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Spin-Orbit Readout Using Thin Films of Topological
Insulator Sb,Te; Deposited by Industrial Magnetron

Sputtering

Salvatore Teresi, Nicolas Sebe, Jessy Patterson, Théo Frottier, Aurélie Kandazoglou,
Paul Noél, Paolo Sgarro, Damien Térébénec, Nicolas Bernier, Frangoise Hippert,
Jean-Philippe Attané, Laurent Vila, Pierre Noé, and Maxen Cosset-Chéneau™

Driving a spin-logic circuit requires the production of a large output signal by
spin-charge interconversion in spin-orbit readout devices. This should be
possible by using topological insulators, which are known for their high
spin-charge interconversion efficiency. However, high-quality topological
insulators have so far only been obtained on a small scale, or with large scale
deposition techniques that are not compatible with conventional industrial
deposition processes. The nanopatterning and electrical spin injection into
these materials have also proven difficult due to their fragile structure and low
spin conductance. The fabrication of a spin-orbit readout device from the
topological insulator Sb,Te; deposited by large-scale industrial magnetron
sputtering on SiO, is presented. Despite a modification of the Sb,Te; layer
structural properties during the device nanofabrication, a sizeable output
voltage is measured that can be unambiguously ascribed to a spin-charge

the magnetization direction of a ferromag-
netic electrode. The magnetic state of the
electrode is then read electrically using
the spin-to-charge interconversion in ei-
ther heavy metals,!”] Rashba interfaces,!!
or topological insulators.[*] In these mech-
anisms, the spin current produced by the
ferromagnetic electrode is converted into
a transverse charge current thanks to the
spin orbit coupling. In order to perform
spin-logic operations, the spin-orbit read-
out devicel’) must be able to manipulate the
ferroelectric polarization state of a neigh-
boring device using its output voltage such
that the devices can be cascaded.[®l Al-
though significant progress has been made

interconversion process. The results pave the way for the integration of

layered van der Waals materials in spin-logic devices.

1. Introduction

The spin-orbit interaction induced by the spin-charge intercon-
version opens the way to the creation of spin-logic architec-
tures for low power computing.['! In these architectures, infor-
mation is stored in a ferroelectric polarization state coupled to

in minimizing the ferroelectric switch-
ing field,[”8] the required voltages are still
much higher than those obtained in cur-
rent spin-orbit readout devices.l!] There-
fore, their optimization becomes a major
challenge for the realization of spin-logic circuits such as the
magnetoelectric spin-orbit (MESO) device.!®]

Several approaches have been explored for output signal opti-
mization of this spin-orbit readout blocks. It has been observed
that downscaling the device leads to a large increase in the output
signal % while interface engineering is also required to improve
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the spin-injection efficiency,*!2] and to decrease the shunting of
the produced charge current.'>'* To date, most studies have fo-
cused on heavy metals, with relatively low spin-charge intercon-
version efficiencies and resistivities.['] Therefore, the next natu-
ral strategies to optimize the signal of the spin-orbit readout de-
vice is to look for materials with higher resistivities!'%! and higher
spin-charge interconversion efficiencies.

Topological insulators are promising materials for the realiza-
tion of spin-orbit readout devices with high output voltage. These
high-resistivity materials(’® are indeed known to exhibit high
spin-charge interconversion efficiencies due to the Edelstein-
Effect in their topological surface states,['’"1°] and have already
demonstrated their interest for spintronics applications in the
context of the spin-orbit torque.?’! The use of these materials
for spin-logic circuits is however limited by their fabrication
at small-scale by MBE!'821] or by mechanical exfoliation.[?22*]
In addition, patterning these materials into nanoscale devices
is complicated by their sensitivity to conventional nanofabrica-
tion processes,!**l so most spin-charge interconversion measure-
ments in topological insulators have been made on microscale
devices. Finally, the electrical spin injection into these materi-
als is notoriously difficult due to intermixing effects at the inter-
face with metals!'®2>26] and their low spin conductance caused by
their semiconducting nature.l?’]

Sb,Te, is one of the first topological insulators discovered,?®]
and is known to harbor a high spin-charge interconversion
efficiency.[?! This system is also used in industry as part of phase-
change memory, 231! which has led to the development of large-
scale deposition techniques for this material,*233] some of which
are industrially compatible, such as magnetron sputtering.>l
However, Sb,Te, obtained by large-scale deposition technique
has never been studied for the realization of a spin-orbit readout
device.

In this paper, we demonstrate the fabrication of a spin-orbit
readout device based on Sb,Te; deposited using industry com-
patible processes on SiO, substrates. We show that a sizeable
spin-charge interconversion signal can be obtained in this device
by engineering the interface between the Sb,Te; and the ferro-
magnetic spin-injection electrode. Finally, we discuss the effect of
our nanofabrication processes on the quality of the Sb,Te, film.
We show that a ferromagnetic spin injection layer deposited on
Sb,Te, creates a stress on this material. This leads to the appear-
ance under the ferromagnetic electrode of disorder due to stress-
induced disorientation of the initially c—axis oriented Sb, Te, crys-
tallites.

2. Material Characterization

A 15 nm thick Sb,Te, film was deposited by magnetron sputter-
ing in an industrial cluster tool at = 250 °C on a 300 mm diameter
(100) Si wafer, covered with a 100 nm thick thermal SiO, layer
as a bottom insulating layer. Co-sputtering of a stoichiometric
Sb,Te, target and a Te target was used. As shown previously,?1:3*]
this deposition method compensates for Te desorption and al-
lows to deposit well-oriented Sb,Te, films, with Sb and Te planes
parallel to the film surface (Figure 1a), due to the formation of
a Te atomic layer on top of the 100 nm SiO, layer. Using X-ray
reflectivity, the film thickness is measured to be about 15 nm,
while its RMS roughness has been estimated to be 1.4 nm using
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atomic force microscopy (Figure Slc, Supporting Information).
The Sb,Te, film was left uncapped for the purpose of being fur-
ther integrated in devices, which leads to the formation of a thin
oxide layer on the film surface.*’]

The structural quality of the film was controlled by X-ray
diffraction (XRD) patterns acquired in the § — 20 geometry
(Figure 1b). Only 00! diffraction peaks are detected (hexagonal in-
dexation of the rhombohedral structure of Sb,Te;). An in-plane
diffraction pattern (Figure Sla, Supporting Information) shows
that no preferred in-plane orientation of the crystallites is present.
The XRD results show thus that the Sb,Te; film is polycrys-
talline with a fiber texture. The measured hexagonal lattice pa-
rameters (¢ = 3.0537(30) nm and a = 0.42655(10) nm) are con-
sistent with literature values.*) The structure of Sb,Te, can be
described as a stacking of quintuple layers (QL) consisting of Te—
Sb-Te—Sb-Te planes perpendicular to the [001] direction (hexag-
onal indexation) and separated by van der Waals-like gaps as vis-
ible in Figure 1a. The degree of out-of-plane orientation of the
Sb, Te, crystallites in the film was determined by analyzing a rock-
ing curve shown in Figure S1b, Supporting Information. This
curve can be described as the combination of a narrow peak with
full width at half maximum (FWHM) of 0.8°, superimposed on
a slightly broader one (FWHM of 3.8°). This indicates the co-
existence of well-oriented Sb,Te, crystallites, with the c—axis per-
pendicular to the film surface, and slightly disoriented crystal-
lites. The detection of Laue oscillations (Figure S2, Supporting In-
formation) indicates the high structural quality of the film. These
results are comparable to the ones obtained for MBE-deposited
films on amorphous layers!*”] or Ge (001) substrates,**] demon-
strating the industrial potential of magnetron sputtering for the
fabrication of high structural quality topological insulators on a
large scale.

We then characterized the transport properties of our Sb,Te,
films using electrical measurements on as-deposited 15 nm thick
films with gold contacts at the corners using the conventional
van der Pauw method. The sheet resistance displays a metal-
lic behavior with decreasing temperature (Figure 1c) with a re-
sistivity of 6000 Q - nm at low temperature. This indicates that
the Sb,Te; bulk is conductive. A predominantly temperature-
independent carrier density of n, = 10%° cm™ with a single hole
character was extracted from Hall measurements (Figure 1d), al-
lowing us to extract a mobility of y =10 cm? - V7! - s7! at room
temperature. The metallic behavior of Sb,Te; has also been ob-
served in MBE-deposited films*! and bulk crystals.*0 It is at-
tributed to the presence of thermodynamically favored Sb-Te an-
tisite defects, which push the Fermi level into the valence bands
of Sb,Te,,!%8] thus making its bulk conductive. A comparison of
the transport parameter of 15 nm thick sputtered Sb,Te; with
literature values is reported in Table 1. The carrier density is one
order of magnitude higher than that measured in MBE-deposited
films of similar thicknesses,!?**] indicating that our magnetron
sputtering deposited films present a relatively large density of
defects.[*?l However, this density is closer to that obtained in MBE
films of widely studied topological insulators such as Bi,Se;, in
which a difference of two orders of magnitude in carrier den-
sity between sputtered!****] and MBE films!?!] was observed. The
mobility of our film is low compared to MBE-deposited films,
which can be understood by estimating the Ioffe-Regel parameter
found to be close to unity, thus indicating an intermediate level of
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Figure 1. Structural and electrical characterization of the Sb,Te; pristine film. a) Scanning transmission electron microscopy image acquired in high
angle annular dark field (HAADF) mode and b) XRD pattern measured in the 6 — 26 geometry using a Cu (K,;) radiation source (4 = 1.5406 A) as
a function of Q = 4xzsin (6)/4. The number of &1 nm thick Sb,Te; quintuple layers (QLs) separated by Te-Te van der Waals gaps observed in (a) is
lower than that deduced from X-ray reflectivity (XRR) because of a partial surface oxidation of the film during Focused lon Beam (FIB) preparation of the
sample lamella prior to the STEM measurement. c) Sheet resistance, d) Hall measurement signal, and e) change of conductivity versus magnetic fields
measured at different temperatures. The even and odd in field signals were removed from the Hall and weak-antilocalization data, respectively.

disorder that decreases the mobility.*?! We finally performed
weak-antilocalization measurements (Figure le). While our low
field measurements do not allow us to extract the number of
conduction channels, it is still possible to obtain the coherence
length,[**! which was found to be 50 nm at 10 K by fitting the low
field signal using the Hikami-Larkin-Nagaoka formula.l*®! This
length goes to zero at around 30 K (Figure 2e), as evidenced by
the quadratic field dependence of the conductivity variation above
this temperature. This dependence of the coherence length with
the temperature is consistent with previous weak antilocalization
measurements in Sb,Te,.[*’]

3. Spin-Orbit Readout Device Fabrication

We then used the Sb,Te,; film to fabricate the spin-orbit read-
out device shown in Figure 2a. In this device, a ferromagnetic
electrode placed on top of a T-shaped spin-orbit coupling mate-
rial injects a spin current into the spin-orbit coupling material
upon application of an electrical bias current across their inter-
face (Figure 2a). This spin current is then converted into a trans-
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verse charge current in the spin-orbit coupling material and de-
tected as a transverse voltage V,,, (Figure 2a,b). Here, we used
Sb,Te; as the spin-orbit coupling material, on top of which a
20 nm thick CoFe ferromagnetic electrode is deposited. A TiO,
barrier is inserted between the Sb,Te, and CoFe layers by oxidiza-
tion under partial oxygen pressure of a 1 nm evaporated Ti layer.
This barrier is known to promote the spin injection in materials
with mismatched spin conductance.’3! The T-shape Sb,Te, por-
tion is first patterned by conventional electron beam lithography
(EBL). For this purpose, the oxidized top Sb,Te; layer is first re-
moved through the EBL resist using a low energy lon Beam Etch-
ing (IBE), and a TiO, (1 nm)/CoFe(5 nm) hard mask is then de-
posited on the deoxidized Sb,Te; surface by electron beam evap-
oration, without breaking the vacuum. All metal deposition steps
are carried out using electron beam evaporation. The uncovered
Sb,Te, area is then removed by a soft IBE after lift-off of the hard
mask. The ferromagnetic electrode is patterned in a second EBL
step. A high-energy IBE is first applied to remove the CoFe ox-
ide layer from the hard mask, before the deposition of the 20 nm
thick CoFe electrode, without breaking vacuum. This procedure

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Summary of transport parameters for topological insulators grown with different methods. MBE stands for molecular beam epitaxy and MOCVD

for metal-organic chemical vapor deposition.

Material Temperature [K] Thickness [nm]  Resistivity [Q - nm] Mobility Carrier density Growth method Reference
[em? - v=1.s7T) [cm™3]
Bi, Se; 300 8 17 500 2.64 x 10" MBE 48]
Bi,Se; 2 12 37 4.6 x 10" MBE [49]
Bi,Se; 2 10 8700 130 5 x 10" MBE [50]
Bi,Se, 300 10 13 000 80 5 x 10" MBE [50]
Bi,Se, 5 20 4300 61 5 x 10" MBE [27]
Bi,Seq., 1.8 20 13 900 10.5 4 x 102 Sputtering [43]
Bi,Seq., 300 20 11400 7.5 8 x 10% Sputtering [43]
Bi,Seq., 5 16 16 400 2.85 x 107 Sputtering [44]
Sb,Tes 300 28 25 000 100 2.5 x 10 MBE [47]
Sb,Tes 5 32 10 000 130 4.7 x 107 MOCVD [47)
Sb,Tey 300 32 17 500 115 3.2 x 10" MOCVD [47]
Sb,Te; 10 15 6000 10 1 x 102 Sputtering This work
(Big.0sSboo1)2Tes 5 10 5000 60 7.3 x 10" MBE [57]
(Bio.0sSbo.o1)2 Tes 300 10 7000 300 7.3 x 10™ MBE [51]
(Big.12Sbo ss),Tes 10 8 80 000 1900 1 x 101 MBE [29]
Strained HgTe 13 20 46 000 100 5 x 10" MBE [52]

ensures a good quality of spin contact through TiO, between
CoFe and Sb,Te;, and prevents the contact of Sb2Te3 with wa-
ter and air, to which this material is sensitive. The hard mask of
CoFe on Sb,Te, is finally partially removed by IBE, leaving an ox-
idized thin TiO,,/CoFe layer on top of the region of Sb,Te; which
is not covered by the ferromagnetic electrode. A typical scanning
microscopy image of the final device is shown in Figure 2b.

For spin-charge interconversion measurements, we used a
standard lock-in amplifier (123 Hz, I;,, = 100 pA) with the con-
necting scheme shown in Figure 2b to measure the transverse re-
sistance signal R,, = V,_ /I,;,,. The measurements are carried out
by applying a magnetic field along the CoFe electrode (Figure 2a),
thus allowing to reverse its magnetization direction. A typical
transverse signal obtained at 10 K while scanning the magnetic
field is shown in Figure 2c. It is constant at high field with a
difference of 2AR,, ~ 45 mQ between positive and negative
field values. The measured AR,, displays a variation between
20 and 46 mQ from device to device (see Supporting Informa-
tion). The peaks at small field values can be attributed to the pla-
nar Hall effect,['!) while the baseline is possibly due to a small
misalignment of the CoFe electrode with the inner leg of the
Sb,Te, structure.'% It is important to note that no high-field
transverse signal difference was observed in the absence of a TiO,,
barrier, evidencing the importance of the barrier to avoid inter-
mixing and/or spin conductivity mismatch. We further observed
that AR, decreases as the temperature increases and vanishes at
about 30 K while the low field signal distortions are still present
(Figure 2d). AR, thus follows the temperature dependence of the
coherence length measured in unpatterned Sb,Te, (Figure 2e).

At this point, the attribution of the observed AR,, signal to
spin-charge interconversion effects deserves a comment. Indeed,
the anomalous Hall effect produced by the charge current flow-
ing vertically into the electrode may produce a signal with simi-
lar symmetries,”>*] while the ordinary Hall effect from the stray

Adv. Funct. Mater. 2023, 33, 2303878 2303878 (4 of 10)

fields of the ferromagnetic electrode may also produce such a
signal.’®! It is possible to separate these different contributions
using a combination of systematic geometric dependencies and
finite element simulations.!*®] Here, these spurious effects can be
ruled out using the temperature dependence of AR, (Figure 2e).
As shown in Figure 1d, the Hall effect is almost temperature in-
dependent. Moreover, the anomalous Hall effect of CoFe does not
vanish at 30 K. Therefore, the ordinary and anomalous Hall ef
fects cannot be at the origin of the observed transverse signal,
which therefore comes from a spin-charge interconversion ef-
fect in Sb,Te;. The absence of transverse signal when no TiO,
barrier is present proves that a physical separation between the
ferromagnetic injection electrode and the Sb,Te, is necessary to
avoid intermixing at the interface,!'! as well as spin-backflow and
shunting in the ferromagnet.['?]

The obtained transverse resistance is slightly larger than
the one found in a comparable geometry of spin-orbit readout
devicel'®! using Bi,Se, .. A study using heavy metal-based het-
erostructures reported a one order of magnitude larger transverse
resistance.[' The device scaling down used to generate this large
transverse resistance in ref. [10] however resulted in a decrease in
the bias current used for the measurement, and to an output volt-
age comparable to the one obtained in the present report. Note
however that the results of refs. [10] and [16] have been obtained
at room temperature.

We used finite element method simulations detailed in the
Supporting Information to extract an effective spin-charge in-
terconversion efficiency of 2 nm in Sb,Te,. This value is con-
sistent with previous reports,*’! but should be regarded as an
order of magnitude for the effective interconversion efficiency
in Sb,Te, as several parameters of our system remain currently
unknown. We provide a comparison of the extracted effective
interconversion efficiency in our device with literature values
in Table 2.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Schematic representation of the spin-orbit readout device. The charge current is injected between the ferromagnetic electrode in red and
the inner leg of the T-shaped Sb, Te; structure (orange). The polarization of the spin current generated at the interface between the electrode and Sb,Te,
is along the = m magnetization of the electrode (black arrow). The spin-to-charge interconversion in Sb,Te; creates a transverse charge current in the
two outer legs of the Sb,Te; structure with a sign that depends on the direction of magnetization (black dotted arrows). b) SEM image of the device
presented in (a) with the connections used to flow the charge current and measure the transverse voltage V,,. The A and B points correspond to the
scanning transmission electron microscopy observation area presented in Figure 3. c) Transverse resistance versus magnetic field measured at 10 K
using the connection configuration presented in (b). d) Evolution of the transverse resistance versus magnetic field with the temperature. €) Transverse

resistance signal AR, and coherence length as a function of temperature.

4. Effect of the Patterning on the Sb,Te, Layer
Structure

It would be tempting at this point to consider that we succeeded
in obtaining an interconversion signal in the topological surface
states of a Sb,Te, film of high structural quality. However, it is
known that these materials are sensitive to nanofabrication pro-
cesses that tend to create disorder. Limiting this disorder is fun-
damental for electrical transport to be driven by topological sur-
face states,[*?! and to achieve a high spin-charge interconversion
efficiency.['’! To investigate how the nanofabrication process af-
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fects the structural quality of Sb,Te;, we performed scanning
transmission electron microscopy (STEM) measurements on our
devices. This analysis was performed on two representative re-
gions of the sample (points A and B in Figure 2b).

At point A, Sb,Te, retains its structural quality as the Sb-
Te quintuple layers are clearly visible (Figure 3a). In addition,
an energy-dispersion X-ray (EDX) spectroscopy map (Figure 3c)
shows that the TiO, barrier is continuous and prevents the Te
atoms from diffusing into the CoFe layer, while the Ti, Co, and
Fe atoms do not diffuse into the Sb, Te, layer. The EDX maps of all
atomic species are shown in Figure S4, Supporting Information.
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Table 2. Summary of spin-to-charge interconversion efficiencies (1) obtained in topological insulators using different measurement methods. SP-FMR
stands for spin-pumping ferromagnetic resonance. We also added the growth method and the stack used for the measurement. Here we report the
optimal value of the spin-to-charge interconversion efficiency obtained using these systems. The comparison of the spin-to-charge and charge-to-spin
efficiencies remains difficult for this type of material, and a summary of the charge-to-spin efficiencies in topological insulators can be found in ref. [58].

Stack Thickness [nm] A[nm] Growth method Measurement method Temperature [K] Reference
a-Sn/Ag/Fe 30/2/5 2.1 MBE SP-FMR 300 [18]
HgTe/HgCdTe/NiFe 30/1.6/20 2 MBE SP-FMR 300 17
Sb,Te; /Au/Co/Au 30/5/5/5 0.28-0.6 MOCVD SP-FMR 300 [57]
Bi,Se; /Bi/Fe 9/1/13 0.3 MBE SP-FMR 300 [59]
Bi,Se; /Co 10/3 0.05 MBE THz spectroscopy 300 [50]
(Big09Sbo.o1),Te; /NiFe 10/17 0.36 MBE SP-FMR 300 [51]
NiFe/BiSe/Ti 15/2-16/10 0.225 Sputtering Spin-orbit readout device 300 [16]
Sb,Te;/TiO, /CoFe 15/1/20 2 Sputtering Spin-orbit readout device 10 This work

The structure of Sb, Te; under the CoFe electrode, that is, at point
B (Figure 3b) where the interconversion takes place, is, however,
more relevant for the spin-charge interconversion. Here, while
the Sb and Te planes are still visible, they appear to be blurred and
non-parallel to the plane of the substrate. This indicates that the
nanofabrication process has induced the disorientation of Sb, Te,
grains whose c—axis is now no longer perpendicular to the sub-
strate. In addition, the EDX maps of Figure 3d show that the con-
tinuity of the TiO, layer has been broken in some points and that
a large number of magnetic Fe atoms are present in Sb,Te; (see
Figures S4 and S5, Supporting Information for the extensive EDX
data set).

Points A and B of the device underwent the same EBL pro-
cesses and have similar in plane feature sizes. Therefore, it is
likely that the lower quality of the Sb,Te, film at point B com-
pared to point A comes from their different etch/deposit his-
tory. In order to investigate the effect of the different etching
and deposition steps on the structural quality of Sb,Te;, we per-
formed XRD measurements in the § — 26 configuration on un-
patterned fullsheet samples that underwent the same etching
and deposition steps as points A and B of the devices shown in
Figure 2b. For this purpose, we prepared a set of three 1 cm by
1 cm macroscopic samples. Sample 1 is the 15 nm pristine Sb, Te,
sample that will be used as a reference. Sample 2 is the 15 nm
Sb,Te, film, on which the low energy IBE step used to remove
the Sb,Te, surface oxide was applied, followed by the deposition
of the TiO, (1 nm)/CoFe(5 nm) layer. Finally, sample 3 underwent
the same process as sample 2, with the addition of a high energy
etch followed by the deposition of a 20 nm thick CoFe layer. The
etching and deposition history of sample 2, respectively 3, is the
same as that of point A, respectively B in Figure 2b.

The measured XRD patterns are shown in Figure 4 and Figure
S6a, Supporting Information. Out-of-plane oriented Sb,Te, crys-
tallites are detected in all samples. The rocking curves of samples
1 (reference) and 2 are similar. In sample 3 the rocking curve con-
sists of a single peak with a FWHM of 1.9°. The diffraction peaks
observed in samples 1 and 2 have the same positions and widths.
The only change between the two samples is an overall decrease
in peak intensity in sample 2, by a factor of 1.35 compared to the
reference sample (Figure S6a, Supporting Information). By con-
trast, large changes are observed between the XRD patterns of
samples 1 and 3. A strong decrease in the intensity of the diffrac-
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tion peaks is observed in sample 3 compared to the reference
sample (Figure 4a). Besides, the diffraction peaks in sample 3
are observed at larger diffraction angles than in the reference and
their width is larger, the latter effect being particularly marked for
the peaks observed at large diffraction angles. The loss of inten-
sity in sample 3 with respect to sample 1 can be explained by the
fact that in sample 3 most of the Sb,Te, crystallites are strongly
tilted. Only crystallites with the c—axis close to the perpendicular
to the substrate are detected in the #—26 configuration used for
acquisition of the XRD patterns. The small reduction of inten-
sity between the reference and sample 2 suggests that tilted crys-
tallites also exist in sample 2 but their number is much smaller
than in sample 3. The ¢ parameter of the Sb,Te; crystallites in
sample 3 is slightly smaller (by about 0.4%) than the ¢ parame-
ter measured in sample 1 (Figure S6b, Supporting Information).
The ¢ parameters of the samples 1 and 2 are identical. This re-
sult proves that the 20 nm thick CoFe layer in sample 3 induces
a uniform strain on the out-of-plane oriented Sb,Te, crystallites,
whereas the thinner (5 nm thick) CoFe layer in sample 2 does not
induce any significant strain effect.

Besides, a Williamson—-Hall analysis of the FWHM of the
diffraction peaks!®®®!l (Figure 4b) shows that while the size of
the Sb,Te; crystallites in the direction normal to the substrate
remains the same in all samples, within the limits of experimen-
tal accuracy, large inhomogenous strains are present in sample 3
but not in the reference and in sample 2. All these results show
that the deposition of a 20 nm thick CoFe layer strongly alters
the structural state of the Sb,Te; film. It induces a strong tilt of a
majority of the Sb, Te, crystallites and induces uniform and non-
uniform strains on the remaining out-of-plane-oriented crystal-
lites. We therefore attribute the tilt of the Sb,Te, crystallites ob-
served in the high angle annular dark field-STEM image at point
B in the device (Figure 2b) to the strain applied by the thick CoFe
electrode used to inject the spin current into Sb,Te,. Interest-
ingly, despite the tilt of a majority of the Sb,Te, crystallites, a
sizeable spin-charge interconversion signal was measured. This
strain may have two detrimental effects on the measured trans-
verse signal. We observed in Figure 3d that it results in a local
breaking of the TiO, barrier, which is expected to reduce the
spin-injection efficiency and increase the shunting of the pro-
duced charge current through the ferromagnetic electrode.!*?!
In addition, it is possible that the formation of defects has a

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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(a)

Figure 3. STEM-HAADF images of the FIB lamellae extracted at points a) A and b) B in Figure 2b. Several Sb,Te; grains are visible in (b) but with no
longer preferred orientation with respect to the plane of the substrate. While the thickness of the initial Sb2Te3 layer is 15 nm, only 9 QL are visible
in (a). This is because of the initial removal of the Sb,Te; oxide layer and the possible over-etch often present in this type of soft material. The larger
thickness of the TiOx layer with respect to the nominal Ti layer thickness reported in the text is due to a combination of dilatation of the metallic layer
upon oxidation, and to an uncertainty on the deposited layer thickness. c,d) HAADF images and corresponding EDX maps acquired at point A and B,
respectively. The white bars correspond to 7 and 10 nm scales in (c) and (d) respectively.
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Figure 4. a) Comparison of the XRD patterns obtained for sample 1 (reference) and for sample 3 in the 6—26 configuration. The measurements were
carried out using a Co (K,) radiation source (1 = 1.79 A). Q = 4xsin (6)/4. b) Williamson—Hall plot for the reference, samples 2 and 3. FZQ is plotted

as a function of Q2 with I = (27/2) cos ()" and Q. = (4x/4) sin (0.) where 20 is the center of a diffraction peak and I its FWHM in rds. The linear
behavior is fitted using 2 = €2 Q% + (27 X 0.9/D)? with D the diffracting coherent domain of the Sb,Te; crystallites e is related to the random mean
square width of the strain distribution. For the reference and sample 2, ¢ ~ 5 x 1073, while for sample 3, e = 2 + 0.5 x 1072.
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detrimental effect on the Sb,Te; spin-charge interconversion ef-
ficiency. While it is unclear how a decrease of the strain in-
duced disorder would increase the spin-charge interconversion
efficiency in Sb,Te,, maintaining the material structural quality
during the integration into spin-logic devices will be essential for
classes of materials where this parameter plays a fundamental
role in the interconversion properties and functionalities, such
as in ferroelectric Rashba semiconductors.[%]

5. Conclusion

In conclusion, we have presented the growth of the topologi-
cal insulator Sb,Te; on a large-scale using industrially compat-
ible processes with a structural quality comparable to MBE de-
posited films. Furthermore, the density of defects comes closer
to those of MBE-deposited films than any previous attempts to
deposit topological insulators using magnetron sputtering. We
then patterned Sb,Te, into nanoscale spin-orbit readout devices,
with a geometry compatible with the spin-orbit readout block of
the MESO device. We obtained a sizeable spin-charge intercon-
version signal at low temperature by introducing a TiO, barrier
between the CoFe ferromagnetic electrode and the Sb,Te; film.
Finally, we studied the effect of our nanofabrication processes on
the structural quality of the Sb,Te, film. We observed that the
presence of the thick CoFe layer used as a spin injection electrode
creates a stress that induces disorder in the underneath Sb,Te,
layer.

The recent proposal of a MESO device for low energy spin-
logic application has renewed the interest in spin-charge inter-
conversion processes. New types of materials are being investi-
gated to achieve higher spin-charge interconversion efficiencies.
However, it is worth noting that while tremendous progress has
been made in this area, a double challenge remains for their
use in spin-orbit readout block of the MESO device. First, the
materials studied must be grown on a large-scale using indus-
trially compatible processes. Indeed, although interesting from
a fundamental point of view, the fabrication of exfoliated and
MBE-grown materials cannot be easily scaled up, and large-scale
deposition methods must be developed. Second, interconver-
sion studies focus primarily on microscopic!®®®* or macroscopic
systems.[?7:65-67] Although these methods efficiently identify ma-
terials of interest from the spin-charge interconversion point of
view, their integration in nanodevices with a geometry compati-
ble with the spin-orbit readout block of the MESO device remains
scarcel'®! and challenging, as illustrated in this paper.

Here, we have addressed both aspects of this problem on a
specific material, Sb,Te;. It is clear that the disorder level in the
material, as well as the nanofabrication processes, can still be op-
timized in order to obtain a larger spin-to-charge interconversion
signal using topological surface state. In addition, other reports
have observed a different temperature dependence of the inter-
conversion in Sb,Te, using different material combinations.*?
This discrepancy is probably related to different origins of the
interconversion in topological insulators, where both the topo-
logical surface states, Rashba-split surface states**! and the bulk
spin Hall effect!?!] can contribute to the spin-charge interconver-
sion. It may then be possible to bring the interconversion signal
observed in our device to room temperature by combining an op-
timization of our nanofabrication process, for instance with a re-
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duction of the ferromagnetic electrode thickness to reduce the
strain, with material combinations which display an interconver-
sion signal at room temperature. Finally, these considerations
are also relevant for alternative logic architectures such as the
recently introduced ferroelectric spin-orbit devices!®®! using the
ferroelectric polarization of bulk Rashba semiconductors such as
GeTe to store the information.[®?] This study provides unique in-
sights to overcome the challenges limiting the integration of the
recently discovered spin-charge interconversion materials into
spin-logic circuits and spin-orbit torques-based memories.
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