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Hafnium oxide thin films have attracted considerable interest for passivation layers, protective barriers, and

anti-reflection coatings. Atomic layer deposition offers a route to produce conformal films at the

nanometre scale, but there is a lack of clarity over how the growth conditions affect the film properties.

Here we present a study into the role of different atomic layer deposition co-reactants (O2 plasma, O3 and

H2O) in the growth of HfOx on n-type silicon from a tetrakis(dimethylamido)hafnium (TDMAH) precursor

followed by post-deposition annealing (up to 500 °C). Through X-ray diffraction and X-ray photoelectron

spectroscopy, we demonstrate variations in film composition, stoichiometry and crystallinity with co-

reactant. Depth profiling conducted with X-ray photoelectron spectroscopy reveals differences in

composition between the HfOx surface and the HfOx/Si interface. We also determine differences in fixed

charge density and chemical passivation through photoconductance decay measurements and Kelvin

probe analysis. We find surface recombination velocities (SRVs) <10 cm s−1 are possible for HfOx films, with

the best passivation achieved for H2O-based HfOx (SRVs as low as ∼5 cm s−1). With TDMAH as a hafnium

precursor, we show that neither co-reactant choice nor annealing environment influence the resulting

charge polarity.

Introduction

Surface passivation aims to minimise unwanted
recombination of charge carriers in semiconductors which, in
the case of silicon, is key to improving solar cell efficiency.
Passivation arises from both chemical and field effects, with
the former involving termination of dangling bonds at the
semiconductor surface, and the latter involving surface
charges which can repel charge carriers. Deposition of
dielectrics is an established passivation strategy,1 with atomic
layer deposition (ALD) being commonly used. ALD is based

on sequential self-terminating reactions, and offers thickness
control with atomic layer precision, as well as uniform and
conformal deposition.2–5 Deposition process temperature,
pressure, duration, and other parameters play a key role in
achieving the desired film properties.5 ALD-grown films are
usually annealed ex situ to “activate” the passivation, with the
passivation level strongly affected by the post-deposition
annealing temperature due to variations in chemical and field
effects.6,7

The chemical reaction step of ALD can be conducted
either thermally or enhanced by the presence of a plasma.4

In thermal ALD, one of the precursors is typically a gas such
as O2, or a vapour such as H2O or O3. During plasma-
enhanced ALD (PE-ALD), a plasma is generated from a gas
(such as O2, N2 or H2), and the substrate surface is exposed
to the species generated.

Recent studies have identified HfOx as a promising
passivating layer.8–14 ALD-grown HfOx passivation studies
have achieved surface recombination velocities (SRVs) <10
cm s−1 (compared to <2 cm s−1 for thermal SiO2 and <1 cm
s−1 for ALD Al2O3)

1,15,16 for films 10–20 nm thick.8–14 In
addition to its potential as an insulating silicon passivation
layer, the electronic properties of HfOx make it a candidate
for inclusion within passivating contact structures, either as a

RSC Appl. Interfaces, 2024, 1, 471–482 | 471© 2024 The Author(s). Published by the Royal Society of Chemistry

a School of Engineering, University of Warwick, Coventry, CV4 7AL, UK.

E-mail: sophie.l.pain@warwick.ac.uk
b Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstraße 2, 79110

Freiburg, Germany
c Chair for Photovoltaic Energy Conversion, Institute for Sustainable Systems

Engineering, University of Freiburg, Emmy-Noether-Straße 2, 79110 Freiburg,

Germany
dDepartment of Physics, University of Warwick, Coventry, CV4 7AL, UK

† Electronic supplementary information (ESI) available: Thickness
measurements and optical characterisation of the deposited layers, XPS data
corresponding to depth profiling of O2–, O3– and H2O–HfOx, and representative
signal fitting. See DOI: https://doi.org/10.1039/d3lf00210a

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 7
:0

6:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d3lf00210a&domain=pdf&date_stamp=2024-05-10
http://orcid.org/0000-0003-1333-2023
http://orcid.org/0000-0001-6028-1199
http://orcid.org/0009-0000-8475-4851
http://orcid.org/0000-0002-5522-0516
http://orcid.org/0000-0002-8583-4279
http://orcid.org/0000-0002-3943-838X
http://orcid.org/0000-0003-0993-5972
https://doi.org/10.1039/d3lf00210a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lf00210a
https://pubs.rsc.org/en/journals/journal/LF
https://pubs.rsc.org/en/journals/journal/LF?issueid=LF001003


472 | RSC Appl. Interfaces, 2024, 1, 471–482 © 2024 The Author(s). Published by the Royal Society of Chemistry

hole-selective contact17,18 or as an interlayer.19 Beyond silicon
passivation, HfOx has been extensively researched by the
(micro)electronics industry for applications in transistors and
capacitors20,21 due to its high dielectric constant, and as a
protective barrier layer, due to the impressive chemical
resistance of HfOx to etchants such as HF.22

Although there has been considerable interest in ALD-
grown HfOx, there is a lack of consistency in film properties
reported in the literature, as demonstrated in Table 1 of ref.
18. This is particularly evident when considering HfOx charge
polarity, which has been reported as being both positive and
negative,8–14 even for films processed under very similar
conditions. This inconsistency could arise from several
process parameters – such as hafnium precursor, co-reactant,
deposition temperature and pressure, and post-deposition
processing. To date, investigations have been conducted into
the impact of varying co-reactant (mainly H2O and O3) with
tetrakis(ethylmethylamido)hafnium (TEMAH), hafnium
tetrachloride (HfCl4) and tetrakis(dimethylamido)hafnium
(TDMAH) precursors,11,23,24 and into the effect of changing
precursor while maintaining co-reactant.25 Multiple
parameters were varied within these studies, making it
difficult to ascribe changes in film properties and
performance to any specific effect. Additionally, the inter-
and intra-precursor variability in film properties suggests that
conclusions drawn from one study may not necessarily be
applicable to another investigation with different parameters.

Here we present a systematic study into the impact of co-
reactants on film properties of HfOx grown with a TDMAH
precursor. Oxidant choice can affect electrical properties,
impurities, refractive indices, and morphology26 and hence
we investigate three co-reactants: remote oxygen plasma (with
resultant films hereafter denoted O2–HfOx), ozone (O3–HfOx)
and water (H2O–HfOx). Post-deposition annealing conditions,
such as annealing environment, are another key parameter
varied in the literature,27 and we assess the impact of four
annealing environments (air, forming gas, O2 and N2) on
resulting passivation quality.

Results and discussion
Structural properties

To allow comparison between films grown from different co-
reactants, a constant number of ALD cycles (200) was used
for all samples discussed in this study. We have previously
determined that 200 ALD cycles of O2–HfOx results in a 26 nm
thick film,22 and we find similar film thicknesses with
H2O–HfOx and O3–HfOx of 25 and 23 nm, respectively. Film
thickness can play a significant role in HfOx film properties,
notably with passivation when films are very thin,19 although
the difference is lesser at greater thicknesses. These films are
of a very similar thickness at a thickness level where
passivation is not strongly thickness dependent, ensuring
that comparison between film types is meaningful. Thickness
measurements for each film type, and derived growth rates
per ALD cycle are shown in Fig. S1(a) in the ESI.†

Much of the behaviour of hafnium oxide, such as its
chemical resistance22 and optical properties (shown in Fig.
S1(b)†),28 has been attributed to crystallisation. We have
previously investigated extensively the crystallisation
behaviour of O2–HfOx as a function of annealing
temperature,6,22 and have determined an amorphous-to-
crystalline phase transition at 275–325 °C. Our prior work
found that good passivation quality was achieved following
annealing after this crystallisation point, whether this is as a
result of crystallisation is as yet unclear. To assess whether
there is any difference in crystallinity and this phase
transition, we performed grazing-incidence X-ray diffraction
(GI-XRD) on all film types, both in the as-deposited state and
after annealing in air at ∼450 °C. The resulting GI-XRD
patterns are presented in Fig. 1(a)–(c) for O2–HfOx, H2O–HfOx

and O3–HfOx, respectively. Irrespective of co-reactant, all
three HfOx film types are amorphous on deposition. The low
intensity features seen in the 2θ range of 50–60° of each XRD
pattern can be attributed to the (311) plane of the underlying
c-Si (100) substrate.29 Following annealing at ∼450 °C, O2–

HfOx and H2O–HfOx undergo a clear phase transition to
monoclinic, although O3–HfOx does not, remaining
amorphous. It is as yet unclear why O3–HfOx appears to have
different crystallisation behaviour than its O2– and H2O–HfOx

counterparts.

Chemical properties

To explore the origins of this differing behaviour, ∼25 nm
films were subsequently characterised via X-ray photoelectron
spectroscopy (XPS). Survey scans for each film are shown in
Fig. 1(d), with core levels labelled. All XPS spectra were
calibrated to the C 1s core level. The survey scans are
dominated by Hf and O signals. No evidence of the
underlying Si substrate is detectable, as the film thickness far
exceeds the photoelectron sampling depth (∼10 nm).30,31

There are no significant differences in the survey scans for
each material, however closer inspection of the electronic
core levels via high resolution scans reveals some variations
in composition, both between film types and at each stage of
depth profiling. Relative atomic concentrations of each
species present were determined as a function of depth into
the material. The Hf 4f and O 1s core levels were used to
determine the stoichiometry of the HfOx films as a function
of depth, and Si 2p was used for silicon (i.e., identifying when
we have milled to the HfOx/Si interface). Three clear regions
are evident from this depth profiling – surface/near-surface,
bulk dielectric, and the HfOx/Si interface, as annotated in
Fig. 1(e). The Hf 4f and Si 2p signals allow determination of
an approximate milling rate. Once sufficient HfOx overlayer
had been milled away to allow detection of the underlying Si
substrate, film thicknesses could be determined via the
thickogram method.32 These thickness are presented in
Fig. 1(f).

For O2–HfOx and H2O–HfOx, this required cumulative
milling of ∼2500 s, at which point hafnium oxide thicknesses
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of 4.8 and 5.4 nm were determined, respectively. O3–HfOx

required ∼4400 s milling to thin the hafnium oxide layer
sufficiently (to 4.8 nm) to detect the Si substrate. Once the
substrate was detectable, milling rates of ∼7 × 10−4, 6 × 10−4

and 5 × 10−4 nm s−1 were determined from the measured
dataset for O2–HfOx, H2O–HfOx and O3–HfOx, respectively.
Slight variations in milling rates are not unexpected, and can
arise from compositional variations and differential
sputtering, although the differences in milling rate observed

here are relatively small, within the same order of
magnitude.

From determined atomic percentages, the oxygen
stoichiometry x for HfOx can be inferred from 1/([Hf]/[O]).
The whole of the O 1s and Hf 4f7/2 signal are used in this
calculation, rather than any deconvoluted contribution, to
facilitate comparison between different film types.

We note that there can be additional contributions to [O]
which are not related to Hf–O bonds. Near the sample

Fig. 1 (a) GI-XRD patterns, using Cu Kα1/2, taken from polished silicon wafers coated with (a) O2–HfOx, (b) H2O–HfOx and (c) O3–HfOx as deposited
(unannealed) or following annealing at 450–475 °C for 30 min in air. The sharp signals visible at 2θ = ∼27° for unannealed O2–HfOx and 2θ = ∼23°
and ∼36° for unannealed O3–HfOx are measurement artefacts. Patterns are vertically offset for clarity. O2–HfOx GI-XRD data (purple lines) were
previously published in ref. 6. Main crystallographic planes, corresponding to monoclinic HfO2, are labelled above.33 (d) XPS Survey scans for
∼25 nm O2–HfOx (purple), O3–HfOx (green) and H2O–HfOx (orange) after annealing at 450 °C. All XPS spectra were calibrated to the C 1s core
level. Core levels are labelled. Survey scan was collected prior to milling with Ar+. (e) Atomic concentrations (%) determined via XPS for Hf (pink
circles), O (green triangles) and Si (yellow diamonds, determined from intensity of signal at a binding energy of ∼99 eV) as a function of milling
time for H2O–HfOx, shown for demonstration purposes. (f) Determined film thickness via the thickogram method32 for O2–HfOx, H2O–HfOx and
O3–HfOx (purple triangles, orange circles and green squares, respectively) as a function of XPS milling time. Initial thicknesses determined via X-ray
or spectral reflectivity. Connections between points serve as a guide to the eye. Shaded region corresponds to the relative uncertainty of
determined thickness. (g) HfOx stoichiometry as a function of milling time.
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surface, some of the O 1s signal will be related to organic
hydrocarbon contamination, hence at in this region [O] is
likely overestimated. Furthermore, near the dielectric–silicon
interface, SiOx interlayers are known to form under these
conditions12 and could also skew determined [O].
Characterisation of this interfacial oxide by XPS is
challenging, as the O 1s signal will comprise overlapping
contributions from both Si–O and Hf–O bonding, in addition
to the potential effects of sputter damage and differential
sputtering. Hence, the whole [O] signal is considered, rather
than any sub-component. Oxygen stoichiometries for all three
films as a function of milling time/approximate film
thickness are plotted in Fig. 1(g).

XPS analysis of the initial (un-milled) film shows an
oxygen-rich film in each case, with x = 2.3 for O2–HfOx and
H2O–HfOx and x = 2.5 for O3–HfOx. Following ∼400 s of
milling, x decreases for O2–HfOx and H2O–HfOx to 2.1–2.2
and remains in this range with increased milling time.
Following 9200 s of milling, x increases once more to ∼2.4
and ∼2.1 for O2–HfOx and H2O–HfOx, respectively. The initial
decrease in x corresponds to a reduction in [O], likely related
to removal of sample surface hydrocarbon contamination.

With milling time, there is a change in determined
stoichiometry for O3–HfOx, which appears to become less
oxygen-rich with milling time (depth). It is important to
highlight that this change could arise from the milling
process itself—the considerable difference in atomic mass
between O and Hf would result in differential sputtering,

whereby O is removed more readily than Hf, hence affecting
the [Hf]/[O] ratio. The observed x reduces to ∼2.2 in the first
∼500 s, but continues to decrease monotonically with
increased milling, eventually forming hafnium sub-oxide with
x = 1.9.

The Hf 4f peak observed here can be deconvoluted into
several contributing signals. Fig. 2 presents fitted spectra for
both unmilled and milled O2–HfOx, O3–HfOx, and H2O–HfOx,
respectively. The unmilled spectra are largely similar,
although two small contributions are visible at ∼18 and
∼19 eV in the spectra of O3–HfOx. These peaks,
corresponding to Hf 4f7/2 and Hf 4f5/2 respectively, may arise
from surface contamination, as Zrinski et al. attribute signals
at this binding energy to hafnium phosphate.34 The definitive
source of this impurity is unclear, but it may have arisen
from annealing in a tube furnace which had previously been
used for phosphorous diffusions. Importantly, these signals
are lost after three milling steps, indicating that this is
localised to the surface, rather than distributed throughout
the film, we do not consider it influential for film
performance.

Within the Hf 4f signal, the most prominent contributions
are the 4f5/2 and 4f7/2 oxide signals, which also dominate the
corresponding region of the milled XPS spectra. After
extended milling, hafnium suboxide peaks (at ∼18 and ∼16 eV
for Hf 4f5/2 and Hf 4f7/2, respectively) and metallic Hf
peaks (at ∼17 and ∼14.6 eV for Hf 4f5/2 and Hf 4f7/2,
respectively) are visible. The appearance of a metallic Hf

Fig. 2 Peak deconvolution of HfOx 4f XPS signal, with Hf 4f5/2 and Hf 4f7/2 contributions identified from O2–HfOx, O3–HfOx and H2O–HfOx before
milling (a–c) and following 9200 s of Ar+ milling (d–f). The grey circles are recorded data and dotted/dashed/solid lines correspond to fitted data.
Fitting and chemical state analysis were supported by the NIST XPS database.35
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signal as we near the interface could be linked to a change in
interfacial composition, a product of differential sputtering
or sputter damage.

Fig. S2 in the ESI† allows comparison of all three film
types at each milling depth. In all cases, there is a shift in
the position of both the Hf 4f5/2 and the Hf 4f7/2 oxide
contributions to higher binding energies. This shift in Hf 4f
position suggests a change in bonding configuration, with
positive shifts generally associated with oxidation. Of these
shifts, the most prominent are that of O2–HfOx and H2O–
HfOx, with a shift towards a binding energy of ∼20 eV for the Hf
4f5/2 peak, whereas O3–HfOx the Hf 4f5/2 peak only shifts to
∼19 eV.

Passivation properties

A key metric in silicon passivation is the charge carrier
lifetime in a passivated substrate. From this we can derive
more interface-specific parameters such as surface
recombination velocity (SRV) and dark surface saturation
current J0s. Following film deposition, and after annealing in
air for 30 min at temperatures 300–500 °C, effective lifetimes
were recorded via photoconductance decay. Effective lifetimes
were extracted at an excess carrier density of 1 × 1015 cm−3

and are plotted in Fig. 3(a). Corresponding injection
dependent lifetime curves can be found in Fig. 3(b)–(d) for
O2–HfOx, H2O–HfOx and O3–HfOx, respectively.

At all annealing temperatures studied, H2O–HfOx exhibits
the most promising passivation quality, with single-side J0s
values <20 fA cm−2 possible at all annealing temperatures,
consistent with studies of thermal deposition of Al2O3 on
n-type silicon.16 O2–HfOx and O3–HfOx initially passivate
poorly and require an ‘activation’ anneal at around 400 °C
for reasonable passivation (minimum J0s achieved of 33 and
71 fA cm−2 for O2–HfOx and O3–HfOx, respectively) to be
realised.

The best passivation quality for O3–HfOx (albeit less
competitive than the other films) occurs following annealing
at a temperature (400 °C) at which, based on the XRD results
in Fig. 1, the film is still amorphous, suggesting that
crystallisation is not a pre-requisite for passivation,
consistent with our prior work on ultra-thin hafnium oxide
films.18 Above this temperature, the passivation quality of
O3–HfOx gradually degrades – this decline is likely due to
degradation of the surface passivation rather than the bulk,
as there is no evidence of degradation in samples of the same
substrate type with the other two HfOx films. We have
previously verified the stability of the substrate bulk carrier
lifetime with O2–HfOx passivation of nominally identical
substrates using a superacid-based re-passivation method.6

Importantly, films grown with all three co-reactants
require annealing at 350–425 °C to allow for millisecond-
level effective lifetimes (SRVs at 1 × 1015 cm−3 < 10 cm s−1)
to be achieved. ∼100 μs effective lifetimes (equivalent to an
average SRV of 76.7 cm s−1, an order of magnitude lower
than recent reports of H2O-based HfOx (ref. 36)) were

Fig. 3 (a) Effective lifetimes extracted at Δn = 1 × 1015 cm−3 for O2–HfOx

(purple triangles), O3–HfOx (green squares) and H2O–HfOx (orange circles),
as deposited and after annealing in air at temperatures 350–600 °C.
Samples were ∼150 μm, (100), 5 Ω cm, n-type Cz-silicon. Multiple samples
were characterised following annealing at 400 °C (O2–HfOx, O3–HfOx),
450 °C (O2–HfOx, H2O–HfOx, O3–HfOx) and 500 °C (O2–HfOx), with the
lifetime values presented herein an average of those samples. The shaded
regions correspond to the experienced variation between samples. The as-
deposited values at Δn = 1 × 1015 cm−3 for O2–HfOx and O3–HfOx, indicated
with open triangles and squares, respectively, are estimated by the Sinton
software. Injection dependent lifetime curves for (b) O2–HfOx, (c) H2O–

HfOx and (d) O3–HfOx annealed in air at temperatures 350–600 °C and as-
deposited. Also shown in each case is the effective lifetime limit.40
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recorded for as-deposited H2O–HfOx – which is orders of
magnitude better than those determined for as-deposited
O3–HfOx and O2–HfOx. Indeed, O3–HfOx and O2–HfOx

require annealing at 400 °C to reach the same level of
passivation. The increase in effective lifetime at 1 × 1015 cm−3

for O2–HfOx and O3–HfOx following annealing at this
temperature coincides with a change in injection
dependence, as evident from Fig. 3(b) and (d). The
passivation quality of H2O–HfOx can be improved with a
similar activation anneal of ≤350 °C, lower than reported
previously.11

An important property of dielectrics is the character of the
fixed charges, the undefined nature of which in HfOx has
attracted much attention.9–11,25,27,37 Consequently, it is
necessary to understand the effects of any charge present in
the ultra-thin films with changing deposition co-reactant.
Charge polarity can be assessed from the direction of shift
under illumination when making surface photovoltage (SPV)
measurements using a Kelvin probe setup, where negative
SPV corresponds to negative charge and vice versa.38,39 KP
analysis in Fig. 4(a) shows that all the HfOx films are
negatively charged, irrespective of ALD co-reactant.
Consistent charge polarity with different co-reactants concurs
with the work of Park et al. on HfCl4-based HfOx, although
they observe positive charges.24 Negative SPV is observed
prior to any annealing steps, indicating the negative charge is
present from deposition, rather than induced on annealing,
as has previously been suggested.11

SPV values are similar for each film type (within one
standard deviation) in all cases. Beyond SPV, contact
potential difference (used in determination of SPV) can
provide additional insight into material properties, with
greater CPD corresponding to more highly charged films.
Whereas the differences in SPV between the films plotted in
Fig. 4(b) were within experimental variation, the same cannot
be said for CPDdark plotted in Fig. 4(c). Following deposition,
CPDdark differs for each co-reactant, with a separation of
∼500 mV in CPDdark between each HfOx film type (−800,
−300, 200 mV for HfOx–H2O, HfOx–O3 and HfOx–O2,

respectively). With annealing, this difference reduces, with all
film types reaching a CPDdark of ∼−100–300 mV, irrespective
of co-reactant or annealing temperature.

The magnitude of SPV can be indicative of the quantity of
charge present but results can be highly variable and
dependent on both material properties and surface
defects.14,41 Thus, positive corona charging was used to
characterize the negative fixed charge (Qfixed) present in HfOx

grown by each method more reliably. This is based on adding
extrinsic charge Qcorona to counteract the intrinsic Qfixed.

42

Corona charging also allows an estimate of the level of
chemical passivation at the interface from τmin, which is the
lowest effective lifetime that is expected to indicate the point
at which Qfixed is negated by Qcorona, leaving only chemical
passivation and hence a proxy for interface trap density Dit.

43

Following neutralisation of fixed charge, applying further
extrinsic positive charge causes an increase in measured
effective lifetime, as the applied charge provides field effect
passivation.

The result of such investigation of the differently
deposited layers annealed at varied temperatures is presented
in Fig. 5. The effect of successive corona charging on
measured effective lifetime is demonstrated in Fig. 6(a) for
O2–HfOx, O3–HfOx and H2O–HfOx annealed at 450 °C. From
this procedure, values for Qcorona (−Qfixed) and τmin can be
extracted. These parameters are summarised in
Fig. 5(b) and (c), respectively. The recovery of measured
effective lifetime past the minimum point in Fig. 5(a) is more
pronounced for O2 and H2O–HfOx than for O3–HfOx. Corona
charging having minimal impact on effective lifetime, has
been attributed to charge leakage.6,7,19,44 As such, we
speculate that the lack of improvement in O3–HfOx lifetime
could be attributed to this, noting we did not characterise
charge leakage in this study.

H2O–HfOx has similar values of both Qfixed and τmin at all
studied annealing temperatures, demonstrating that in this
temperature range both field- and chemical-effect passivation
are relatively constant. There is a slight increase in Qfixed

between 350–400 °C, but at all temperatures Qfixed is −2 × 1012 to

Fig. 4 (a) Representative surface photovoltage measurement for O2–HfOx (purple), H2O–HfOx (orange) and O3–HfOx (green) after annealed in air
at 450 °C. The yellow shaded regions correspond to periods of illumination. Surface photovoltage (b) and CPDdark (c) for O2–HfOx (purple
triangles), O3–HfOx (green squares) and H2O–HfOx (orange circles), as deposited and annealed in air at temperatures 350–600 °C. In both cases,
the plotted value is the average of ten measurements, and the shaded region corresponds to the standard deviation of these values.
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−3 × 1012 q cm−2 (cf., ∼−1011 q cm−2 previously reported for H2O–
HfOx grown with this precursor,11 and ∼−1012 to −1013 q cm−2

for the more conventional Al2O3).
7,15,16 The trends observed

with H2O–HfOx differ from HfOx grown with other co-
reactants. As shown in Fig. 5(b), O3–HfOx annealed at 350 °C
has Qfixed ≤−7 × 1011 q cm−2, a value which increases
monotonically with annealing temperature up to 475 °C at
which point there is a slight decline. Increasing Qfixed with
annealing temperature has previously been observed for O2–

HfOx,
6 an observation which was correlated with film

crystallisation at similar temperatures. As O3–HfOx does not
appear to crystallise in this temperature range, it follows that
the increase in charge magnitude is not connected with HfOx

crystallisation.
In terms of τmin, plotted in Fig. 5(c) at all annealing

temperatures, O3–HfOx has the lowest levels of chemical
passivation of the three materials studied. The greatest τmin

(i.e., best chemical passivation) is observed at 400–425 °C,

Fig. 5 (a) Effective lifetime as a function of Qcorona for O2–HfOx (purple triangles), O3–HfOx (green squares) and H2O–HfOx (orange circles),
annealed in air at 450 °C. The datapoint at which Qfixed and τmin are extracted is indicated in each case. Qcorona (b) and τmin (c) for O2–HfOx (purple
triangles), O3–HfOx (green squares) and H2O–HfOx (orange circles), annealed in air at temperatures 350–600 °C. In both cases, the shaded region
corresponds to the relative uncertainty of the measurement: (b) Qcorona of 1.85 × 1011 q cm−2, 50% of Qcorona deposited in each step and (c) 8%
under short flash conditions, and 11% under long flash conditions.46

Fig. 6 (a) Average effective lifetimes for O2–HfOx (purple), H2O–HfOx (orange) and O3–HfOx (green) after annealing in air, forming gas (FGA), O2

and N2 environments (dark to light shades) at 450 °C for 30 min. Error bars are the experienced variation between samples and plotted effective
lifetimes were extracted at 1 × 1015 cm−3. Duplicate samples of O2–HfOx, H2O–HfOx and O3–HfOx were measured per annealing condition. (b) τmin

(top) Qcorona (bottom) for O2–HfOx (purple), H2O–HfOx (orange) and O3–HfOx (green) after annealing in air, forming gas, O2 and N2 environments
(dark to light shades) at 450 °C for 30 min In both cases, the shaded region corresponds to the relative uncertainty of the measurement (11% in
the case of τmin,

46 and Qcorona of 1.85 × 1011 q cm2, 50% of Qcorona deposited in each step in the bottom case). Optimum injection-dependent
effective lifetimes of (c) O2–HfOx, (d) H2O–HfOx, and (e) O3–HfOx after annealing in air, forming gas (pink), O2 (yellow) and N2 (green) environments
at 450 °C for 30 min.
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but there is only a marginal difference between this and the
other values. Above this temperature, there is a monotonic
decrease in τmin. The ‘activation’ anneal appears to mainly
impact fixed charge levels, with a minor increase in chemical
passivation, although beyond ∼400 °C increasing fixed
charge further is counterbalanced by reduced chemical
passivation. O2–HfOx has intermediary behaviour. Like for
O3–HfOx, Qfixed is initially low, but improves with annealing.

With annealing at 425–500 °C Qfixed is similar, akin to
H2O–HfOx. O2–HfOx also exhibits τmin between that of H2O–
HfOx and O3–HfOx at all temperatures studied. The difference
in τmin between H2O–HfOx and O3–HfOx, with O2–HfOx

falling in between, implies different degrees of chemical
passivation of the Si/HfOx interface. The lower quality
chemical passivation with O2–HfOx and O3–HfOx may arise
from interfacial damage accrued during deposition from the
reactive plasma and ozone radicals, as suggested by
Dingemans et al.45

An alternative could be that the interfaces grow similarly
but that H2O–HfOx is inherently improved by the presence of
hydrogen in the H2O precursor,11 with the hydrogen content
of ALD-grown films reported to be greater for those grown
with a H2O co-reactant versus O2 plasma.16 Hydrogen is well-
known to passivate interfacial defects and may be provided in
situ from the co-reactant. It is important to note that the co-
reactant is not the sole source of hydrogen in the deposition
process. The hafnium precursor TDMAH is also a potential
hydrogen source, cf., trimethylaluminium (TMA), a common
Al2O3 ALD precursor, which contributes to the overall
hydrogen content of the film.47 The good passivation quality
observed for H2O–HfOx relative to O3–HfOx and O2–HfOx

without any annealing step (shown in Fig. 3), demonstrates
that the difference in passivation is linked to the deposition
process, rather than any post-treatment. At low (∼350 °C)
annealing temperatures, H2O–HfOx reaches Qfixed of order
−1012 q cm−2, whilst the other HfOx films require higher
annealing temperature to reach the same level. H2O–HfOx

and O2–HfOx appear to have greater Qfixed than O3–HfOx at
most annealing temperatures.

The origin of the fixed charges in HfOx are debated,
although it is thought to be linked to oxygen sites/vacancies,
with positive charges attributed to oxygen vacancies or under-
coordinated oxygen sites,8,13 while negative charges are
attributed to oxygen interstitials and hafnium vacancies.37

The XPS data presented in Fig. 1, collected from HfOx

annealed at 450 °C demonstrates that at the film surface, O3–

HfOx is more oxygen-rich than H2O–HfOx and O2–HfOx, but
at the dielectric/Si interface this is reversed. H2O–HfOx and
O2–HfOX films annealed at 450 °C have both higher
interfacial oxygen concentrations and interfacial charge
density than comparable O3–HfOx, suggesting the negative
charge observed in this case may be related to oxygen
interstitials/hafnium vacancies.

To assess whether the improved passivation with H2O–
HfOx was related to additional hydrogenation (beyond that
potentially provided by the metal precursor) provided from

the H2O co-reactant, forming gas anneals were performed, as
these have been reported to provide additional interface
hydrogenation.48 Duplicate samples of O2–HfOx, O3–HfOx

and H2O–HfOx were annealed in different environments,
namely forming gas (H2/N2), N2 and O2, for 30 min in a tube
furnace at 450 °C.

Comparing the average effective lifetimes extracted at 1 ×
1015 cm−3 for each film type and annealing environment,
shown in Fig. 6(a), yields some insight. For each film type,
the highest passivation quality is generally achieved with
annealing in an air environment (consistent with both our
prior work6 and recent reports13,49), although for O2–HfOx

similar passivation quality is achieved for air as for a forming
gas environment. For all co-reactants, similar passivation is
obtained when annealing in either an O2 or N2 environment
(lower than that obtained with annealing in an air
environment), consistent with our prior work on O2–HfOx.

6

Of all films studied, the most amenable to forming gas
annealing is O2–HfOx, with this approach offering no
advantage for H2O–HfOx and O3–HfOx.

Focusing on extracted lifetimes at a single injected
minority charge density – such as 1 × 1015 cm−3 – only tells
part of the story. More information can be gleaned from the
injection dependent lifetime curves.50 Curves measured on
the samples annealed in different environments are shown in
Fig. 6(b). The gradient of H2O–HfOx lifetime curves annealed
in forming gas, O2 and N2 suggest a low field effect
contribution relative to chemical effect. To extract more
information around the relative effects of chemical and field
effect passivation, corona charging was used. As all samples
exhibited the behaviour shown in Fig. 5(a) on corona
charging, it is clear that the annealing environment does not
affect film charge polarity, with negative charges exhibited in
each case.

In air, annealing at 450 °C resulted in similar levels of
field effect passivation (determined from –Qcorona) but
different levels of chemical effect (determined from τmin)
passivation, with chemical passivation increasing in the order
H2O–HfOx > O2–HfOx > O3–HfOx. This trend in chemical
passivation is maintained with changing annealing
environment, as shown in Fig. 6(c), but field effect
passivation differs considerably.

Between annealing environments there is minimal
variation in τmin for each film type. For O2–HfOx and H2O–
HfOx, changing annealing environment away from air
reduces τmin, whilst the converse is true for O3–HfOx, for
which there is increased chemical passivation.

For all film types, the highest levels of field effect
passivation (∼−3 × 1012 q cm−2) were achieved with annealing
in air, excepting O2–HfOx, for which greater field effect
passivation (∼−4.5 × 1012 q cm−2) was observed. In all other
cases, Qcorona reduced considerably relative to that obtained
after annealing in air.

The data presented in Fig. 5 demonstrated that ALD co-
reactant does not influence charge polarity but does
influence charge magnitude and chemical passivation. The
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data shown in Fig. 6 demonstrates that that the same can be
said of annealing environment, which has a considerable
impact on resulting passivation quality. It should be noted
though, that different furnaces were used for annealing in air
versus the defined environments, although the same
temperature and process duration were targeted.

Experimental
Film preparation

Substrates for effective charge carrier lifetime and Kelvin
probe measurements were high quality, ∼150 μm thick, (100)
orientation, monocrystalline 5 Ω cm resistivity, phosphorus
doped n-type Czochralski-grown silicon wafers with a
chemically etched surface finish. Samples were prepared
following a previously reported chemical cleaning and
etching procedure,51 based on the ‘RCA’ standard clean. This
procedure has previously been shown to enable good quality
HfOx passivation.11,52 The final step in the cleaning process
(immersion in 2% HF for 60 s) was modified to immersion in
1% HF/1% HCl for 5 min with no subsequent water rinse, as
this has been found to improve final passivation quality.53

Substrates for film thickness measurements were ∼725 μm
thick, mirror polished (100) wafers, and underwent an
identical cleaning process, with the omission of etching.53

Coatings were grown via ALD using a Veeco Fiji G2 system
(with plasma-enhanced or thermal capability) with an
external load lock. HfOx films were deposited on both sides
of each wafer at 200 °C from a tetrakis(dimethylamido)
hafnium (TDMAH) precursor (Pegasus Ltd.). 200 ALD cycles
were used for each film with varying co-reactants – either O2

plasma, ozone (O3) or water (H2O). In all cases, the precursor
was heated to 75 °C and Ar was used as an inert carrier gas.
Relevant deposition parameters are summarised in Table 1.
O3 is generated prior to deposition from flowing O2 via a
generator within the Fiji G2 system.

A post-deposition anneal in air was performed for 30 min
in a quartz tube furnace at temperatures between 350–600 °C,
unless otherwise specified. Samples annealed in different
environments (forming gas, O2, N2) were annealed in a
sintering furnace under a gas flow of 1 slm at 450 °C for
30 min.

Safety considerations

Dilute HF is used in this work as part of a standard industrial
silicon cleaning process. It is important to note that HF is

corrosive and toxic,55 and must be handled only by those
trained in HF handling, hazards, and spill response.
Exposure to HF and its fumes, even small quantities, can be
fatal. HF work should be conducted in a well-ventilated fume
hood with appropriate personal protective equipment: face
shield, apron, and HF-resistant gloves. HF etches glass, so
must be contained in HF-compatible beakers.

The reagents used within the ALD deposition also
introduce their own hazards – TDMAH (used as a hafnium
precursor) is flammable, pyrophoric and corrosive,56 while
ozone (used as a co-reagent) has to be kept at low
concentrations (ideally controlled with an ozone generator
and sensor), lest explosive decomposition reactions occur.57

Characterisation

Spectral reflectance. Spectral analysis was used to
determine film thicknesses and resultant the growth rate of
HfOx using a Filmetrics F40-UV microscope, calibrated with a
SiO2/Si thickness standard. The F40-UV has a relative
uncertainty of ±1 nm.58 Average thickness was determined
from five points randomly distributed across the sample.
Refractive indices as a function of wavelength were also
determined from the same five points and averaged to
produce a single spectrum.

X-ray photoelectron spectroscopy (XPS). XPS was
performed at the Photoemission Research Technology
Platform at the University of Warwick using a Kratos Axis
Ultra DLD spectrometer. Samples were mounted on a non-
magnetic, stainless-steel bar using electrically conductive
carbon tape. The XPS spectrometer base pressure was ∼1 ×
10−10 mbar, and samples were pumped to <1 × 10−6 mbar in
the load lock before transfer, and then measured under a
chamber pressure <1 × 10−9 mbar. XPS measurements were
performed using a monochromated Al Kα X-ray (1.487 keV)
source. Measurements were conducted at room temperature
using a charge neutraliser and at a take-off angle of 90° with
respect to the sample surface. All XPS spectra were calibrated
to the C 1s core level. Core level spectra were recorded from
an analysis area of 300 × 700 μm by using a pass energy of 40 eV
(resolution approx. 0.7 eV).

Fitting procedures to extract peak positions and relative
stoichiometries were performed using the Casa XPS software
suite, linear backgrounds, and mixed Gaussian–Lorentzian
(Voigt) line shapes. These were fitted and corrected using
their corresponding sensitivity factors, considering the
photoelectron mean free paths and photoionization cross
sections of these core levels. The spectrometer work function
and binding energy scale were calibrated using the Fermi
edge and Ag 3d5/2 peak from a clean polycrystalline Ag
sample measured prior to the experiments.

Depth profiles were collected by etching samples via
monoatomic Ar+ sputtering for a total duration of 9200 s. To
calibrate the milling rate, thickogram method was used,
which determines film thickness based on the intensity and
kinetic energy of overlayer and substrate peaks, sensitivity

Table 1 Summary of relevant parameters from the ALD process for each
co-reactant used with the TMDAH precursor54

Conditions O2 plasma H2O O3

Pulse duration (s) 0.25 0.25 0.25
Precursor purge duration (s) 5 10 10
Co-reactant pulse duration (s) 6 0.06 0.15
Co-reactant intensity (W) 300 — —
Co-reactant purge duration (s) 5 10 15
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factors (7.12 for the HfOx overlayer and 0.772 for the Si
substrate) and the attenuation length of photoelectrons in
overlayer (2.17 nm).30–32 Thicknesses calculated using this
method have an estimated uncertainty of ±30%, based on the
uncertainty in the attenuation length,32 peak energies, and
intensities.59 Relative atomic concentrations were determined
from core level peaks (Hf 4f, O 1s, Si 2p) identified from
survey scans at multiple milling depths. Subsequent high-
resolution core level spectra were collected, on which fitting
and chemical state analysis, supported by the NIST XPS
database,35 were used to investigate the chemical
composition of the film.

X-ray diffraction. Grazing incidence XRD (GI-XRD) was
carried out at the X-ray Diffraction Research Technology
Platform using a third generation Panalytical Empyrean XRD
diffractometer, equipped with multicore (iCore, iCore) optics
and a Pixcel3D detector under Cu Kα1/2 radiation. The sample
surface was aligned to the direct beam to ensure that it was
at the centre of rotation of the goniometer, and the incident
angle was set to 0.5°. 2θ measurements were made in the
range of 15–70° 2θ.

Photoconductance decay. Photoconductance decay
lifetime measurements were performed at 30 °C using a
Sinton Instruments WCT-120PL lifetime tester (software
version 5.74). Measurements were averaged over five
measurements and were performed using the quick decaying
(0.02 ms) flash mode, except for low effective lifetime
samples (<200 μs at Δn = 1 × 1015 cm−3), which were
measured using the slow-decaying (1.75 ms) flash.

Effective lifetime measurements made using the quick
decaying and slow decaying flash are assumed to be accurate
to ±8% and ±11%, respectively.46 Effective lifetime
measurements were made on samples following annealing in a
forming gas, O2 and N2 environment using a spatially-resolved
photoluminescence imaging modulum tool calibrated to
carrier lifetimes, described in ref. 60. Measurements were
made on 5 cm × 5 cm samples, considered sufficiently large
to avoid strong impacts of edge recombination on the
experiment.61 Passivation quality was quantified in terms of
SRV as:

SRV ¼ W
2

1
τeffective

− 1
τbulk

� �
(1)

where W is sample thickness, and τbulk taken as the
intrinsic (i.e., radiative and Auger) limit using the
parametrization of Niewelt et al.,40 taking photon recycling
into account by assuming planar sample surfaces.
Assuming no extrinsic contribution to τbulk means values of
SRV are upper limits. Prior work using nominally identical
HfOx-coated Si substrates found these substrates to show
no degradation of bulk lifetime at the annealing
temperatures used herein.6 Thus, we consider our results
qualitatively comparable even if extrinsic recombination
were present. J0s values, which have a relative uncertainty
estimated to 10%,62 were determined via an automated fit
to unsmoothed data evaluated using the 2-point derivation

method by the Sinton Lifetime Tester™ software (v.5.74).
The fit region was centred around Δn = 1 × 1015 cm−3. A
discussion on extracting J0s from this region can be found
in ref. 63. Our samples are coated with identical dielectric
films on both sides; hence we state single-side J0s values by
dividing extracted J0s by 2.

64

Kelvin probe force microscopy. Contact potential
difference (CPD) measurements were made with a KP
Technologies SKP5050 Kelvin Probe with a 2 mm gold-plated
tip, based on the method of Baikie et al.65 A Fiber-Lite DC-
950 Quartz Tungsten Halide lamp was used for surface
photovoltage (SPV) measurements. Surface photovoltage is
defined as CPDillumination − CPDdark.

Corona charging. Corona charging was used to
characterize the level of negative fixed charge in the dielectric
films. Positive corona charging deposits extrinsic charge on
the sample surface which offsets the built-in negative charges
within the films. Eventually, successive corona charging
counterbalances the intrinsic charge, with the quantity of
deposited charge (Qcorona) required to reach this point
providing an estimation of Qfixed in the film.42 A custom-built
corona charge apparatus, similar to that described by Bonilla
et al.,66 was used to deposit charge on the thin films.
Samples were subjected to 3.5 V for 5 s on either side, which
corresponds to deposited charge of ∼3.7 × 1011 q cm−2 per 5
s of corona charging. Following each corona charging
treatment, effective lifetime was measured using the slow
flash mode.

Conclusions

We have studied ALD-grown hafnium oxide with three
different co-reactants: O2 plasma, O3 and H2O. Herein, HfOx

is deposited on n-type silicon from a tetrakis(dimethylamido)
hafnium (TDMAH) precursor at 200 °C, and characterised
both in the as-deposited state and as a function of annealing
temperature. The choice of co-reactant has a considerable
impact on resultant film properties, with differences in
crystallinity, composition, passivation quality, interfacial
quality, and fixed charge magnitude. Depth profiling
conducted with X-ray photoelectron spectroscopy reveals
differences in composition between the HfOx surface and the
HfOx/Si interface. We find that H2O-based HfOx gives rise to
the best passivation quality, even at low annealing
temperatures, as a result of high fixed negative charge levels
(−1012 q cm−2) and good chemical passivation. Neither the co-
reactant choice nor annealing environment change the
resulting charge polarity.

Data availability

Data underpinning figures in this paper can be freely
downloaded from https://wrap.warwick.ac.uk/181742/. Requests
for additional data should be made directly to the corresponding
authors.
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