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The point-defect structure of monoclinic HfO, (m-HfO,) was studied by means of equilibrium electrical con-
ductance measurements as a function of temperature 1050 < T/K < 1200 and oxygen partial pressure
—20 < log(pOg/bar) < —2. The total conductivity o displayed similar behaviour at each temperature
examined. In oxidising conditions (pOy > 10~7 bar) the total conductivity increased with increasing oxygen
partial pressure, and was assigned to hole conduction. Around 107'° bar a region of almost constant con-
ductivity was found; this is ascribed to ionic conduction by means of doubly charged oxygen vacancies. In
reducing conditions (pOy < 10716 bar) the total conductivity, surprisingly, decreased with decreasing oxygen
partial pressure. Defect-chemical modelling indicates that this behaviour is consistent with the conversion
of mobile doubly charged oxygen vacancies into less mobile singly charged vacancies by electron trapping.
Point-defect concentrations at the oxygen partial pressures relevant to resistive switching devices are predicted

and discussed.

I. INTRODUCTION

The electrical conductivity of nominally undoped,
monoclinic HfO, (m-HfO,) has attracted attention for
decades, first, out of fundamental interest,’™ but re-
cently because of the application of HfO, as a gate dielec-
tric or as the active element in Resistive Random Access
Memories (ReRAM).5 4 Despite substantial attention,
various aspects of the behaviour are still under debate.

Experimental studies, for example, all report that the
conductivity behaviour as a function of oxygen partial
pressure (pOs) differs from that expected for an acceptor-
doped oxide (aliovalent impurities in nominally undoped
HfO, generally being of lower valence than Hf4+). The
explanations for the observed behaviour also differ, re-
quiring either a coupled transport of oxygen vacancies
and interstitials,! hafnium vacancies,?° holes* or Schot-
tky disorder® to play a dominant role. None of these
studies take into account the possibility of point defects
in other than fully ionised charge states.

The application of HfO, in electrical devices initiated
computational 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,*®2° meaning that
singly charged oxygen vacancies are unstable compared
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with neutral and doubly charged vacancies:

vy = vE Ve (1)
Such negative-U behaviour is often mistakenly consid-
ered to mean that singly charged vacancies will not be
present at finite temperature. As long as the energy of
reaction (1) is not infinite, however, such defects will be
present at all temperatures above absolute 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 pres-
sure in dense m-HfO, ceramics at temperatures in the
range 1050 < T/K <1200 and oxygen partial pressures
in the range —20 < log(pOs/bar) < —2. By decreasing
the equilibrium oxygen partial pressure, one shifts the
Fermi level upwards within the bandgap,?? thus enabling
thermodynamic transition levels to be probed. Numeri-
cal defect-chemical calculations were employed to extract
quantitative thermodynamic data from o (T, pOs).

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

For an acceptor-doped AO, oxide, such as CeQ,21:23725
or YSZ,?6:27 the standard model of the defect chemistry
contains four charge carriers (acceptor dopants, elec-
trons, doubly charged oxygen vacancies and holes) and
thus involves the electroneutrality condition:

[Acc] + [¢] = 2[v&] + [b°]. (2)

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

1
05 =vey + 502 + 2¢/, (3)
with equilibrium constant
vl 1p0,"? ~AH
Kig=——"———"="-=K> 4" — ), (4
d [Oé] red * €XP kgT ( )

where AH,cq is the enthalpy of reduction and K¢, is
a pre-exponential factor; and (ii) the generation of elec-
trons and holes by thermal excitation across the bandgap,

Null = h* + ¢/, (5)

with equilibrium constant

i = D] = K5, o (2 ). )

where Eyg is the bandgap and Ky, is a pre-exponential
factor. Solving equations (2), (4) and (6) simultaneously
allows the three unknown defect concentrations to be ob-
tained.

The behaviour as a function of pOs at constant T' can
be divided for typical K,oq and Kj, into two regimes.
In the first regime at lower pOs’s, Eq. (2) reduces to
[e'] = 2[ve’]. Inserting this condition into Eq. (4) yields

y 1/3
€] = (2[00]““) xp0z"

pOy/?

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

1/2
2[0%] K e ~
CC |pU,y

and through Eq. (6),

1/2
K} [Acc’]pOé/2 1
[ o3yt (9
] ( 5 raea IR KA

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

Il. EXPERIMENTAL

Ceramic samples of m-HfO, were prepared from com-
mercial powder of HfO, (99.95 % purity excluding zirco-
nium, Alfa Aesar®). According to the suppliers’ speci-
fications, the main impurities present in the HfO, pow-
der are: Zr (2000 ppm), Ca (220 ppm), Si (30 ppm), Al

log,, [def]

(a) log,, PO,

I0910 0'def

(b) log,, PO,

FIG. 1. (Colour online) Schematic diagram of (a) defect con-
centrations; (b) partial ionic and electronic conductivities in
AOQO, as a function of pOa.

(25 ppm), Fe (25ppm) and Ni (18 ppm). This powder
was then ball milled with 5mm ZrO, balls and pressed
(uniaxially and isostatically) into cylinders with a diam-
eter of 20mm and a height of 500 pm. The pellets were
then sintered at 7" = 1823 K in air for 72h. The den-
sity of the samples was found to be at least 96 % of
the theoretical density, measured by Archimedes’ prin-
ciple. X-ray diffractograms (Theta—Theta diffractome-
ter, STOE & Cie GmbH, Darmstadt, Germany) indi-
cated single-phase m-HfO,. The grain-size was esti-
mated from scanning electron microscopy images to be
dgy =~ 3 pm. High Temperature Equilibrium Conduc-
tance (HTEC) was measured in a custom four-point mea-
surement setup utilising an oxygen pump based on yt-
tria stabilised zirconia.?®2° m-HfO, pellets were cut into
5mm x 10 mm-wide and 500 pm thin rectangles and con-
nected to the setup by sputtering four platinum con-
tacts on top of the sample. The sputtered contacts were
800 pm wide and ranged over the entire width of the sam-
ple. The inner electrodes were spaced 5 mm apart, lead-
ing to a square sample geometry of 5mm X 5mm for
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FIG. 2. Conductivity isotherms plotted against oxygen par-
tial pressure for temperature range of 1050 < 7'/K <1200 and
oxygen partial pressure range of —20 < log(pOz/bar) < —2.

the measured voltage drop. Then, four thin slits were
cut into the sample along the contacts and 100 pm thin
platinum wire was wrapped around the slits. Platinum
paste was applied to the wire and treated at 1243 K to
improve contact. HTEC measurements were performed
at temperatures in the range of 1050 < T/K <1200 in
an Al,O4 tube furnace and in an oxygen partial pressure
range of —20 < log(pOs/bar) < —2. Before measuring
each point, a waiting time of 1 x 10*s was implemented.
HTEC measurements give the conductance G instead of
the conductivity 0. However, all the sample parameters
required to obtain the conductivity (length, width and
thickness) are known.

IV. RESULTS

Fig. 2 shows the conductivity obtained as a function
of pOy for four temperatures, o(7T,pO2). In the cen-
tral region, from 10~ 'Sbar to 10~7 bar, the conductiv-
ity 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 pronounced for 1050 K, 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 pres-
sure regime between 107!2bar to 1072 bar for the first
two temperatures, which would result in an erroneously
low conductivity.

For oxidising conditions, pOs > 1077 bar for 1050 K,
the conductivity increased with increasing pOo for all
temperatures. The starting points shifts 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 pressure. The behaviour in
the oxidising regime resembles the expected behaviour for
undoped AO, oxides, where the conductivity increases
at higher pOs’s due to an additional contribution from
holes.

In reducing conditions, pOy < 10716 bar, ¢ is seen to
increase with increasing pOs, and disregarding the two
deviating points for 1200 K, this behaviour seems to be
largely independent of temperature, 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 behaviour in the reduc-
ing regime starkly contrasts the previously described ex-
pected behaviour for AO, oxides (see Sec. II).

V. DISCUSSION

The conductivity exhibited by m-HfO, shows minor,
quantitative deviations from the expected behaviour at
high pOs’s; an expected plateau at intermediate pOs’s;
and major qualitative deviations at low pOs’s. The inter-
mediate regime thus seems, by virtue of being expected,
to be the point from which to start analysing 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.3? If we take the values of the vacancy
diffusivity D, obtained in that study, and we convert
them into a conductivity with the Nernst—Einstein equa-
tion (with ¢, as the oxygen vacancies’ concentration and
zye as their charge)

Dy (zye)%ey

e (10)

0 = UCy2ye =

we find good agreement for a vacancy concentration of
2.65 x 10 cm™3. This is comparable with values from
tracer diffusion studies on the same ceramics.3!

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:

vy +e =vy. (11)
The equilibrium constant of this reaction is

[V.o] o *AHtr,z/l
Ko = W = B0/ €XP T kel ) (12)

with AHy, 5,1 being the corresponding reaction enthalpy.
This proposal not only explains why there is no increase
in conductivity due to electrons (being trapped, the elec-
trons are not available); but it also explains why the con-
ductivity decreases, provided the singly charged vacan-
cies are not as mobile as the doubly charged vacancies
(mobile species are being replaced by less mobile species).
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(Colour online) Conductivity contributions plotted against oxygen partial pressure obtained from defect-chemical

calculations for temperature range of 1050 < 7'/K <1200 and pOs range of —20 < log(pO2z/bar) < —2. The different graphs
are obtained from different calculations. Red lines refer to the conductivity associated with the v species; green lines to h®;
orange lines to v& and grey lines to the total conductivity. All calculations contain the electronic excitation equation and the

reduction equation; (a) no additional equation; (b) trapping of electrons by v¢y

to form the significantly less mobile vg; (c) the

same as (b) but v is as mobile as v&'; (d) formation of v by electron trapping of v&y.

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

vy +2¢ = v, (13)

with equilibrium constant

_AthQ/O) (14)

vol

V& le’]?
can be discounted because the acceptor dopants would
be uncompensated. That is, the left-hand-side of Eq. (2)
would have [Acc], but the right-hand side would have
no species, the hole concentration being negligible under
reducing conditions and neither singly nor doubly charge
oxygen vacancies being present.

Now let us consider the high pOs regime. An increase
in conductivity along increasing pOs is seen, resembling
the behaviour expected from an increase in hole concen-

K20 =

= Kfr,z/o " €Xp < inT

tration. Thus we attribute the conductivity in the high
pOs regime to holes.

While the proposed explanations are consistent with
the observed behaviour, quantitative comparisons pro-
vide additional support and allow deeper insights. To
that end, numerical defect-chemical modelling was em-
ployed to calculate defect concentrations in m-HfO, (tak-
ing [Acc’] = 2[v&’] = 5.3 x 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 26 for yttria-stabilised ZrO,; for oxygen
vacancies, we took, as noted above, the values obtained
by Schie et al.3°.

Four different models were considered, and the results
are compared with the experimental data in Fig. 3. Val-
ues for Kieq, Kpg, Kir2/1 and Ky, /9, if required for a
specific model, were kept constant for all models. The


Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Sticky Note
Marked set by Michael P. Mueller

Michael P. Mueller
Underline

Michael P. Mueller
Underline

Michael P. Mueller
Underline

Michael P. Mueller
Underline

Michael P. Mueller
Underline

Michael P. Mueller
Underline


first model [Fig. 3(a)] is the standard defect chemical
model as presented in Sec. II. Although this model pro-
vides an adequate description at high and intermediate
pO2’s, it fails at low pOs’s. The second model [Fig.
3(b)] includes the trapping reaction that generates singly
charged oxygen vacancies [Eq. (12)] and assumes that
these singly charged vacancies have negligible mobility,
i.e. there is no contribution from the singly charged va-
cancies 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
proposed explanation. The question of the mobility of
singly charged oxygen vacancies is examined in the third
model, in which the trapping reaction [Eq. (12)] is in-
cluded 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 pOgy’s. In this way, the model clearly indicates
that v, are less mobile than v¢y, confirming the predic-
tions of Duncan et al.?°. It also discounts the alternative
possibility, raised by Nakayama et al. 32, of singly charged
vacancies being more mobile than the doubly charged va-
cancies. Finally, the fourth model [Fig. 3(d)] has doubly
charged vacancies trapping two electrons to form neu-
tral vacancies [Eq. (14)], as the only trapping reaction.
Neutral vacancies of course do not contribute to the con-
ductivity, so the question of their mobility is irrelevant.
This model also fails to describe the data at low pOs;
it is essentially indistinguishable from the first model for
the reasons given above: v do not enter the electroneu-
trality condition, so their inclusion according to Eq. (14)
does not change the concentrations of the charged defect
species.

Having obtained a satisfactory description of the con-
ductivity, we discuss briefly the numerical values of the
reaction enthalpies used in the description. The bandgap
energy of Ep, = 5.7¢eV is consistent with experimental
values reported for m-HfO,.'%33 The reduction enthalpy
of AH,.q = 10.4€eV seems, at first sight, rather high, but
it does agree well with computational values: If one com-
bines the energy for the formation of a neutral oxygen va-
cancy of AH;(v) = 6.38€eV reported by Scopel et al.3*
with energies calculated by Broqvist and Pasquarello®®
for the ionisation from neutral to singly charged vacan-
cies (1.75eV) and then from singly to doubly charged
vacancies (2.05eV), one obtains a reduction enthalpy of
~ 10.2eV, which is satisfyingly close to the value we
used. Lastly, the enthalpy of the trapping reaction that
we obtained, AH;, 2/ = —2.35€eV, is close to the value
obtained by Broqvist and Pasquarello®® of —2.05eV (the
trapping reaction being the inverse of the ionisation re-
action).

Although the conductivity data do mnot probe
the transition level for v& /vy, we can calculate a
value from our reduction enthalpy and trapping en-
thalpy if we assume AH¢(vy) from Scopel et al.3*:
AHtr,l/O = AHf(VS) — AHred — AHtr,Z/l = —1.67eV.

log,, (0 / Scm™)

log,, (PO, / bar)

FIG. 4. Conductivity isotherms plotted against oxygen par-
tial pressure for temperature range of 1050 < 7'/K <1200 and
oxygen partial pressure range of —20 < log(pOz/bar) < —2.
Squares are the measured values, lines are obtained from
defect-chemical calculations.

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,, con-
firming the predictions of Broqgvist and Pasquarello®,
since the enthalpy of reaction (1) is positive, AH =
AHy 170 — AHy /1 = 0.7eV. For the fourth model,
the sum of the two transition levels determined by us
was used for Eq. (14). It is AHy, /0 = —4.02eV.

The mobility of holes, originally taken from Sasaki and
Maier %6 (see Table. II), had to be increased by a factor
of ca. 100 in order to correctly describe the conductivity
in the high pOs regime. This is reasonable, since Sasaki
and Maier 26 investigated heavily-doped YSZ instead of
m-HfO,.

Fig. 4 shows the calculated total conductivities from
Fig. 3(b) compared to the experimental results. The
model presented here is able to reproduce the conduc-
tivity over the entire range of pOs 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 under-
standing of the conductive behaviour in reducing condi-
tions all the more important. If the oxide is in equilib-
rium with its parent metal, one can calculate the equi-
librium partial pressure of oxygen from thermodynamics.
The formation of HfO, from its elements,

Hf + 0, = HfO,, (15)
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TABLE 1. Thermodynamic parameters for m-HfO,, with kg = 8.617 x 107° eV /K.

Reaction Expression
Reduction Krea = 4.18 x 10°7 - exp(—10.4eV /ksT)
Electron trapping Ky 21 = 3.46 X 1072 - exp(—2.35eV /kpT)

Electronic excitation Kpg = 1.67 x 10%" - exp(—5.7eV /ksT)

TABLE II. Kinetic parameters for m-HfO,, with kg = 8.617 x 10~° eV /K.

Charge carrier  Expression
Oxygen vacancy fiyee = 100/7" - exp(—0.656 eV /kgT)

Electron e = 6300/T - exp(—0.55eV /kgT)?®
Hole un = 100/T - exp(—0.08 eV /kpT)?¢
10 L WSS P very insignificant role and their concentration lies more
3 k than 10 orders of magnitude below those of the other
10 F 410" . .
4 Vg 3 defects. The amount of singly charged oxygen vacancies
102 4 410" present in the system at 1071% bar is ~ 5.3 x 108 cm 3,
w,: : : 10 meaning that the doubly charged oxygen vacancies are
= 40 I_ i . E completely replaced and the acceptor dopants are com-
E 4 L 10 N pletely compensated by singly charged vacancies. Subse-
10 I_ 410° — quently, in the very low pO4 regime the electroneutrality
4 LT condition becomes [Acc’] = [v(] rather than the expected
10" i, [e'] = 2[ve]. This indicates that the singly charged oxy-
r k 10 gen vacancies, which are often neglected in studies inves-
10"t 00 B0 w0 20 2'0 . (') 10° tigating the resistive switching properties, are, indeed,
) ) ) ) ) important.
log,, (PO, / bar)
FIG. 5. (Colour online) Predicted defect concentrations VI. CONCLUSION

plotted against oxygen partial pressure for a temperature
of 500K and an oxygen partial pressure range of —100 <
log(pO2/bar) < —2. NB: the electron concentration is plot-
ted on the right y-axis.

is characterised by a Gibbs energy of formation,
AG¢(HfO,). Writing an equilibrium constant for reac-
tion (15) and setting the activities of the pure condensed
phases (Hf and HfO,) to unity, one finds

AG¢(HfO
pOs = 0, -exp  2EHHIO2)Y (16)
kT
where p°QO; is the standard pressure of 1 bar. At the

temperatures relevant for resistive switching (400K to
600 K),36 this partial pressure is ~ 10719 bar.37 If the
Hf|HfO, system is not in equilibrium, the effective oxy-
gen 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.

With the quantitative data obtained from the defect-
chemical calculations, it is possible to calculate equilib-
rium defect concentrations down to the oxygen partial
pressures relevant for resistive switching. Fig. 5 shows
predicted defect concentrations at 7' = 500 K for oxygen
partial pressures down to 107'%° bar. Electrons play a

From our study of the equilibrium conductivity of mon-
oclinic HfO, (m-HfO,) as a function of oxygen partial
pressure and temperature, we emphasise the following
points:

e The results constitute experimental confirmation
that oxygen vacancies change their charge state
from vg}’ to v§ as the oxide is reduced.

e Quantitative modelling of the defect equilibrium
yielded the thermodynamic transition levels for
oxygen vacancies changing their charge states and
indicated that singly charged oxygen vacancies are
less mobile than doubly charged oxygen vacancies.

e The model predicts that singly charged oxygen va-
cancies play a substantial, if not the dominant, role
at the low oxygen partial pressures relevant for re-
sistive switching.
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