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ABSTRACT

The point-defect structure of monoclinic HfO, (m-HfO,) was studied by means of equilibrium electrical conductance measurements as a
function of temperature 1050 < T/K < 1200 and oxygen partial pressure —20 < log(pO,/bar) < —2. The total conductivity o displayed
similar behavior at each temperature examined. In oxidizing conditions (pO, > 1077 bar), the total conductivity increased with increasing
oxygen partial pressure and was assigned to hole conduction. Around 107! bar, a region of almost constant conductivity was found; this is
ascribed to ionic conduction by means of doubly charged oxygen vacancies. In reducing conditions (pO, < 107!¢ bar), the total conductiv-
ity surprisingly decreased with decreasing oxygen partial pressure. Defect-chemical modeling indicates that this behavior is consistent with
the conversion of mobile doubly charged oxygen vacancies into less mobile singly charged vacancies by electron trapping. Point-defect con-
centrations at the oxygen partial pressures relevant to resistive switching devices are predicted and discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036024

I. INTRODUCTION

The electrical conductivity of nominally undoped, monoclinic
HfO, (m-HfO,) has attracted attention for decades, first out of
fundamental interest,'* but recently because of the application of
HfO, as a gate dielectric or as the active element in resistive
random access memories (ReRAMs).”™"* Despite substantial atten-
tion, various aspects of the behavior are still under debate.

Experimental studies, for example, all report that the con-
ductivity behavior as a function of oxygen partial pressure (pO,)
differs from that expected for an acceptor-doped oxide (aliovalent
impurities in nominally undoped HfO, generally being of lower
valence than Hf*"). The explanations for the observed behavior
also differ, requiring a coupled transport of oxygen vacancies and
interstitials," hafnium vacancies,”” holes,” or Schottky disorder’
to play a dominant role. None of these studies take into account

the possibility of point defects in other than fully ionized charge
states.

The application of HfO, in electrical devices initiated compu-
tational studies of point defects and, in particular, of defects in
various charge states. In the majority of these publications, it is
reported that oxygen vacancies in HfO, exhibit negative-U
properties,' ™" meaning that singly charged oxygen vacancies are
unstable compared with neutral and doubly charged vacancies,

V8 — vy + vy (1)

Such negative-U behavior is often mistakenly considered to mean
that singly charged vacancies will not be present at finite tempera-
ture. As long as the energy of reaction (1) is not infinite, however,
such defects will be present at all temperatures above absolute
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zero.”' The important point here is that the presence of such
defects has also been ignored from the computational side.

In order to examine possible changes in the charge states of
oxygen vacancies in m-HfO,, we measured the total conductivity
as a function of oxygen partial pressure in dense m-HfO, ceramics
at temperatures in the range of 1050 < T/K < 1200 and oxygen
partial pressures in the range of —20 < log(pO,/bar) < —2. By
decreasing the equilibrium oxygen partial pressure, one shifts the
Fermi level upward within the bandgap,”” thus enabling thermody-
namic transition levels to be probed. Numerical defect-chemical
calculations were employed to extract quantitative thermodynamic
data from o(T, pO,).

Il. THE STANDARD POINT-DEFECT MODEL OF AN
ACCEPTOR-DOPED AO, OXIDE

For an acceptor-doped AO, oxide, such as Ce0,? 7% or
YSZ,*?” the standard model of the defect chemistry contains four
charge carriers (acceptor dopants, electrons, doubly charged
oxygen vacancies, and holes) and thus involves the electroneutrality
condition,

[Acc] + [¢] = 2[v5'] + [h7], )

where [def] is the concentration of the defect “def.” [Acc’] refers to
the effective concentration of all acceptor species and is assumed to
be constant. The concentrations of the other three defects vary
with pO, and T, and they are linked through two reactions. These
are (i) the reduction of the oxide, which takes place according to

1
05 = V5" +50z +2¢, (©)

with equilibrium constant

Kiea =

[ver] [e/]Zpoi/Z . (—AHred> ’ @

—K°,.

[Oé ] red * €XP ks T

where AHq4 is the enthalpy of reduction and K, is a pre-
exponential factor; and (ii) the generation of electrons and holes by
thermal excitation across the bandgap,

Null=h" +¢, ©)

with equilibrium constant

Kpg = [h°][e'] = Ky, - exp (%), (6)
B
where Ey, is the bandgap and Kg, is a pre-exponential factor.
Solving Eqs. (2), (4), and (6) simultaneously allows the three
unknown defect concentrations to be obtained.
The behavior as a function of pO, at constant T can be
divided for typical Kiq and Kpg into two regimes. In the first
regime at lower pO,’s, Eq. (2) reduces to [¢'] = 2[v3"]. Inserting
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this condition into Eq. (4) yields

1/3

2[0%]Kee -

[e] = ([ pgf/z d) ocp0; . %)
2

In the second regime at higher pO,’s, Eq. (2) changes to
[Acc'] = 2[v3"], and combination with Eq. (4) yields

12

2[0%]K,e _

€ (ﬁ) o<pO; 4 ®
cc1pO,

and through Eq. (6),

. Kig[Acclp 0,
[h ] - Z[OS]Kred

1/2
ocpO) 4, ©)

The variations in defect concentrations as a function of pO,,
as obtained from this standard model, are shown in Fig. 1(a). The
complementary behavior of the conductivities (with electronic
mobilities being much higher than ionic mobilities) is shown in
Fig. 1(b).

1. EXPERIMENTAL

Ceramic samples of m-HfO, were prepared from commercial
powder of HfO, (99.95% purity excluding zirconium, Alfa Aesar®).
According to the suppliers’ specifications, the main impurities
present in the HfO, powder are as follows: Zr (2000 ppm), Ca
(220 ppm), Si (30 ppm), Al (25ppm), Fe (25ppm), and Ni
(18 ppm). This powder was then ball milled with 5 mm ZrO, balls
and pressed (uniaxially and isostatically) into cylinders with a
diameter of 20 mm and a height of 500 um. The pellets were then
sintered at T = 1823 K in air for 72 h. The density of the samples
was found to be at least 96% of the theoretical density, measured
by Archimedes’ principle. X-ray diffractograms (Theta-Theta dif-
fractometer, STOE & Cie GmbH, Darmstadt, Germany) indicated
single-phase m-HfO,. The grain size was estimated from scanning
electron microscopy images to be dg ~ 3um. High temperature
equilibrium conductance (HTEC) was measured in a custom
four-point measurement setup utilizing an oxygen pump based
on yttria-stabilized zirconia.””’ m-HfO, pellets were cut into
5 x 10 mm?-wide and 500 um thin rectangles and connected to the
setup by sputtering four platinum contacts on top of the sample.
The sputtered contacts were 800um wide and ranged over the
entire width of the sample. The inner electrodes were spaced 5 mm
apart, leading to a square sample geometry of 5 x 5mm? for the
measured voltage drop. Then, four thin slits were cut into the
sample along the contacts, and 100um thin platinum wire
was wrapped around the slits. Platinum paste was applied to the
wire and treated at 1243 K to improve contact. HTEC measure-
ments were performed at temperatures in the range of
1050 < T/K < 1200 in an ALO; tube furnace and in an oxygen
partial pressure range of —20 <log(pO,/bar) < —2. Before
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log,, [def]

(a) log, , PO,

Iog10 odef

(b) log,, PO,

FIG. 1. Schematic diagram of (a) defect concentrations and (b) partial ionic and
electronic conductivities in AO; as a function of pO,.

measuring each point, a waiting time of 1 x 10*s was imple-
mented. HTEC measurements give conductance G instead of con-
ductivity . However, all the sample parameters required to obtain
conductivity (length, width, and thickness) are known.

IV. RESULTS

Figure 2 shows the conductivity obtained as a function of pO,
for four temperatures, o(T, pO,). In the central region, from
10~ bar to 1077 bar, the conductivity is almost constant. For
1050 K and 1100K, a slight increase in conductivity near the lower
pressure end of the plateau was found; this increase was not
observed at 1150 K and 1200 K, for which the plateau starts imme-
diately after the reducing regime at 10716 bar. It is also more pro-
nounced for 1050K, where the plateau is barely visible.
Measurements were done in order of decreasing pressure and
increasing temperature, so that the sample might have been in a
non-equilibrium state in the pressure regime between 107!? bar

ARTICLE scitation.org/journalljap
-3.4 T T T T 'O
36| A i
—~ 1200 K
“.E yAN o)
5 -3.8 | T A e
A O
< A VANNUA AN ABA o ]
e ABH o
240 00podooo00® < i
= AO & O
o 6o OOCQOOQO 0
42l _¢"P00og o" -
o 8 Hoggpo
1050 K
4.4 1 . I . I . I .
-20 -15 -10 -5 0
log,, (PO, / bar)

FIG. 2. Conductivity isotherms plotted against oxygen partial pressure for the
temperature range of 1050 < T/K < 1200 and oxygen partial pressure range
of —20 < log(pO, /bar) < —2.

and 1072 bar for the first two temperatures, which would result in
erroneously low conductivity.

For oxidizing conditions, pO, > 1077 bar for 1050 K, the
conductivity increased with increasing pO, for all temperatures.
The starting points shift to higher partial pressures for the higher
temperatures. A measurement at 1072 bar is only available for
1150 K, as the other samples could not be measured at this pres-
sure. The behavior in the oxidizing regime resembles the expected
behavior for undoped AO, oxides, where the conductivity
increases at higher pO,s due to an additional contribution from
holes.

In reducing conditions, pO, < 107 ¢ bar, o is seen to increase
with increasing pO,, and disregarding the two deviating points for
1200 K, this behavior seems to be largely independent of tempera-
ture, since the data points converge at the lowest pressures. The
two data points in question for 1200 K exhibited connectivity issues
and can, therefore, be neglected. The behavior in the reducing
regime starkly contrasts the previously described expected behavior
for AO, oxides (see Sec. IT).

V. DISCUSSION

The conductivity exhibited by m-HfO, shows minor, quanti-
tative deviations from the expected behavior at high pO,’s, an
expected plateau at intermediate pO,’s, and major qualitative devia-
tions at low pO,’s. The intermediate regime thus seems, by virtue
of being expected, to be the point from which to start analyzing the
data in detail. To this end, we attribute o in the intermediate
regime to ionic conduction arising from doubly positively charged
oxygen vacancies. Support for this interpretation comes from
molecular dynamics simulations of oxygen-vacancy diffusion.”” If
we take the values of vacancy diffusivity D, obtained in that study,
and we convert them into a conductivity with the Nernst-Einstein
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equation (with ¢, as the oxygen vacancies’ concentration and zye as
their charge),

Dy(zve)’cy

Wl (10)

0 = UCyzye =

we find good agreement for a vacancy concentration of
2.65 x 10'® cm 3. This is comparable with values from tracer diffu-
sion studies on the same ceramics.”'

Now let us turn to the decrease observed at the lowest oxygen
partial pressures. Our proposal is that the doubly charged oxygen
vacancies trap electrons to form singly charged vacancies,

(11)

.o AN}
Vo te€ =V,

-32 T T T T
-3.6
§ 40}
7]
)
o-4.4 -
[)]
k]
481
-5.2
(a)
-3.2
-3.6
§ 40t
»n
S
o-4.4
{®)]
K]
481
-5.2
(c) log,, (PO, / bar)
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The equilibrium constant of this reaction is

_ vl —AHy )
Koy = verlle] Kiop - exp Tkl )

with AHy.,/, being the corresponding reaction enthalpy. This pro-
posal not only explains why there is no increase in conductivity
due to electrons (being trapped, the electrons are not available); but
it also explains why the conductivity decreases, provided the singly
charged vacancies are not as mobile as the doubly charged vacan-
cies (mobile species are being replaced by less mobile species).

The second possibility of doubly charged oxygen vacancies
trapping two electrons to form neutral oxygen vacancies,

(12)

Vol +2¢ =5, (13)

L7

=X LY
oot 25

log,, (0/Scm™)

-20

-15

log,, (0/Scm™)

5.2 1 . 1 . 1 4 ] .
-20 -15 -10 -5 0

log,, (PO, / bar)

(d)

FIG. 3. Conductivity contributions plotted against oxygen partial pressure obtained from defect-chemical calculations for the temperature range of 1050 < T/K < 1200
and pO, range of —20 < log(pO/bar) < —2. The different graphs are obtained from different calculations. Red lines refer to the conductivity associated with the vg*®
species, green lines to h*, orange lines to vg, and gray lines to total conductivity. All calculations contain the electronic excitation equation and the reduction equation; (a)
no additional equation; (b) trapping of electrons by vg* to form the significantly less mobile v¢; (c) the same as (b) but v is as mobile as v§*; (d) formation of v by elec-
tron trapping of vg°.
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with equilibrium constant

[vs] o _AHtr,Z/O
Kira/0 = vor ]O[e,]z = Kizp/0 - exp "kl (14)

can be discounted because the acceptor dopants would be uncom-
pensated. That is, the left-hand-side of Eq. (2) would have [Acc'],
but the right-hand side would have no species, the hole concentra-
tion being negligible under reducing conditions and neither singly
nor doubly charge oxygen vacancies being present.

Now let us consider the high pO, regime. An increase in con-
ductivity along increasing pO, is seen, resembling the behavior
expected from an increase in hole concentration. Thus, we attribute
the conductivity in the high pO, regime to holes.

While the proposed explanations are consistent with the
observed behavior, quantitative comparisons provide additional
support and allow deeper insights. To that end, numerical
defect-chemical modeling was employed to calculate defect concen-
trations in m-HfO, (taking [Acc’] = 2[v{'] = 5.3 10 cm™3, see
above). The defect mobilities required to calculate individual con-
ductivities, from these defect concentrations, were taken from the
literature: for electronic species, we took and modified the electron
and hole mobilities determined by Sasaki and Maier® for
yttria-stabilized ZrO,; for oxygen vacancies, we took, as noted
above, the values obtained by Schie et al.”’

Four different models were considered, and the results are
compared with the experimental data in Fig. 3. Values for Kieq,
Kug, Kirz/1, and Ky /0, if required for a specific model, were kept
constant for all models. The first model [Fig. 3(a)] is the stand-
ard defect chemical model as presented in Sec. II. Although this
model provides an adequate description at high and intermediate
pOy’s, it fails at low pO,’s. The second model [Fig. 3(b)] includes
the trapping reaction that generates singly charged oxygen
vacancies [Eq. (11)] and assumes that these singly charged
vacancies have negligible mobility, i.e., there is no contribution
from the singly charged vacancies to the total conductivity. Of
the four models, this model provides the best description of the
data.

The last two models confirm particular aspects of our pro-
posed explanation. The question of the mobility of singly charged
oxygen vacancies is examined in the third model, in which the
trapping reaction [Eq. (11)] is included as before, but now the
singly charged vacancies are assumed, for the sake of illustration,
to have the same mobility as the doubly charged vacancies. As
shown in Fig. 3(c), this model is a worse description of the data at
low pO;’s. In this way, the model clearly indicates that v, are less
mobile than v3°®, confirming the predictions of Broqvist and
Pasquarello.”’ It also discounts the alternative possibility, raised
by Nakayama et al,”” of singly charged vacancies being more
mobile than the doubly charged vacancies. Finally, the fourth
model [Fig. 3(d)] has doubly charged vacancies trapping two elec-
trons to form neutral vacancies [Eq. (13)], as the only trapping
reaction. Neutral vacancies of course do not contribute to conduc-
tivity, so the question of their mobility is irrelevant. This model
also fails to describe the data at low pO,; it is essentially indistin-
guishable from the first model for the reasons given above: v§ do

ARTICLE scitation.org/journalljap

not enter the electroneutrality condition, so their inclusion
according to Eq. (14) does not change the concentrations of the
charged defect species.

Having obtained a satisfactory description of conductivity, we
discuss briefly the numerical values of the reaction enthalpies used
in the description. The bandgap energy of Ep, = 5.7¢eV is consis-
tent with experimental values reported for m-HfO,."”" The reduc-
tion enthalpy of AH,eq = 10.4€V seems, at first sight, rather high,
but it does agree well with computational values: If one combines
the energy for the formation of a neutral oxygen vacancy of
AH¢(v}) = 6.38 eV reported by Scopel et al.”* with energies calcu-
lated by Broqvist and Pasquarello™ for ionization from neutral to
singly charged vacancies (1.75 eV) and then from singly to doubly
charged vacancies (2.05eV), one obtains a reduction enthalpy of
~ 10.2 eV, which is satisfyingly close to the value we used. Finally,
the enthalpy of the trapping reaction that we obtained,
AHy ) = —2.35¢€V, is close to the value obtained by Broqvist and
Pasquarello™ of —2.05 eV (the trapping reaction being the inverse
of the ionization reaction).

Although the conductivity data do not probe the transition
level for v¢ /vy, we can calculate a value from our reduction
enthalpy and trapping enthalpy if we assume AH¢(v() from Scopel
et al:" AHy,j = AH{(vg) — AHeq — AHyp) = —1.67€V. This
value should be regarded with caution, as it is not directly obtained.
Nevertheless, it indicates that oxygen vacancies are not negative-U
species in m-HfO,, confirming the predictions of Broqvist and
Pasquarello,” since the enthalpy of reaction (1) is positive,
AH = AHy /0 — AHp/1 = +0.7eV. For the fourth model, the
sum of the two transition levels determined by us was used for Eq.
(14). Itis AHtr)Z/O = —4.02¢V.

The mobility of holes, originally taken from Sasaki and
Maier”® (see Table 11), had to be increased by a factor of 100 in

log,, (0/Scm™)

log,, (PO, / bar)

FIG. 4. Conductivity isotherms plotted against oxygen partial pressure for the
temperature range of 1050 < T/K < 1200 and oxygen partial pressure range
of —20 < log(pO,/bar) < —2. Squares are the measured values, and lines
are obtained from defect-chemical calculations.
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TABLE I. Thermodynamic parameters for m-HfO,, with kg = 8.617 x 1075 eV/K.

Reaction Expression

Kieq = 4.18 X 107 - exp( — 10.4eV /kpT)
K1 = 3.46 x 1072 - exp(—2.35€V /kgT)
Kpg = 1.67 x 10°! - exp( — 5.7 eV /kgT)

Reduction
Electron trapping
Electronic excitation

order to correctly describe the conductivity in the high pO, regime.
This is reasonable, since Sasaki and Maier’® investigated heavily
doped YSZ instead of m-HfO,.

Figure 4 shows the calculated total conductivities from Fig. 3(b)
compared to the experimental results. The model presented here is
able to reproduce the conductivity over the entire range of pO, quite
well. Table I displays the defect reaction energies and pre-exponential
parameters, and Table II displays the mobilities used for the
defect-chemical calculations.

A. Oxygen vacancies at pressures relevant to resistive
switching

In the metal-HfO,-metal structures of ReRAMs, the use of a
reactive metal as one of the electrodes results in the oxide being
strongly reduced, making the understanding of the conductive
behavior in reducing conditions all the more important. If the
oxide is in equilibrium with its parent metal, one can calculate the
equilibrium partial pressure of oxygen from thermodynamics. The
formation of HfO, from its elements,

Hf + O, = HfO,, (15)

is characterized by a Gibbs energy of formation, AG¢(HfO,). By
writing an equilibrium constant for reaction (15) and setting the
activities of the pure condensed phases (Hf and HfO,) to unity,
one finds

(16)

AG¢(HfO
POZ = pooz . exp <M) S

kg T

where p°0O, is the standard pressure of 1bar. At the temperatures
relevant for resistive switching (400 K-600 K),* this partial pres-
sure is ~1071% bar.”” If the Hf|HfO, system is not in equilibrium,
the effective oxygen partial pressure at the interface will be higher
and governed by the time-temperature profile experienced by the
system. Switching may then cause selected regions to reach
equilibrium.

TABLE Il. Kinetic parameters for m-HfO,, with ks = 8.617 x 1075 eVIK.

Charge carrier Expression

Oxygen vacancy Hyse = 100/T - exp(—0.656 eV /kpT)
Electron Ue = 6300/ T - exp( — 0.55eV /kpT)**
Hole uy, = 100/T - exp( — 0.08 eV /kgT)*°
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FIG. 5. Predicted defect concentrations plotted against oxygen partial pressure
for a temperature of 500K and an oxygen partial pressure range of
—100 < log(pO,/bar) < —2. NB: the electron concentration is plotted on the
right y axis.

With the quantitative data obtained from the defect-chemical
calculations, it is possible to calculate equilibrium defect concentra-
tions down to the oxygen partial pressures relevant for resistive
switching. Figure 5 shows predicted defect concentrations at
T =500K for oxygen partial pressures down to 1007'% bar.
Electrons play a very insignificant role and their concentration lies
more than 10 orders of magnitude below those of the other defects.
The amount of singly charged oxygen vacancies present in the
system at 1071% bar is ~5.3 x 10'® cm~3, meaning that the doubly
charged oxygen vacancies are completely replaced and the acceptor
dopants are completely compensated by singly charged vacancies.
Subsequently, in the very low pO, regime, the electroneutrality
condition becomes [Acc’] = [vy] rather than the expected
[e'] = 2[v3"]. This indicates that the singly charged oxygen vacan-
cies, which are often neglected in studies investigating the resistive
switching properties, are, indeed, important.

VI. CONCLUSION

From our study of the equilibrium conductivity of monoclinic
HfO, (m-HfO,) as a function of oxygen partial pressure and tem-
perature, we emphasize the following points:

o The results constitute experimental confirmation that oxygen
vacancies change their charge state from v° to v{ as the oxide
is reduced.

« Quantitative modeling of the defect equilibria yielded the ther-
modynamic transition levels for oxygen vacancies changing their
charge states and indicated that singly charged oxygen vacancies
are less mobile than doubly charged oxygen vacancies.

o The model predicts that singly charged oxygen vacancies play a
substantial, if not the dominant, role at the low oxygen partial
pressures relevant for resistive switching.
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