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Abstract

Facile mapping of 2D heterostructures and resolving anisotropic formation kinetics down to the
monolayer level are critical to developing scalable interfacing solutions and unlocking their
application potential in emerging nano-optoelectronics. We adapt a Kramers—Kronig constrained
variational fitting algorithm for spectroscopic imaging ellipsometry (SIE) to facilitate multi-scale
heterostructure analysis comprising films with unknown complex dielectric functions and
demonstrate how this enables non-destructive, scalable mapping and operando capability for the
model system of HfS, oxidation. This methodology proves highly accurate for assessing the
thickness of buried HfS, layers, oxide quality, and lateral and vertical uniformity. We capture
dynamic stack evolution during thermal oxidation up to 400 °C, providing insights into the
temperature and time-dependent nature of self-limiting oxide growth and reaction kinetics that
involve the localised trapping and release of sulphur reaction products. Our methodology is
versatile in material and device horizons, and advantageously agnostic to the underlying substrate.
Combined with the various modes of SIE operation, it unlocks fast, high-throughput, large-area
capability to accelerate process development at the atomic scale.

1. Introduction

High-throughput experimental workflows and rapid
feedback loops are essential to unlock much-needed
accelerated materials development [1-5]. At every
stage of the process, from materials discovery to man-
ufacturing pathway discovery and quality monitor-
ing, there is demand for characterisation approaches
that can resolve complex structure-property relations
down to the atomic layer level as well as enable
smart, high-throughput, low-cost screening [6, 7].
Spectroscopic imaging ellipsometry (SIE) [8-12] is
emerging as a powerful technique in this context,
displaying versatility in both material and applica-
tion horizons. Its various measurement modes not
only facilitate the exploration of optical properties
[13-16] and in operando growth kinetics [17-20],
but also enable rapid, large-scale mapping [10,
11, 21]. Notably, SIE stands out as one of the

© 2024 The Author(s). Published by IOP Publishing Ltd

few techniques capable of non-destructive charac-
terisation of buried layers and interfaces [22-24],
combining the advantages of optical microscopy
and spectroscopic ellipsometry. For emergent 2D
materials, atomic monolayer thickness resolution has
been demonstrated on different substrates [9, 14],
and SIE used to resolve mono-, bi-, and trilayer
systems [9, 10, 12, 14].

More complex sample structures, however, high-
light the current challenges of ellipsometry. For novel
materials with unknown complex dielectric func-
tions (¢), modelling the optical response requires
numerous global fitting parameters [8, 9, 12—14, 25].
While prior knowledge of material properties can
constrain the free parameters to physically mean-
ingful values and accelerate convergence, widespread
fitting procedures such as the Levenberg-Marquardt
algorithm [9, 12, 13, 26, 27] rapidly become time-
intensive and computationally taxing when applied
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to highly parameterised systems [28]. 2D materials
add another level of complexity: a layer-dependant
dielectric response and shifting bandgap, requiring
separate ¢ extraction at various sample thicknesses
from monolayer to few-layer and bulk [9, 13, 14].
Material instabilities, e.g. degradation against ambi-
ent conditions and/or the formation of interfacial
layers, present further complexities to fitting and
interpretation [8]. These challenges are particularly
pertinent to using SIE for operando reaction studies,
where the layer number, thickness and properties are
dependent on process parameters and time, i.e. are
dynamically changing.

Here, we adapt a Kramers—Kronig constrained
variational analysis [29] as an alternative, highly effi-
cient fitting methodology, and demonstrate hetero-
structure mapping and operando capability for the
model system of HfS, oxidation. HfS, is a layered
semiconductor of the transition metal dichalcogen-
ide (TMD) family [30, 31] with a stable, high-
k native oxide [32-35]. Clean, scalable interfacing
remains a crucial bottleneck for 2D nanoelectron-
ics, and such complementary semiconductor/dielec-
tric structures are of large technological potential
[36, 37], as highlighted by the historic dominance of
the Si/SiO; system [38, 39]. Recent literature high-
lights promising device data from 2D semiconduct-
ors with native oxides [32-34, 40-43], including
HfS,, HfSe, and ZrSe,. However, oxidation has a
vast associated parameter space, from precursors to
activation, including plasma, thermal annealing, and
laser/photo-oxidation [33-35, 44]. Moreover, models
used for bulk and conventional thin film materials,
such as the Deal-Grove model for Si oxidation [45],
do not straightforwardly translate to layered materials
with extreme structural anisotropy. Operando capab-
ility is required to refine the understanding of reac-
tion kinetics and to improve predictive control.

Our fitting algorithm enables the accelerated and
precise determination of unknown ¢, facilitating a
multi-scale analysis of layered HfS,/HfO, hetero-
structures. The layer-resolved SIE mapping of par-
tially oxidised HfS, areas with 1 um lateral resol-
ution allows for an assessment of oxide quality,
homogeneity, and thickness as a function of pro-
cess parameters. Simultaneously, operando oxida-
tion experiments provide insights into the temper-
ature and time-dependent nature of self-limiting
oxide growth, revealing the formation, trapping and
release of volatile sulphur species during the oxida-
tion process.

2. Methods

2.1. Sample preparation

HfS, flakes are micro-mechanically exfoliated
(Ultron Systems adhesive tape) from commer-
cially available bulk crystals (HQ Graphene) on
n-type doped Si wafers with a 285 nm SiO,
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layer for enhanced optical contrast. The regions
of interest are identified via optical microscopy
(Nikon Eclipse LV200). All sample preparation pre-
oxidation is done under an Ar atmosphere inside
a glovebox.

2.2.SIE

Ellipsometry measurements are performed with an
EP4 SIE (Park Systems Gmbh, Goéttingen), with a
spectral range between 360 to 1000 nm and a ~ 5 nm
output bandwidth. The reflected light is collected
through an analyzer and a 20x or 50x objective to a
1392 x 1040 pixel CCD camera, allowing for a lateral
resolution down to 1 ym.

Characterisation of freshly exfoliated, unoxid-
ised HIS, flakes is performed using a solid-liquid
cell configuration (Park Systems Gmbh, Goéttingen)
set up with a continuous nitrogen flow to minim-
ise any material oxidation. To further ensure mater-
ial integrity, the cell is assembled inside the glove-
box. (¥, A) spectra are recorded as a signal average
over an approx. 10 ym x 10 yum homogeneous region
of interest (ROI) via the single-point measurement
mode at 200 equidistant A points along the 360 to
1000 nm range.

The SIE mapping function is employed for the
high-resolution imaging and characterisation of par-
tially and fully oxidised HfS, samples, measured in
ambient conditions at room temperature. Each map
pixel encodes a complete (¥, A) spectra, which is
then fitted using the EP4Model software. The thick-
ness information is extracted for each layer as com-
plementary 3D maps.

The HfS, and HfO, thickness maps shown in
figures 3(c) and (d) are fitted from an SIE image cap-
tured using a 50x magnifying objective. The total area
displayed contains 203 x 237 pixels, corresponding
to 58.3 um x 68 pm. Each pixel measures approxim-
ately 0.29 pum x 0.29 pm, as recorded in the raw file
metadata. No binning (defined as integrating N x N
pixels of the original image into one pixel of the pro-
cessed image) is applied during the data acquisition
or image processing steps in order to maximise resol-
ution. The image exhibits some edge diffusion, poten-
tially due to optical aberrations or noise interference.
Therefore, we consider the resolution accurately rep-
resented as ~ 1 um.

Operando studies are performed using single-
point measurements to increase time resolution. A
heating stage (Linkam) is mounted on top of the
EP4 sample holder, and oxidation is monitored from
23 °C to 400 °C under ambient conditions. The sig-
nal is averaged over an approx. 10 um x 10 pm ROL
Each (U, A) spectra, taken at 30 equidistant A points
along the 360 to 1000 nm range, is recorded over 6
min, at 6 min intervals.

All measurements are performed in the P-A-
nulling mode, at an incidence angle of 50° for ambi-
ent and operando experiments. The geometry of the
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solid-liquid cell set-up requires a 65° incidence angle
with respect to the surface normal.

2.3. Complementary sample characterisation

The thickness of HfS, and HfS,/HfO, heterostruc-
tures is determined via atomic force microscopy
(AFM; MFP-3D Asylum System and Bruker Icon). To
mitigate the effect of native oxidation, pristine HfS,
flakes are characterized using a closed nitrogen cell
(Asylum) assembled inside the glovebox.

Scanning transmission electron microscopy
(STEM) images and energy dispersive x-ray (EDX)
spectroscopy elemental maps of the oxidised HfS,
samples are collected using a ThermoFisher Titan
STEM (G2 80-200) equipped with a Cs probe cor-
rector (CEOS) and ChemiSTEM Super-X EDX
detector, operating at 200 kV. High-angle annular
dark field STEM images are acquired using a semi-
convergence angle of 21 mrad and a collection angle
of 54 mrad. High-resolution transmission electron
microscopy (HRTEM) imaging is performed using
a ThermoFisher Talos S/TEM (F200X), operating at
200 kV. Cross-sectional TEM samples are prepared
using a ThermoFisher Nova Nanolab 600 focus ion
beam (FIB). A protective layer of C and Pt is depos-
ited onto the sample surface prior to the FIB sample
preparation.

3. Results and discussion

3.1. Variational fitting methodology for SIE data
analysis
The analysis of multi-layer heterostructures via SIE,
especially in the context of complex reactions such
as material oxidation, requires an appropriate under-
standing of each layer’s dielectric response and a
representation of the sample structure, in the form
of an accurate optical model. Fundamentally, since
there is no direct calculation for extracting physical
quantities from the ellipsometric angles (¥, A), the
determination of any unknown parameters becomes
a non-linear regression problem: given our best ini-
tial estimation of the sample’s properties, a model set
of (U,A) is generated and compared to the measured
(U, A), referred to as the ground truth. Through an
iterative adjustment of the fitting parameters, we aim
to minimise the difference between the model (¥,A)
and the ground truth until we converge on the ‘true’
value of the parameters. Consequently, prior inform-
ation is initially required to facilitate convergence and
build a high-accuracy model that can correctly inter-
pret the sample’s (V,A). We follow the ellipsometric
data analysis methodology outlined in figure 1: con-
struction of an optical model describing the hetero-
structure of interest, modelling of ¢ for each constitu-
ent layer, and fitting of the predicted (¥, A) to meas-
ured (¥, A) spectra.

We model the progressive oxidation of HfS, as a
HfS,/HfO, heterostructure (figure 1), with variable
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layer thickness parameters, from pristine HfS, (doxide
= 0 nm) to fully converted HfO, (dugi, = 0 nm),
with the substrate defined as Si(100) with a 285 nm
SiO, layer. The initial material sequence is thereby
informed by previous HfS, studies demonstrating
that oxidation progresses from the topmost layer with
negligible interfacial oxide between the HfS, and
substrate [33, 34, 46]. Due to the impact of process
parameters on material stoichiometry, we universally
label the oxide layer as HfO,.

It is important to note that each material is mod-
elled as an ultra-flat, uniform layer with sharply
defined interfaces, which can be difficult to attain in
the context of partially oxidised heterostructures. Any
deviation from the ideal optical model results in sig-
nal loss, data interpretation challenges, and reduced
resolution. Generally, SIE can facilitate surface rough-
ness analysis through the incorporation of an addi-
tional top layer into the optical model [8]. This layer
would be represented by a mixture of eyso, and €,ir,
and measure a few nanometres in thickness. Treating
the surface roughness as a separate optical layer can
be useful in quantifying the surface quality or monit-
oring changes in morphology. However, it introduces
several highly correlated parameters into the fitting
process, which can converge to multiple solutions.
For instance, there can be little distinction between
5 nm of oxide with a 1 nm roughness layer and 4 nm of
oxide with a 2 nm roughness layer. Therefore, we have
chosen to model the oxide as a single layer and thus
factor any surface roughness into the HfO, signal.

The complex dielectric function of HfS; is extrac-
ted from a ~20 nm exfoliated sample via a Kramers—
Kronig constrained variational analysis [29] of the
raw (¥, A) spectra (figure 2). To suppress ambi-
ent oxidation [47, 48] and minimise the systematic
error introduced by a native oxide layer, we meas-
ure pristine HfS, samples under a protective nitro-
gen atmosphere (see Methods). The fitting procedure
is implemented using the Imfit package for Python
[49], and the non-linear least-squares minimisation
problem is solved using the Levenberg-Marquardt
algorithm. The root mean square error (RMSE) and
the unbiased RMSE values evaluate the goodness
of fit.

First, we extract a rough ¢ by fitting the spectra
to an appropriate physical model with limited global
parameters to minimize computation time. We use
the Tauc-Lorentz oscillator model [8], a refinement
of the Lorentz oscillator allowing for the parametrisa-
tion of the bandgap absorption in semiconductors,
as derived by Jellison and Modine [50]. The Tauc—
Lorentz oscillator (RMSE = 2.01, unbiased RMSE
= 3.01) successfully captures the indirect bandgap
transition at Eg = 2.15 £ 0.25 eV, which agrees with
the experimentally measured values of 1.96 eV and
2.13 eV reported by Greenaway et al [51] and Roubi
et al [52] for bulk HfS,. However, given the lim-
ited number of parameters, the Tauc—Lorentz model
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ystems [8]: (1) Optical constants and layer thicknesses are

measured from the change in polarization state upon light reflection, encoded as ellipsometric angles (¥, A) for a range of
incident wavelengths. (2) Each layer is described by the material’s € and thickness parameter (d), then integrated into an optical
model. (3) For materials with unknown ¢, dielectric function models are assigned: a transparent insulating oxide is most often
described by a Cauchy dispersion (assuming e, = 0), while a semiconductor can be parameterised by a Tauc-Lorentz oscillator.

(4) The predicted (¥, A) , as calculated from the constructed opti;

cal model, are fitted to the raw data. (5) An iterative fitting

process converges on the correct thickness and dielectric function parameters, where the optical model accurately predicts the

experimental result.

fails to properly represent the 360 to 500 nm optical
response. Conventionally, additional Lorentz oscillat-
ors can circumvent this issue [9, 53], but the three
global parameters added per oscillator exponentially
increase the computational cost. Here, any ‘lost’ fea-
tures not described by the Tauc-Lorentz oscillator
are captured using the variational fitting algorithm,
with a resulting RMSE of 1.18 and unbiased RMSE of
2.34. This method works as a fine correction of the
rough dielectric function, treating the spectral range
as a series of narrow triangular oscillators anchored
equidistant between each data point [29].

From the as extracted epys, , we obtain a maximum
extinction coefficient (k) for HfS, of 4.4 at 376 nm
incident wavelength. We calculate an absorption coef-
ficient (o) of 1.46x10°cm™! using the expression
a=4mk/\, resulting in an approximated penetra-
tion depth (d,) limit of 6.9 nm. The details of this
calculation are expanded upon in the supplement-
ary material (figure S1). Since the detection limit of
ellipsometry measurements can be approximated to
5xd, [8, 54], we select an initial pre-oxidation thick-
ness < 30 nm for all HfS, samples, thus allowing the
monitoring of HfS,/substrate interactions.
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Figure 2. Ellipsometric measurement of a ~20 nm HfS, flake on Si/ 285 nm SiO; substrate under nitrogen atmosphere. (a)—(b)
The (¥, A) spectra are fitted to a Tauc—Lorentz oscillator (RMSE = 2.01, unbiased RMSE = 3.01), and then further adjusted via
a Kramers—Kronig constrained variational algorithm [29] (RMSE = 1.18, unbiased RMSE = 2.34). (c) The real part of the
complex dielectric function (e;) extracted via the Tauc-Lorentz model and the variational model. (d) The imaginary part of the
complex dielectric function (e;) extracted via the Tauc-Lorentz model and the variational model. Bandgap calculated as

2.15 %+ 0.25 eV for both methodologies.

The crystal anisotropy is addressed by considering
€ufs, as a linear combination of the in-plane and out-
of-plane dielectric tensors [8], and a good approxim-
ation for HfS, identification in the < 30 nm range.
This isotropic approximation is a common approach
in the ellipsometric analysis of anisotropic TMDs
[13-16], since the in-plane component dominates the
overall dielectric value. Future work will cover this
methodology’s application in capturing each com-
ponent’s individual parameters and creating a univer-
sally applicable model.

3.2. HfS,/HfO, heterostructure modelling

Once the semiconductor layer has been defined,
we incorporate epp, into the multi-layer
Si/SiO,/HfS,/HfO, model, with dyg, and duo, as
free parameters. The complex dielectric functions
for the Si, SiO,, and HfO, layers are implemented
using the dispersion tables available in the EP4Model
software library, collected from the Sopra database
[55]. We assess the accuracy of this optical model
against cross-sectional TEM of a partially oxidised
HIS, sample, exposed to thermal annealing at 200 °C
for 30 min in ambient conditions (figure S2 in sup-
plementary material). TEM imaging reveals non-
uniform oxidation characterised by 2.3-3.6 nm of
amorphous top oxide growth and a semiconductor
layer spanning 16.1-19.6 nm. Despite a considerable
contrast between the field of view in TEM analysis

and the pm scale signal averaging inherent in ellipso-
metric measurements, our model demonstrates close
agreement by identifying a 3.2 nm oxide layer on top
of 19.2 nm of HfS,. This calculation is derived from
signal averaging over a 1.5 um x 5.5 um sample area.

EDX spectroscopy elemental mapping confirms
HfO, formation and suggests the presence of S
residue (9.1 atomic %) in the oxide layer (figure S3
in supplementary material). Sulphur doping is anti-
cipated to induce a red shift in the absorbance spectra
of hafnia, facilitating absorption in the visible region,
as well as an increase in the real part of the com-
plex refractive index [56]. However, the reasonable
agreement between the SIE and AFM-measured oxide
thickness values indicates the presence of S impurit-
ies is sufficiently low to exert minimal influence on
the oxide’s €.

Notably, the high-resolution TEM (figure S2 in
supplementary material) also reveals the formation
of a ~1 nm oxide layer at the SiO,/HfS, interface.
Previous TEM imaging of HfS, after plasma [33,
46] and laser-assisted oxidation [34] shows exclus-
ively top-down oxide growth, while studies investig-
ating HfS, thermal annealing and native oxidation
under ambient conditions [35, 48] include no cross-
sectional analysis. However, Mleczko et al [32] report
both top and bottom oxide formation for the neigh-
bouring Group 4 TMD ZeS, after 3 days of ambient
exposure. We adjust the HfS,/HfO, model by adding
an additional hafnia interlayer and refit the previous
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Figure 3. Imaging of partially oxidised HfS, on Si/ 285 nm SiO; via (a) optical microscopy, (b) AFM, and (c)—(d) SIE mapping of
the top HfO, layer and buried HfS,, indicating homogeneous oxide regions up to 6.5 nm. We observe a higher density of signal
loss (represented as white patches within the flake boundary) and thickness variance in the oxide layer of partially converted
HIS,/HfO, suggesting increased surface roughness compared to fully oxidised regions. (e) SIE thickness profiles showing almost
perfect overlap with AFM result. Spikes in layer thickness along the flake edges are disregarded as common measurement
artefacts. The oxide layer is grown via thermal oxidation in ambient conditions at 200 °C for 60 min.

20 25 30 35

data to a HfO,/HfS,/HfO, configuration. The result-
ing values for the top oxide and HfS, layers remain
unchanged, with the bottom HfO, thickness calcu-
lated as 0 &= 1 nm. Therefore, since the oxide thickness
at the HfS,/SiO, interface falls within the error mar-
gin, we maintain the previous simplified model.

The HfO, layer is also independently paramet-
erised using a Cauchy dispersion relation [8], assum-
ing a transparent dielectric in the 350 to 1000 nm
range [57], in order to track any fluctuations in the
oxide’s refractive index (figure S4 in supplementary
material). For the given oxidation parameters, no
improvement is observed in the accuracy of the oxide
thickness calculation, therefore the EP4 library dis-
persion is used for all further measurements.

3.3. Heterostructure mapping

In the interest of larger-scale data acquisition of the
global oxidation rather than localised behaviour, we
employ the SIE mapping function, which allows us
to simultaneously probe 100 yum x 100 gm areas of
interest with 1 ym spatial resolution (see Methods).

This enables the visualisation of complementary
thickness maps for every heterostructure layer.

Figure 3 showcases this mapping capability for
the example of a HfS, sample partially oxidised via
thermal annealing at 200 °C for 60 minutes, com-
plemented by optical microscopy (figure 3(a)) and
AFM (figure 3(b)). The optical micrograph shows
combined interference contrast due to the choice
of SiO, support [58—60], which can be correlated
to material conversion but has no direct translation
into oxide thickness. Our ellipsometry methodology
allows imaging of the buried interface and separate
mapping of the semiconductor layer and its oxide
(figures 3(c) and (d)).

The HfS, map reveals unoxidised material
regions, undetectable by other non-destructive char-
acterisation techniques, while SIE mapping of the
HfO, layer surveys oxidation uniformity, showing
homogeneous oxide up to 6.5 nm for the given reac-
tion parameters. The presence of areas of missing
signal and high variance, most noticeably as blank
patches in the HfO, map, suggest higher surface
roughness or heterogeneity in the oxide layer of a
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Figure 4. SIE thickness monitoring of the HfS, and HfO, layers during operando oxidation of a ~25 nm HIfS, flake. Sample
progressively oxidised by a step-wise temperature increase from room temperature to 300 °C over a 60 h time frame. Background
colour corresponds to the sample temperature at the time of measurement. Upper panel shows ellipsometric contrast images
captured during the measurement at oxidation points 1) 4.9 h, 190 °C; 2) 6 h, 200 °C; 3) 9.1 h, 200 °C; 4) 21.9 h, 200 °C; 5) 25 h,
200 °C; 6) 28.5 h, 220 °C; 7) 33 h, 220 °C. Signal averaged over a 10 um X 10 pm region of interest (ROI), outlined in green and

oxidation process.

appearing distorted due to the oblique angle of view in the ellipsometer set-up. Displayed ROI is the only selection for data
acquisition on this sample and thus assigned the label ‘0’ by the EP4 software (shown in red). We observe the formation of
transient blisters within the material, attributed to the accumulation and subsequent release of volatile S species during the

partially converted HfS,/HfO, heterostructure com-
pared to fully oxidised regions. The increased oxide
thickness observed along the flake edge is disregarded
as a common measurement artefact, as supported by
AFM. Figure 3(e) demonstrates the almost perfect
overlap between the SIE thickness profiles and the
AFM cross-section, confirming the optical model’s
accuracy and SIE’s reliability as a faster, larger-scale
alternative to AFM.

3.4. Operando oxidation

We observe the HfS, oxidation in operando for
a ~25 nm flake progressively oxidised by a step-
wise temperature increase from room temperature
to 300 °C over a 60 h time frame (figure 4). Each
data point, corresponding to a set of (¥, A) spec-
tra taken at 30 equidistant wavelength points along
the 360 to 1000 nm range, is recorded over 6 min
at 6 min intervals. The signal is averaged over an
approx. 10 um x 10 um ROI outlined in green on the
ellipsometric enhanced contrast (ECM) images cap-
tured during the measurement (top panel of figure 4,
images 1-7). The data is fitted to the previously dis-
cussed HfS,/HfO, model, and the thickness para-
meter of each layer is plotted as a function of time and
temperature.

The HfO, signal stagnates at 0 nm until 170 °C,
despite the HfS, showing a steady decrease. This could
be a consequence of inhomogeneity, reduced sensitiv-
ity to the transparent oxide compared to the stronger
semiconductor signal, or an experimental limita-
tion, as the expected ~1-2 nm of oxide growth falls
within ellipsometry measurement errors. Therefore,

we assess the oxidation progression via the HfS, layer
thickness.

It is worth noting that ellipsometry at elevated
temperatures poses another challenge in terms of data
analysis: the temperature dependence of the dielec-
tric function [8] translates to the broadening and shift
to lower energies of the ¢ peaks. Most well docu-
mented is the temperature dependence of g; [61, 62]
within the 0 to 1000 K range. Therefore, the decon-
volution of the HfS, and HfO, dielectric functions
above room temperature can present some difficulty
due to this global effect over each layer in the mater-
ial stack. Given the final oxide thickness value, meas-
ured in operando by fitting to the previously dis-
cussed ‘room temperature’ optical model, is in good
agreement with post-mortem AFM measurements,
we consider the change in € to be negligible in this
temperature range for layer thickness monitoring.

The first 6 data points in figure 4 are recorded
at room temperature, showing an initial decrease of
~0.8 nm in the HfS; layer, comparable to the 0.68 nm
monolayer thickness measured via AFM by Fu et al
[63] and the 0.59 nm interlayer distance as calculated
by Greenaway and Nitsche [51]. Exposure to ambi-
ent conditions for an additional 30 min results in no
change to the HfS, signal, suggesting the formation of
a self-limiting native oxide layer (enlargement of the
data recorded during the first 5 h is shown in figure
S5 of the supplementary material). The temperature
is then increased to 50 °C, 100 °C, and 150 °C at 30
min intervals. We observe the thickness change occurs
immediately after the temperature increase, with sub-
sequent data points recorded at the same temperature
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converging to a stable value, which suggests a self-
limiting behaviour within these parameters.

The temperature is then increased in steps of
10 °C up to 200 °C, maintaining a 30 min interval
with the exception of the 160 °C and 180 °C regions.
At these temperatures, the signal shows greater fluc-
tuation and has not yet stabilised to a constant value
after 30 min, necessitating a doubled time frame of
1 h. After the 200 °C threshold, the oxidation accel-
erates and continues to full conversion of the HfS,
into its native oxide over 10 h. Notably, this oxida-
tion coincides with a higher level of signal instabil-
ity, which can be correlated to severe roughening
of the previously uniform flake and the appear-
ance of blisters within the measured ROI (figure 4,
images 2—5). Since the pm-scale surface inhomogen-
eity is much larger than the incident wavelength, this
increase in the measurement error is expected due to
partial polarisation of the reflected light [64].

Blister formation also impacts the calculated
oxide thickness, which is temporarily distended to
~30 nm before stabilising at 18.3 nm after a return
to flake uniformity (figure 4, images 4-7). The HfO,
layer averages 18.3 nm for approx. 20 h of sus-
tained exposure to 220 °C. The temperature is fur-
ther increased to 300 °C, leading to a final oxide
thickness of 17.3 nm, constant over 16.5 h of main-
tained thermal annealing. The calculated HfO, thick-
ness remains stable after a final temperature increase
to 350 °C and 400 °C (figure S6 in supplementary
material), suggesting complete oxidation.

An additional SIE measurement is performed at
room temperature, indicating a 17.1 nm oxide layer
and no HfS, present, in agreement with the final
operando measurement at 400 °C. The consistency of
the oxide thickness calculation across room temper-
ature and high-temperature measurements confirms
our initial assumption that temperature has a negli-
gible effect on the € within the 23 °C to 400 °C range.

Despite the formation of transient blisters dur-
ing oxidation, the sample’s surface homogeneity both
before and after thermal treatment is confirmed via
optical microscopy and AFM (figure S7 in supple-
mentary material). Post-mortem AFM measurements
at room temperature indicate a slight increase to
19.3 nm in sample thickness compared to the 17.1 nm
measured by SIE. The 2 nm difference could be attrib-
uted to a shift in the optical properties of the HfO,
layer due to the oxidation conditions. As mentioned
earlier, different oxidation parameters can impact
material stoichiometry, giving rise to slight variations
in the . This effect proved negligible for the previous
samples but may be more pronounced in the case of
HfO, grown during the operando measurement, with
the error compounded by the doubled oxide thick-
ness. Beyond any uncertainty in the fitting proced-
ure, we also consider the effect of surface roughness
and signal averaging. The post-mortem AFM charac-
terisation suggests a degree of surface inhomogeneity
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and thickness variation, visible as white features in the
AFM image (figure S7(c) in supplementary mater-
ial). While the flake appears largely uniform in the
AFM cross-section (figure S7(d) in supplementary
material), we note that the SIE signal is averaged over
an area of 10 ym x 10 pm. Therefore, the com-
parison between AFM-measured and SIE-calculated
thickness is less precise for the single-point meas-
urements used during operando data acquisition,
as opposed to the micron-resolved thickness maps
shown in figure 3, which exhibit good overlap with
the AFM profile.

The formation of blisters during the oxidation
process has been reported for other TMD systems
[46, 47, 65]. In the case of HIfS,, most oxidation
studies mention the formation of temporary ‘islands’
that dissolve after prolonged oxidation time [46] or
no oxide heterogeneity [33-35]. The phenomenon is
studied more extensively in Se systems, specifically
HfSe, [47, 65] and TiSe, [66], outlining the accumu-
lation and retention of the less volatile Se within the
interlayer spacing as an intermediate step to full oxid-
ation. The transient nature of the blisters in our sys-
tem suggests the formation of a more volatile gaseous
sulphur species, most likely SO, as a byproduct of the
oxidation reaction.

The difference in volatility for chalcogen species
and their subsequent removal pathway during TMD
oxidation are of great technological interest for effi-
cient and homogeneous oxide growth. Additionally,
it can impact the evaluation of material conver-
sion through characterisation techniques such as
AFM. Although the reduction in material thickness
we observe after oxidation can be linked to the
1.8:1 volume ratio of HfS,/HfO, [33], conflicting
reports exist in the literature regarding this effect.
Prolonged exposure to ambient air [48] and thermal
annealing in air [35] have been linked to material
expansion. Conversely, studies on plasma [33] and
laser-assisted oxidation [34] suggest material com-
pression, while yet another investigation into HfS,
conversion via oxygen plasma [46] notes a thickness
increase. However, the studies concurring on mater-
ial expansion also report increased surface roughness,
which suggests oxidation progression to a stage akin
to the previously observed ‘blistering’ phenomenon
without reaching the point of expelling volatile spe-
cies trapped in the oxide.

We find that the start and end point of this ‘rough-
ening’ effect, as well as the surface area and stability
of the blisters, depend on multiple parameters (flake
size and thickness, oxidation temperature, and ramp-
up temperature profile), likely due to kinetic com-
petition between oxidation rate and volatility of the
reaction products. Figure 5 shows the example of a
HfS, sample of similar thickness where the blisters
have been preserved ex situ after 10 min of thermal
annealing at 300 °C in ambient conditions. The pres-
ence of blisters and surface inhomogeneity is visible
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X 3.
’;-:.,E: HfS,

Figure 5. (a) Optical image of partially oxidised HfS, with visible blistering post oxidation. Sample obtained via thermal
annealing in ambient conditions at 300 °C for 10 min. (b)—(c) SIE mapping of the same sample, showing an average thickness of
9.9 nm and 7.1 nm for the HfO, and HIfS, layers, respectively. High variance and loss of signal (represented as white regions
within the flake boundary) in the HfO, map suggest heterogeneity is mainly present within the oxide. (d)—(e) Cross-sectional
HRTEM imaging of the above sample, demonstrating the presence of buried empty ‘blisters’ at the HfS,/HfO, interface and
within the oxide. We observe non-uniform oxidation of the HfS, layers and variation in the oxide thickness between 9 and

11.5 nm. The oxide layer is largely epitaxial but presents signs of polycrystallinity.

as non-uniform contrast under optical microscopy
(figure 5(a)) but also detectable via SIE mapping
(figures 5(b) and (c)). Both layers exhibit signal
instability and pronounced local non-uniformity,
with an average oxide thickness of 9.9 nm and HfS,
thickness of 7.1 nm. The higher noise level and sig-
nal loss in the HfO, layer (figure 5(b)), rendered on
the SIE map as white regions of zero thickness within
the flake boundary, suggest the defects lie primarily
within the oxide layer or at the HfS,/HfO, interface.
We compare this to an HRTEM cross-section of the
same sample (figures 5(d) and (e)), confirming the
presence of stochastically distributed empty pockets
across the heterostructure, both at the interface level
and closer to the oxide surface. EDX elemental map-
ping over one such structure (figure S8 in supple-
mentary material) indicates a complete displacement
of Hf within the blister, with a remaining high density
of S.

HRTEM imaging also shows polycrystallinity
in the HfO, layer, unlike the previously discussed
sample and similar studies of native HfS, oxidation,
which report an amorphous oxide [33-35]. The ana-
lysis of diffraction patterns in Fast Fourier Transform
(FFT) images confirms the presence of monoclinic
HfO, (figure S9 in supplementary material). While

SIE can discern between the amorphous and crys-
talline polymorphs of hafnia [67, 68] via shifts in
the oxide’s ¢, this difference is undetectable in the
current context of a highly non-uniform hetero-
structure, analysed in a spectral range far below the
oxide’s absorption range (4-6 eV). Further tuning of
the oxidation parameters and analysis of fully oxid-
ised samples in a wider spectral range could paint a
clearer picture of the effect of oxidation parameters
on crystallinity.

4, Conclusion

We address the challenges associated with imaging
and characterisation of buried interfaces in low-
dimensional materials, focusing on the model sys-
tem of HfS, oxidation. We have determined the
complex dielectric function of air-sensitive HfS, via
a versatile fitting technique on ellipsometric data
obtained within an inert environment, then applied
it to the modelling of partially oxidised HfS,/HfO,
heterostructures. Through the multi-scale capabil-
ities of SIE, we can generate high-resolution, non-
destructive 3D thickness maps of the oxide and bur-
ied semiconductor layer, leading to valuable insights
into oxide growth and homogeneity as a function
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of reaction parameters. We showcase the operando
capability of thermal HfS, oxidation, from pristine
HfS, to fully converted hafnia, and the detection
of self-limiting oxide growth, shedding light on its
temperature and time-dependent characteristics. We
observe the trapping and subsequent release of sul-
phur reaction products at different oxidation stages,
manifested as transient blisters within the oxide layer.
Further analysis of this phenomenon can yield valu-
able information on the kinetics of TMD oxidation
and the promotion of homogeneous oxide growth.

Additional study of the material’s € at varying
temperatures and layer thicknesses can help identify
the essential set of probing wavelengths needed
for an ellipsometric ‘fingerprint. This can exped-
ite the evaluation of material properties, resulting
in enhanced time resolution and a more compre-
hensive understanding of the reaction progression.
Similarly, adjusting experimental parameters and
utilising swifter SIE modes, such as ECM [11], may
enable measurement times on the order of seconds.
Given the versatility of the fitting algorithm, it can be
applied to the analysis of other TMDs and their het-
erostructures, including materials with pronounced
air sensitivity. More broadly, operando analysis of
multi-layer systems is relevant to any material trans-
formations involving the dynamic creation of a het-
erostructure. Our methodology enables the explor-
ation of fundamental questions on material stability
and oxidation via simultaneous analysis of the mater-
ial’s degradation and oxide formation.
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