much smaller remaining Vy, shift is encountered
for the annealed undoped samples (*0.2 V for the samples
annealed at 850°C for 60 s and ~0.1 V for the samples
annealed at 1000 °C for 30 s). The latter correspond to the
density of traps of 0.5 x 10'” cm™ and ~0.25 x 10" cm™,
respectively. That proves that deep traps in undoped HfO, can
be effectively eliminated upon annealing, probably due to the
oxide crystallization which would reduce the volume fraction
of amorphous or disordered hafnia in the film [12,16]. As
for doped samples, even lower remaining Vjy, shift values are
observed after >>48 h relaxation in the dark, reaching negative
Viv shift values. This suggests the presence of deeply trapped
electrons in as-fabricated films, which are then effectively
annihilated during charging pulse due to impact ionization
(cf. Fig. 1). The contribution of this fixed charge to the ob-
served Vi, shift after 48 h relaxation may bring inaccuracy
in determination of the density of stable deep traps based
solely on charge injection experiments. Therefore, this issue
is addressed specifically in the section describing the photode-
population experiments.

The maximum values of Vj, shift in as-charged samples
correspond to a total amount of traps that may affect device
performance for short switching pulse times usually ranging
from several nanoseconds to hundreds of microseconds. In
undoped samples at 300 K this value varies from ~2.6 x
10" cm™ in unannealed samples to ~2.3 x 10! cm™ and
~1.5x 10" cm™ in the samples annealed at 850 and
1000 °C, respectively. Similar values are observed at 300 K for
the doped samples: ~2.1 x 10! cm™ for Al:HfO, samples
annealed at 850°C and ~1.9 x 10" cm™ Si:HfO, samples
annealed at 1000 °C. At the same time as-deposited Al-doped
HfO, samples, as was expected, demonstrated a higher total
amount of traps of ~3.3 x 10" cm™3. At 77 K the den-
sity of occupied traps significantly increases to ~(6.0-7.7) x
10" cm™3, following a similar annealing dependence trend.
This behavior of HfO, trapping properties suggests that O
vacancies play an insignificant role in charge trapping as
their concentration is expected to increase in the samples
annealed in O-free ambient rather than to decrease. It is more
likely that defects responsible for trapping phenomena in
HfO, have polaronic nature, which is addressed in more detail
below.

2. Photodepopulation study

Results of photodepopulation experiments are described
below and allow one to infer the energy distribution of deep
traps in the studied HfO, films. Amorphous samples (undoped
and Al-doped HfO,) are compared in Fig. 4, and results for
samples annealed at 850 °C (undoped and Al-doped HfO,)
and 1000 °C (undoped and Si-doped HfO,) are shown in
Figs. 5 and 6, respectively. In the undoped uncharged amor-
phous HfO, sample [Figs. 4(a) and 4(c), black curves] almost
no charge variation was observed for photon energies less
than 4 eV. However, in all other samples in the uncharged
state [black curves in Figs. 4(b), 4(d), 5, and 6] net elec-
tron detrapping was detected between 2 and 3.5 eV. This
shows that some deep electron traps were already filled dur-
ing sample fabrication. Above 4.5 eV electron trapping was
detected in all uncharged samples (black curves in Figs. 4-6)
as internal photoemission (IPE) of electrons from the Si va-
lence band into the SiO,/HfO, stack becomes possible (IPE
onset is indicated in Figs. 4-6 by blue dashed lines). This
effect can be suppressed in charged samples (red curves in
Figs. 4-6) due to repulsive field of electrons trapped in the
HfO, film that prevents photoinjection of electrons from the
Si substrate. Above ~5.6 eV, generation of electron-hole pairs
in the oxide begins to occur, leading to elimination of the
rest of the trapped electrons and the appearance of the net
positive charge in illuminated samples. The negative Vg, shift
observed in charged doped samples after relaxation (Figs. 5
and 6, right panels, red curves) is another indicator of the
presence of filled deep traps in as-fabricated samples, which
are annihilated during charging pulse due to impact ionization.
At the same time, injected electrons are captured by more
shallow traps and, therefore, susceptible to thermal detrapping
during relaxation.

Overall, in all samples most of the photoactive deep traps
seem to be distributed between 2 and 3.5 eV below the HfO,
conduction band, in agreement with the previously published
results [11,15,16,23]. The spectral component close to 4 eV
cannot be reliably quantified because of concomitant pho-
toinjection from Si in the same spectral range. No significant
influence of annealing or doping on trapping at room temper-
ature is observed. This suggests that the traps are related to
localized electron states of intrinsic origin.

3. Thermal emission study

The next part of the experimental section addresses the
thermally activated emission experiments. The notable de-
crease of flat-band voltage after cooling the annealed samples
to 77 K, as illustrated in Fig. 7(b), likely results from dis-
charging of electron traps at the Si/SiO; interface (Si dangling
bonds, often referred to as P,-type centers) as the p-Si Fermi
level shifts towards the Si valence band edge [24,25]. The
schematic of this effect as well as the impact of interface
traps recharging on the flat-band voltage shift in detrapping
experiments (which is calculated with respect to the initial
Vi, value at room temperature) are illustrated in Fig. 7 (on
the example of undoped HfO, samples annealed at 850 °C
for 60 s). For the unannealed samples this effect was not
observed because interface traps were effectively passivated
by hydrogen during atomic layer deposition of the HfO, film.
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correspond to net electron trapping in the SiO,/HfO, stack.

By contrast, during high temperature annealing in N, most
Si-H bonds are expected to be broken and interface traps
become electrically active again [26]. Therefore, the flat-band
voltage shift variation measured for the annealed samples
was recalculated in order to account for the interface traps
recharging effect [Fig. 7(c)]. The Vj, shift variation due to
the interface trap re-charging (open circles) was subtracted
from the Vj, shift variation measured on the charged samples
in thermally activated emission experiments (filled squares),
resulting in the Vjy, shift variation induced solely by thermal
detrapping of electrons from electron traps in HfO, (open
squares).

One of the main parameters measured during thermally
activated emission experiments is a thermal detrapping rate
dVw/dt, which is defined as a change in the flat-band voltage
between two consequent measurements of Vg, and 7 divided
by the time between these Vi, and T readouts. By plotting
the detrapping rate as a function of sample temperature the
characteristic energy depth of filled traps E\. may be estimated
from an electron detrapping rate peak position Tjeqx using the
following expression [27]:

Ey ~ kTpeakln(Vf), 3)

where v is the typical optical phonon frequency in HfO,
(about 10'3 Hz as taken from Ref. [28]) and T ~ 10* s is the
estimated detrapping time in the studied temperature range.

The latter is the upper limit which is equal to the typical
time scale of the thermally activated emission experiment. The
precise value of t and its 7T dependence is not known, never-
theless, one would not expect possible errors to exceed 5—10%
since 7 is entering Eq. (3) under logarithm. This approach is
further illustrated in Fig. 8. We note that trapping energies
E; calculated using Egs. (2) and (3) have the meaning of the
average (characteristic) thermal depth of traps in a sample. By
contrast, the activation energy E,, used in Fig. 8(c), defines the
energy depth of a group of traps in a certain temperature in-
terval. That explains why for calculation of E;; the detrapping
rate peak position Tpeqx is used.

Results of electron injection at 77 K and thermally acti-
vated emission experiments are summarized in Figs. 9—11 for
as-deposited samples, those annealed at 850 °C for 60 s or an-
nealed at 1000 °C for 30 s, respectively. The flat-band voltage
variation rate dVy,/dt versus temperature curves are shown
in panels (a) and (b). They correspond to the charge density
variation rate which allows one to estimate the characteristic
thermal energy depth of traps by using Eq. (3). Panels (c) and
(d) demonstrate Vy, variation with temperature for samples
after electron injection at 77 K and, also, for the reference
uncharged sample (open circles) to eliminate the effect of
interface traps recharging [as explained earlier in relationship
to Fig. 7(c)]. It was noticed that in the undoped samples
Vi variation rate peaks shift from ~170 K and ~195 K in
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FIG. 5. Vj, shift variation due to optical excitation [panels (a) and (b)] and spectral charge density diagrams [panels (c) and (d)] as measured
on HfO, and Al:HfO, samples annealed for 60 s at 850 °C in the uncharged state (black curves) and after charging pulse of indicated amplitude
and >48 h relaxation (red curves). Flat-band voltage shift is measured with respect to the initial V4, value measured at room temperature before
charging. Vertical dashed lines mark the energy onset of electron emission from Si valence band over a 7.5-nm-thick SiO, [17]. Negative SCD

values correspond to net electron trapping in the SiO,/HfO, stack.

amorphous (unannealed) samples [Fig. 9(a)] to ~180-190 K
[Fig. 10(a)] and ~208 K [Fig. 11(a)] in the crystallized ones.
These results correspond to the increase of the average trap
depth E;; from ~0.57 eV and ~0.66 eV to ~0.61-0.64 eV
and ~0.70 eV, respectively. Therefore, it may be concluded
that this trap energy distribution is also affected by anneal-
ing. In doped samples [Figs. 10(b) and 11(b)] we observe
similar detrapping rate peak positions at ~180-190 K and at
~216 K, corresponding to average E. ~ 0.61 — 0.64 eV and
~0.73 eV. This result once again indicates that doping has no
substantial impact on electron trapping in HfO, films pointing
to the intrinsic nature of the trapping sites. No significant
difference between two biasing conditions [V g = —5 'V (red
squares and blue circles) and Vo4 = Vi (black + and x
symbols)] was observed indicating that the impact of anni-
hilation by unfrozen holes is negligible. Another important
feature revealed by these experiments is significant detrapping
occurring already at 77 K during 4-5 h relaxation after the
charging pulse. This suggests the presence of high density of
even more shallow traps, which can be thermally ionized at
this low temperature (E; < 0.2eV).

4. Overview of experimental results

These results demonstrate a broad spectrum of electron
trapping sites present in undoped HfO, layers. These include
not only deep states with optical depopulation energies in the
2.0-3.5-eV range, but also traps which are thermally depop-

ulated with activation energies below 0.7 eV. Furthermore,
there are indications of shallow traps with thermal ionization
energies in the range of 0.2 eV which are thermally depop-
ulated at 77 K. The relation between optical and thermal
ionization energies for these traps has been discussed in Refs.
[12,16]. In a nutshell, the photodepopulation energies of elec-
tron traps into CB states above the mobility edge are expected
to be 2.2 times larger than the thermal ionization energies
into the CB edge states. Thus, traps with thermal ionization
energies of 0.7 eV can be optically ionized by photon energies
of about 1.6 eV. Our results also indicate that trap densities
appear to be insensitive to the presence of dopants (Al, Si),
suggesting their intrinsic nature. The observed reduction of
the trap density with the temperature of annealing in O-free
ambient allows one to exclude O deficiency of HfO, as the
primary source of electron trapping.

To understand these data, we note that the samples stud-
ied here typically contain crystalline regions of non-FE
(monoclinic, tetragonal, cubic) and orthorhombic FE phases
intermixed with amorphous regions, similar to a model pro-
posed for amorphous oxide semiconductors (see Ref. [29],
Fig. 8). Some of the trap energies are consistent with those
predicted for electron polarons in m-HfO, (E;; ~ 0.2¢eV) [30]
and polaron and bipolaron photodepopulation energies in the
bulk of amorphous HfO, (2.0-3.5 eV) [12,16]. In addition,
our samples most likely contain boundaries between non-FE
and FE grains and amorphous regions. Simple symmetric
grain boundaries (GBs), such as 2.3 and 2.5, have been shown
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FIG. 6. Vj, shift variation due to optical excitation [panels (a) and (b)] and spectral charge density diagrams [panels (c) and (d)] as measured
on HfO, and Si:HfO, samples annealed for 30 s at 1000 °C in the uncharged state (black curves) and after charging pulse of indicated amplitude
and >48 h relaxation (red curves). Flat-band voltage shift is measured with respect to the initial Vj, value measured at room temperature before
charging. Vertical dashed lines mark the energy onset of electron emission from Si valence band over a 7.5-nm-thick SiO, [17]. Negative SCD
values correspond to net electron trapping in the SiO,/HfO, stack.

k HfO, matrix. This has been demonstrated for the case of
hole trapping at in-plane and stepped ZrO, and HfO, surfaces
[34]. Recent experimental results demonstrate that GBs have
more complex atomic structures of the interface with a few

theoretically to induce interface states in a range of about 0.3
eV near the conduction band minima of monoclinic or cubic
phases [31-33]. Upon trapping an electron, these states can
become deeper traps due to lattice polarization of the high-

el ‘. wo JF T mopuserisvv,=sv]os
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Ec interface traps discharging ~ 0-8[ . 10 ¥ measured curve | 4
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FIG. 7. (a) Schematics of interface traps discharging in annealed samples during cooling down from room temperature to 77 K (the hatched
area represents the density of interface traps that emit electrons into the substrate due to the Fermi level shift); (b) 100 kHz CV curves measured
on the annealed HfO, sample at 300 and 77 K before charging, illustrating Vg, shift corresponding to interface traps discharge; (c) Vg, shift
(with respect to the initial Vi, value at room temperature) variation with temperature in annealed HfO, samples after charge injection at 77
K due to thermal detrapping with (M) and without (UJ) effect of interface traps recharging, and Vy, shift variation in the uncharged sample
representing the effect of interface traps recharging (o).
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FIG. 8. (a) Schematic distribution of the density of gap states N(¢) in (amorphous) hafnia; (b) an expected detrapping rate variation; and

(b)

(c) the relation between the thermal detrapping rate and the characteristic

undercoordinated oxygen or hafnium ions at the grain bound-
ary [35].

Thus, the coordination of Hf and O ions at surfaces, grain
boundaries, and in the amorphous phase as well as the lat-

Theak 300k T

(c)

range of thermal activation energies of traps.

tice polarization has been shown to play the major role in
electron and hole trapping in these materials. Therefore, as
a preliminary model, we propose that at 77 K electrons are
initially trapped in shallow polaron states in monoclinic and
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FIG. 9. Flat-band voltage variation rate [panels (a) and (b)] and fl

at-band voltage shift with respect to the initial Vi, value at room

temperature [panels (c) and (d)] versus temperature as measured on as-deposited (undoped and Al-doped) HfO, samples. Measurements
were repeated twice under “holding” voltages of —5 V and at the flat-band condition during sample heating. Additional measurements for
uncharged samples were conducted under zero bias during sample heating.
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FIG. 10. Flat-band voltage variation rate [panels (a) and (b)] and flat-band voltage shift with respect to the initial Vi, value at room
temperature [panels (c) and (d)] versus temperature as measured on annealed at 850 °C for 60-s (undoped and Al-doped) HfO, samples.
Measurements were repeated twice under holding voltages of —5 V and at the flat-band condition during sample heating. Additional
measurements for uncharged samples were conducted under zero bias during sample heating.

orthorhombic HfO,. Some of these electrons escape to an
electrode while others do hop to grain boundaries and even-
tually end up in amorphous regions, where they are getting
trapped at deeper states. To support this model, we discuss
below the results of calculations for electron trapping at HfO,
surfaces containing a range of undercoordinated atoms and
distorted bonds which is relevant to the case of multicrys-
talline layers we analyze experimentally. We consider electron
trapping properties of these surfaces to be analogous to GBs
and more complex interfaces. A detailed study of these effects
at interfaces between crystalline and amorphous phases will
be reported in a separate publication.

B. Results of calculations

The three crystal phases and the corresponding surfaces
considered in this work are shown in Table I. Surface termi-
nation introduces undercoordinated ions. For example, at the
m-HfO, (—1 1 1) surface some Hf ions are six-coordinated by
oxygen ions [see Fig. 12(a)], whereas the bulk coordination
is 7. Even when the surface termination does not affect ion
coordination of Hf, it still extends surface Hf-O bonds. To

account for experimental conditions, an extra electron has
been added to all surfaces and the resulting electron trapping
energies are shown in Table I.

One can see that the electron trapping energies fall in the
range 0.7-1.0 eV. We note that the trapping energies reported
in Table I are calculated without defect image charge correc-
tions. Image charge corrections for charged defects at surfaces
are nontrivial, and standard methods that are used for bulk
defects can fail [36]. Based on the high dielectric constant of
HfO, and the cell dimensions used, we expect these correc-
tions to be on the order of 0.1 eV.

We note that, as predicted in previous studies, the electron
trapping occurs at the undercoordinated Hf ions present on
the surface layer. These trapping energies are deeper than
those calculated for bulk crystal, which are ~0.2-0.3 eV for
all three crystal phases studied in this work. The traps are
not as deep as those predicted by our previous calculations
for amorphous HfO, [16], which have an average trapping
energy of 1.0 eV. The spin density of a trap is plotted in
Fig. 12(b). The electron is localized over 2 Hf ions, as is quite
typical for polaronlike electron states in HfO, [16], although
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FIG. 11. Flat-band voltage variation rate [panels (a) and (b)] and flat-band voltage shift with respect to the initial Vi, value at room
temperature [panels (c) and (d)] vs temperature as measured on annealed at 1000 °C for 30-s (undoped and Si-doped) HfO, samples.
Measurements were repeated twice under holding voltages of —5 V and at the flat-band condition during sample heating. Additional
measurements for uncharged samples were conducted under zero bias during sample heating.

in some cases the distribution is not symmetric and one Hf ion
is preferred. On average, the Kohn-Sham one-electron-state
of surface trap is ~1.6 eV below the CBM, with a spread
of approximately 0.2 eV. Most of the trapping sites are also
capable of trapping a second electron. The electron-electron
repulsion is compensated by the increased lattice polarization
[12,16]. The trapping energies of the second electron fall
within the same range as the first trapping energies. Therefore,
the trapping energy of an electron is quite independent (to

TABLE I. Electron trapping energies at surfaces in monoclinic,
tetragonal, and orthorhombic phases of HfO,.

Crystal structure Surface E; (eV)
Monoclinic 11y 0.8
(=111 1.0
Tetragonal (100) 0.8
00D 0.8
Orthorhombic (100) 0.8
001) 0.7

within 0.3 eV) of the crystal phase and whether or not the
electron is trapped into a single- or a bielectron trap.

We have also analyzed how electron trapping energy can
depend on the position of the trap site with respect to the
surface. For the m-HfO, (—1 1 1) surface and t-HfO, (1 0 0)
surface we simulated a trap that is in a sublayer just one layer
of atoms deep into the slab. For the t-HfO, (1 0 0) surface, we
find that the electron trapping energy is 0.05 eV lower. For the
m-HfO, (—1 1 1) surface, however, trapping energies at the
subsurface are 0.5 eV lower than at the surface (resulting in a
trapping energy of 0.5 eV). These results are consistent with
the bulk values.

Thus, our calculations show that surface trap stability falls
broadly within the same range regardless of the specific crys-
tal structure and that undercoordination and bond distortion
are the critical parameters determining the depth of trapped
states.

IV. CONCLUSION

Experimental study of electron trapping in ferroelectric
(Si- and Al-doped) HfO, indicates no significant contri-
bution of the dopants to the density of electron traps
as compared to the undoped reference insulating films.

034415-11



ROMAN A. IZMAILOV ET AL.

PHYSICAL REVIEW MATERIALS §, 034415 (2021)

FIG. 12. (a) Shows the top layer of the (—1 1 1) surface of m-HfO,. Hf ions are colored light blue and O ions are colored red. (b) A close
(side on) view of the single electron trap in the monoclinic (—1 1 1) surface. The dark blue surface corresponds to an isosurface (= 0.005) of

the spin density.

These traps are predominantly of intrinsic nature and are
distributed in a wide energy range across the HfO, band
gap. The room temperature experiments reveal the presence
of deep traps. Their volume concentration slightly decreases
from (2-3) x 10" cm~2 in as-deposited mostly amorphous
hafnia to (1.5-2) x 10" cm™3 in films crystallized by high-
temperature annealing in oxygen-free ambient. This behavior
suggests the trapping sites are related to morphology and
disorder in HfO, films rather than to the oxygen deficiency.
The energy distribution of some of the traps (optical depth 2—
3.5 eV below the CB bottom of HfO,) is consistent with them
being deep polaronic states in a-HfO, regions. In addition, we
found that HfO, interface states may have electron trapping
energies of ~0.6—1.0 eV, consistent with the experimental
thermal ionization energies. Photodepopulation energies of
these states should be in the range of ~1.5-2.2 eV [12,16].
On the other hand, the concentration of these traps appears
to be much higher, in the range (6-7) x 10" cm~3, without
significant sensitivity to the crystallization anneal or the film

doping by Si or Al. Based on the similarity of thermal trap
depth energies, close to 0.6-0.7 eV, we propose these defects
to be also of polaronic origin but associated with more ordered
grain boundaries of HfO, nanocrystallites. Small sensitiv-
ity of the trapping energy to the particular crystal phase of
HfO, predicted by DFT calculations supports this hypothesis.
These results, in combination with previous findings of the
(bi)polaronic nature of deep traps in a-HfO, layers, allow
us to propose an atomistic model to describe the trapping
phenomena in hafnia films.

The broad range of discovered defect energies, as revealed
by DFT calculations, explains quite well the observed electron
trapping in both thermal ionization (0.7-1.0 eV below HfO,
CB) and photoionization energy range (2.0-3.5 eV below the
HfO, CB). Therefore, the results of DFT calculations support
a polaron model of electron trapping in HfO, layers based
on the intrinsic nature of both shallow and deep electron
traps, which was further confirmed by negligible sensitivity
of experimental results to the doping of the studied layers.
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