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ABSTRACT: One of the major obstacles to realizing spintronic devices such as MESO logic devices is the small signal magnitude
used for magnetization readout, making it important to find materials with high spin-to-charge conversion efliciency. Although
intermixing at the junction of two materials is a widely occurring phenomenon, its influence on material characterization and the
estimation of spin-to-charge conversion efficiencies are easily neglected or underestimated. Here, we demonstrate all-electrical spin-
to-charge conversion in BiSe,, nanodevices and show how the conversion efficiency can be overestimated by tens of times
depending on the adjacent metal used as a contact. We attribute this to the intermixing-induced compositional change and the
properties of a polycrystal that lead to drastic changes in resistivity and spin Hall angle. Strategies to improve the spin-to-charge
conversion signal in similar structures for functional devices are discussed.
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he improvement of computational performance over the
past few decades has relied on an increase in the number
of transistors led by the successful miniaturization of
complementary metal—oxide—semiconductor (CMOS) tran-
sistors.' However, further improvement in performance is
limited by unscaled power density,”’ triggering an increasing
demand for energy-efficient beyond-CMOS devices that
address this problem. The magnetoelectric spin—orbit
(MESO) logic device*™® proposed in 2018 as an alternative
to a CMOS device operates at very low power because it uses a
magnetoelectric material for magnetization switching (writing).
On the other hand, the reading part of the device” includes a
spin—orbit material that requires a high output voltage of 100
mV*~° for full operation. In order to obtain such a large output
voltage through spin-to-charge conversion (SCC), both high
resistivity and high conversion efficiency are required.
Topological insulators (TIs) are a new class of materials®’
that have topologically protected surface states with spin-
momentum locking, a property that should lead to very
efficient SCC.'” Indeed, TIs are considered to have an
exceptionally large spin Hall angle, 6y, according to spin—
orbit torque results,'' ~"> and a long inverse Rashba—Edelstein
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length, Ajggg, in a proximitized TI/graphene system.16

Together with high resistivity, as bulk conduction is
limited,'”'® they satisfy the required conditions for MESO.
Simultaneously, they have limitations in stoichiometric and
single-crystalline material growth and require a low operating
9,2

temperature for electrical spin injection.'”*’ Unlike epitaxially
grown TIs, sputtered BiSe, , was reported to have high
conversion efficiency and resistivity even at room temperature,
despite its simple growth technique and polycrystalline
structure.”’ However, recent reports on the formation of an
interfacial layer between Bi,Se; and transition metals by a
. . 22-25 . o
solid-state reaction encourages a rigorous characterization

of sputtered Bi,Se, ..

Received: August 30, 2022
Revised:  September 21, 2022
Published: September 26, 2022

https://doi.org/10.1021/acs.nanolett.2c03429
Nano Lett. 2022, 22, 7992—-7999


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Won+Young+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isabel+C.+Arango"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Van+Tuong+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diogo+C.+Vaz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haozhe+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Inge+Groen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chia-Ching+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chia-Ching+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emily+S.+Kabir"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaan+Oguz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Punyashloka+Debashis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+J.+Plombon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitri+E.+Nikonov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitri+E.+Nikonov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+Chuvilin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luis+E.+Hueso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+A.+Young"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fe%CC%80lix+Casanova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c03429&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/22/19?ref=pdf
https://pubs.acs.org/toc/nalefd/22/19?ref=pdf
https://pubs.acs.org/toc/nalefd/22/19?ref=pdf
https://pubs.acs.org/toc/nalefd/22/19?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

BiSe

CoFe CoFe

(2]

Intensity (normalized)

Intensity (normalized)

BiSe - , ‘ ‘
t=30nm
w =320 nm
T=300K

L L L L

2 3 5
Length (um)
f —t=tonm EE[*T T
s —t=20nm S,
€ w =320 nm 210
o %8 .
G 100} &4 .
Py 80160 320 640
o width (nm)
X
o)
< 10t |
0 50 100 150 200 250 300

20
position (nm)

position (nm)

temperature (K)

Figure 1. Characterization of sputtered BiSe. (a—d) TEM images and normalized EDX results of BiSe/CoFe (a, c) and CoFe/BiSe (b, d) bilayer
stacks. (e) Length dependence of the resistance area product measured for a 320-nm-wide and 30-nm-thick wire at room temperature. From the
linear fitting, a resistivity of 4000 uQ cm is determined. (f) Resistivity of BiSe as a function of temperature for 320-nm wide wires with thicknesses
of 10 nm (black) and 20 nm (blue). Inset: width dependence of the resistivity of a 20-nm-thick BiSe wire.

Here, we show the influence of the intermixing at the
junction of Bi,Se;, (from now on, BiSe) and transition metals
on the characterization of the electrical and spintronic
properties of BiSe using a local spin injection device. Sputtered
BiSe was characterized by transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDX), elec-
trical measurements, and 3D finite element method (FEM)
simulations. We observed a huge variation in resistivity and
Oy, according to the compositional change of BiSe due to the
adjacent metal layer, through the BiSe thickness dependence of
the spin-to-charge conversion signal and the cross-junction
resistance. This result emphasizes the importance of proper
material characterization, as it can greatly affect the SCC
efficiency evaluation, particularly in the case of structures or
devices including reactive materials such as BiSe and transition
metals.

Thin-film bilayers composed of BiSe (16 nm thick) and
CoFe (15 nm thick) were prepared to characterize sputtered
BiSe prior to SCC experiments. TEM images in Figure lab
show the structures of the SiO, substrate/BiSe/CoFe/capping
layer and SiO, substrate/CoFe/BiSe/capping layer, respec-
tively. The sputtered BiSe layer is polycrystalline in both cases,
in agreement with the literature,™" although it is more oriented
on top of the CoFe layer than on top of the SiO, substrate. In
both cases, an amorphous layer was found at the interface,
being thicker in the BiSe/CoFe stack. Such a layer corresponds
to intermixing at the interface, as confirmed by normalized
EDX, which shows a clear shift of the Se curve (red) in both
cases, as shown in Figure 1c,d, being larger in the BiSe/CoFe
stack in agreement with the thicker amorphous layer. Since
such an imperfection at the interface will adversely affect the
spin injection between the two materials and the subsequent
SCC, we chose the CoFe/BiSe stack (Figure 1b,d).

The high resistivity of sputtered BiSe is one of the reasons it
is considered the strongest candidate for the magnetic readout
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part of MESO logic devices.*”® Figure le shows the resistance
area product of a 30-nm-thick and 320-nm-wide BiSe wire
measured at room temperature at different distances using
metallic contacts. The resistivity of the BiSe nanowire (4000 +
1000 u€ cm) was obtained from a linear fitting (Note S1 in
the Supporting Information). Unlike metallic conductors, BiSe
has a high noise level in electrical measurements and a large
dispersion from the fitting line. As shown in Figure 1f, the
resistivity increases as the temperature decreases, indicating a
semiconducting behavior, and varies with the thickness (10
and 20 nm) and width (80—640 nm). The BiSe wire with 80
nm width and 20 nm thickness has a resistivity of 18000 u€2
cm at room temperature, which shows that the sputtered BiSe
used in this experiment is similar to those previously
reported.”’

To study SCC in BiSe, we use a local spin injection device,
which corresponds to the architecture of the spin—orbit
reading module of the MESO device. All materials constituting
the local spin injection device were grown by dc (metallic
layers) and rf (BiSe and SiO, capping layers) sputter
deposition. The device consists of a top T-shaped nanostruc-
ture of BiSe (2—40 nm)/NM (Ti, Pt, or Ta; 10 nm) and a
bottom 15-nm-thick CoFe electrode, all with a width of 80 nm.
Since sputtered BiSe has a high noise level in electrical
measurements, a normal metal (NM) such as Ti, Pt, or Ta is
deposited on top of BiSe to pick up the SCC output voltage
through electrical shunting. All measurements presented below
were obtained at room temperature. Fabrication steps,
characterization techniques, and measurement details are
described in Methods.

To quantify the SCC signal, the transverse voltage (V) is
measured while an external magnetic field is applied along the
easy axis of the CoFe electrode (x axis) and a current (I)
flows from CoFe to one end of the BiSe/NM T-shaped
nanostructure, as shown in Figure 2a. The reciprocal
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Figure 2. Local spin injection device and SCC signals. (a) Schematic of the local spin injection device and SCC measurement configuration. A
vertical spin current at the junction produces a charge current in the transverse direction. (b) SEM image of the device with a measurement
geometry of charge-to-spin conversion. (¢, d) SCC resistance (Rgcc) measured using the configuration in (a) as a function of magnetic field along
the x axis of (c) BiSe (3 nm)/Ti (10 nm) and (d) BiSe (3 nm)/Pt (10 nm) structures. Inset: charge-to-spin conversion resistance measured using
the configuration in (b) as a function of the magnetic field along the x axis. (e, f) The SCC signal (2ARgc() as a function of BiSe thickness and
fitting curves obtained by 3D FEM simulations of (e) BiSe/Ti and (f) BiSe/Pt structures. All measurements were performed at room temperature.

measurement (charge-to-spin conversion, CSC) is described in
Figure 2b. Spin-polarized current in the CoFe wire flows
vertically through BiSe to the NM due to the large difference in
resistivity, and SCC occurs inside BiSe. The resulting charge
current is then measured transversely in the T-shaped structure
as an open circuit voltage V1. When the magnetization of the
CoFe electrode is switched, the spin polarization also reverses
and Vr changes sign. The SCC resistance, defined as Rgcc =
Vr/Ic, always contains a baseline value, and therefore it is
more convenient to define the SCC signal, 2ARgcc, as the
difference between the two magnetic states (see Figure 2c).
The converted current is mostly shunted by CoFe and, since
the NM completely covers the BiSe T-shaped nanostructure,
partially by the NM greatly reducing the magnitude of Vr.
What we finally measure is the voltage across the Hall cross
shunted by the NM, thus being dependent on the resistivity of
the NM. Nevertheless, the use of a NM layer is crucial, as it
dramatically lowers the noise level and makes the SCC signal
measurable, in contrast to the use of lateral NM contacts in a
BiSe-only T-shaped nanostructure.

Figure 2c shows the SCC signal of 15.1 + 0.4 m{ measured
on a BiSe (3 nm)/Ti (10 nm) device. The hysteresis loop was
observed according to the switching field of the CoFe wire, and
the current dependence and reciprocal measurement (CSC
signal shown in the inset of Figure 2c) confirm that they were
conducted in the linear response regime, which rules out the
presence of any heating-related effects. The same measurement
on a BiSe (3 nm)/Pt (10 nm) device is shown in Figure 2d,
with an SCC signal of 5.4 + 0.5 m€, which is 3 times smaller
than that of a BiSe/Ti device with the same thickness.

Since the spin Hall effect can occur in the adjacent NM
when BiSe is thin, we need to check whether the SCC signal is
generated in BiSe. On comparison of the SCC signals of the
two devices, however, 6y of Ti is negligible (—0.00036)*°
while Pt is known as a material which has high gy (~0.1),”**
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so even considering the high resistivity of Ti, the larger SCC
signal observed cannot be properly explained. As a further
check, we also fabricated devices with Ta as the NM. The sign
of Oy in Ta is opposite to that of Pt, but the SCC signal of a
BiSe (2 nm)/Ta (10 nm) device has the same sign as those of
the other devices (Note S2 in the Supporting Information),
clearly showing that the SCC appears in the thin BiSe layer,
regardless of the NM used.

Figure 2e shows 2ARgcc as a function of the BiSe thickness
in the BiSe (2—16 nm)/Ti (10 nm) local spin injection
devices. 2ARg¢c is the largest for 3 nm of BiSe, and it decreases
for thicker structures. The same experiment was conducted
with BiSe (3—S5 nm)/Pt (10 nm), as shown in Figure 2f,
yielding a similar trend. The SCC signal could only be
observed up to 16 nm of BiSe for Ti and up to S nm for Pt,
with no signal obtained at a thickness beyond that, mostly due
to the increasingly higher noise level and low SCC signal.

We should mention that an anomalous Hall effect
(AHE)”***° and ordinary Hall effect (OHE)>" can appear as
artifacts in the measured SCC signals (Note S3 in the
Supporting Information). The anomalous Hall angle obtained
by applying an out-of-plane magnetic field to CoFe in our own
devices is 1.5%. In the local spin injection device, the
contribution of the AHE is greatly reduced, since the
magnetization points along the x axis and only the contribution
by the current flowing in the z axis is considered. The
contribution of the AHE was calculated by a 3D finite element
method (FEM) based on the spin diffusion model,”*”*%** and
we obtained less than 6 and 2 mQ AHE signals in the whole
thickness range for BiSe/Ti and BiSe/Pt structures, respec-
tively. Additionally, the stray field of CoFe-induced OHE is
calculated by 3D FEM simulation based on the Hall coefficient
of BiSe/NM structures obtained by applying the out-of-plane
magnetic field to each structure.’’ We obtained less than a 0.3
m€ OHE contribution for both structures. As shown in Figure

https://doi.org/10.1021/acs.nanolett.2c03429
Nano Lett. 2022, 22, 7992-7999


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03429/suppl_file/nl2c03429_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03429/suppl_file/nl2c03429_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03429?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

ase
° measured
4} calculated
. Ti
g
0:3 Of CoFe
2| _I ]
4 Vv t5iBise/NM]

5 10 15

BiSe thickness (nm)

~
o
d

Bi,Se; flake

w B [5)] o
o o o o
T T T T

N

Composition (%)
o

o
T

o

60 80
Position (nm)

0 20 40

100 120 140 160

b 10} o measured
8 calculated
_ sl Pt
S 4
& 2
0
2l
4 ) ) ) ]
2 3 4 5 6

Composition (%)

o o

BiSe thickness (nm)

BiSe Pt! Bi,Se; flake

60 80 100 120 140 160
Position (nm)

0 20 40

Figure 3. Estimation of BiSe resistivity in the vertical direction. Cross-junction resistances of (a) BiSe/Ti and (b) BiSe/Pt structures. Inset in (a):
measurement geometry. TEM images and EDX scans of (c) CoFe/BiSe/Ti and (d) CoFe/BiSe/Pt thin-film structures compared with single-
crystal Bi,Se; flakes exfoliated on top for a proper quantification of the composition of the sputtered BiSe layers.

2ef, the calculated AHE and OHE signals decay with BiSe
thickness, since current shunting is suppressed and the distance
between FM and NM increases, respectively.

Next, we analyzed the thickness dependence of the SCC
signal by a 3D FEM simulation” also taking into account the
AHE and the OHE discussed above (see Note S4 in the
Supporting Information for details). The simulation is
performed by assuming that the resistivity of BiSe is 18000
4 cm (20-nm-thick and 80-nm-wide wire in Figure 1d). The
resistivities of CoFe and Ti were 42 and 40 uQ cm,
respectively, which were measured directly on the device.
The obtained spin diffusion length (4;) is 0.5 nm and Oy is
27.5 (see Figure S4d), a very large value that is in a good
agreement with the previously reported value, 18.62,>" and it
seems to prove once again that sputtered BiSe is one of the
most promising materials for SCC devices, in particular for the
MESO logic device, which also requires a high resistivity.

However, unlike the previous report, the quantum confine-
ment”' cannot be confirmed here, as a single gy value of 27.5
is obtained over the whole BiSe thickness range of 3—16 nm.
The hybridization of the topological surface state reduces the
SCC signal when a TI is thinner than 6 nm,*® but the
maximum signal is at 3 nm, as shown in Figure 2e. The
activation of the topological surface state or the suppression of
bulk conduction at cryogenic temperature reduces the
resistivity,?"*"?’5 which is not observed in this work, as shown
in Figure 1f. From all these facts, it is reasonable to consider
sputtered polycrystalline BiSe as a normal conductor rather
than a TIL

On the other hand, the cross-junction resistance (Rc;) as a
function of the thickness of BiSe as shown in Figure 3a,b
disagrees with such a high resistivity of BiSe. The sketch in
Figure 3a shows the measurement configuration of R¢;. In the
BiSe/Ti structures shown in Figure 3a, Rq shows a constant
increase with the BiSe thickness from 2 to 16 nm, but the
overall values are unexpectedly low. Even in BiSe/Pt devices
shown in Figure 3b, although the change of Ry is higher than
that of BiSe/Ti, the values are rather similar. This measure-
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ment assumes a vertical current flowing uniformly across the
junction. Considering the large resistivity difference between
BiSe and metallic wires such as Pt, Ti, and CoFe, the current
stays in the CoFe until reaching the junction and flows
vertically through BiSe to NM, so that the R is expected to be
more than 80 Q for 3-nm-thick BiSe when a resistivity of
18000 u€2 cm and a junction area of 80 nm X 80 nm are
considered. However, the measured Rc; on the devices with
BiSe thicknesses up to 4 nm has negative values, which is
generally considered as a transparent interface, hinting that the
resistivity of BiSe may be lower than that initially measured in
nanostructures without the NM. In order to reliably extract the
resistivity of BiSe, we perform a 3D FEM simulation®® of the
Ry measurements, where the independently measured
resistivities of the NM (Ti or Pt) and CoFe are used as
inputs and the only unknown parameter is the BiSe resistivity.
The 3D FEM simulation results are shown by red lines in
Figure 3a,b. The resistivities of BiSe are calculated to be 600
#Q cm for the BiSe/Ti structure, which is 30 times smaller
than the values measured in the BiSe wire in Figure 1d, and
3700 pQ cm in the BiSe/Pt structure, about 6 times higher
than that of BiSe/Ti. These results indicate that the top NM
layer changes the resistivity of BiSe. In the following
paragraphs, we will discuss the origin of such a variation and
the consequences in the quantification of the spin Hall effect in
sputtered BiSe.

To understand the relationship between BiSe resistivity and
the NM used, we performed TEM and EDX experiments in
SiO, substrate/CoFe (15 nm)/BiSe (30 nm)/Ti (10 nm)/Pt
(10 nm) and SiO, substrate/CoFe (15 nm)/BiSe (30 nm)/Pt
(10 nm) multilayer stacks as shown in Figure 3c,d (see also
Note S$ in the Supporting Information for the analysis of the
actual BiSe/Ti local spin injection device). In order to obtain a
quantitative elemental analysis from the EDX, we exfoliated
single-crystal Bi,Se; flakes on top of each stack. Since the
Bi,Se; flakes are stoichiometric, the composition of sputtered
BiSe can be accurately determined by normalizing the Bi and
Se intensity curves to 40% and 60%, respectively. In the BiSe/
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Ti structure, a clear peak of the Se curve, indicated by the red
arrow in Figure 3c, appears as a result of strong intermixing
near Ti,”*~*" and BiSe has a 50:50 composition in the rest of
the layer. No intermixing was observed between BiSe and Pt,
where the composition was 45:55. Eventually, we obtained two
different BiSe compositions depending on the chosen NM,
even with the same growth condition. This is the reason the
resistivity of BiSe varied from 600 to 3700 y€2 cm in the two
structures depending on the NM used. The critical role of
intermixing in SCC is further confirmed with harmonic Hall
measurements (Note S6 in the Supporting Information).

Still, the composition change alone cannot explain the high
resistivity (18000 € cm) obtained in the BiSe wire measured
laterally (Figure 1f). Using impedance measurements, we
confirmed that there are two resistance elements, the grain and
grain boundary (Note S7 in the Supporting Information).
Accordingly, the absence of grain boundaries in the vertical
direction for a BiSe thickness below 16 nm drastically reduces
the BiSe resistivity when it is measured along this direction as
compared to the lateral measurement, which includes the grain
boundary contribution making a high noise level. The BiSe
wire has a resistivity of 18000 €2 cm as a series resistance of
grain and grain boundary without intermixing, and the
resistivity of 3700 u€2 cm measured vertically in the BiSe/Pt
structure is of the parallel resistance of grain and grain
boundary without intermixing. On the other hand, in the BiSe/
Ti structure, the resistivity of 600 §€2 cm appears as a parallel
resistance of grain and grain boundary accompanied by
composition change due to intermixing. The different
conditions are summarized in Table 1.

Table 1. Summary of BiSe Resistivities Depending on
Measurement Direction and NM

resistance of

measurement grain and resistivi
structure direction boundary intermixing (uQ cm
BiSe wire lateral in series no 18000
BiSe/Pt vertical in parallel no (Se 55%) 3700
BiSe/Ti vertical in parallel yes (Se 50%) 600

Returning to the SCC results of Figure 2e,f, it is necessary to
accurately estimate fgy once again, because the resistivity of
BiSe can affect the spin injection efficiency and current
shunting, and consequently 6. As a result of the 3D FEM
simulation performed using the resistivity obtained in Figure
3a,b, a A, value of 0.5 nm and Ogy; value of 0.45 are estimated
for the BiSe/Ti devices. In the case of BiSe/Pt devices, we
extract a A, value of 0.35 nm and gy value of 3.2. These results
are significantly different from previously reported values”*”
and our first estimation, because the high BiSe resistivity

reduces the SCC signal by strong spin back flow. In addition,
the SCC signal reduction as BiSe gets thicker is completely
explained by the spin diffusion model for the entire thickness
ranges, indicating the absence of quantum confinement
depending on the grain size.”'

By comparing our results with the reported results shown in
Table 2, it is possible to strictly judge the SCC efficiency of
sputtered BiSe. The BiSe thickness range used in this research
covers all references in Table 2. The resistivity obtained in
papers differs up to 1000 times®”** because of different growth
conditions and measurement techniques. Only ref 38 reports a
resistivity similar to that of the BiSe/Ti structure with also a
similar fgy, in agreement with our claim. To compare with the
results of spin pumping experiments, in which Ajpgg is used to
quantify the SCC efficiency, the product A;-6gy that is more
relevant to the SCC efficiency in a local spin injection device is
considered.””®*” In particular, the g value of 18.62>" is more
than S0 times higher than 0.35 which is obtained in the BiSe/
Ti structure, but the Azg values of 0.32 nm*” and 0.1 nm*’ are
comparable to what we obtain in our local spin injection
devices using BiSe/Ti (0.225 nm) despite differences in
experimental methods and ferromagnetic materials. These
results indicate that intermixing must be considered in material
characterization, especially an appropriate resistivity quantifi-
cation, and that 6 can be overestimated when these aspects
are not properly considered.

To conclude, we observed all electrical spin-to-charge
conversion in sputtered Bi,Se, , in local spin injection devices
at room temperature and showed that all parameters related to
SCC efficiency, which are resistivity, A, and 6y, were affected
by intermixing with the adjacent nonmagnetic metal used to
electrically shunt BiSe, .. In particular, the fact that an Se
concentration change by intermixing made a difference of 6
times in resistivity shows how easily gy can be overestimated
by resistivity without considering intermixing. Even though the
SCC signal obtained in this study is too small to realize a
MESO logic device, it allowed us to quantify the SCC
efficiency of sputtered Bi,Se, in functional spintronic devices
(instead of the commonly used BiSe,,/FM bilayers). The
potential of highly resistive sputtered Bi,Se;, as the active
element in the reading module can be exploited by improving
different aspects, such as reducing the electrical noise caused
by the grain boundary so that the top NM layer shunting the
signal can be removed. The NM layer was applied to reduce
the noise level in electrical measurements, but it is not a
fundamental solution due to its low resistivity, leading to an
overall SCC signal reduction. We suggest that the SCC
efficiency and the SCC signal magnitude can be increased by
protecting Bi,Se, . with a tunneling barrier, such as MgO, to

Table 2. Summary of Spin-Related Parameters in This Work and Previous Reports

BiSe thickness (nm) Prise (UL cm)
BigySeso/Ti (this work) 2—16 600
Bi,sSegs/Pt (this work) 3-5 3700
ref 21 4—40 12820
ref 40 2—-16
ref 41 4—-16
ref 37 5-10 1000000
ref 38. 3-1S 890

A (nm) Osu e (nm) method FM
0.5 0.45 0.225 electrical spin injection CoFe
0.35 32 1.12% electrical spin injection CoFe
18.62° harmonic Hall (dc) CoFeB
0.32° spin pumping CoFeB
0.11° spin pumping YIG
75 ST-FMR® Py
0.35 harmonic Hall (ac) Co

“Aree = Osy-Ase ®The maximum value of the thickness dependence is indicated. “Spin torque-ferromagnetic resonance.
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prevent intermixing, current shunting, and spin back flow,
while enhancing the spin injection efficiency.

B METHODS

Device Nanofabrication. The devices were fabricated on
Si/SiO, substrates by e-beam lithography, sputter deposition,
ion-milling and lift-off processes. The CoFe wire is patterned
as the first layer and deposited by dc magnetron sputtering of
30 W at 2 mTorr of Ar pressure. To eliminate a sidewall of
CoFe, ion-milling (Ar flow of 15 sccm, acceleration voltage of
50 V, beam current of S0 mA, and beam voltage of 300 V) is
performed with an incident beam angle of 80° after the lift-off
process. The T-shaped wire is patterned as the second layer
and BiSe is deposited by magnetron sputtering of the Bi,Se;
target using an rf power of 35 W at 3 mTorr. Subsequently,
NM is deposited in situ using dc power (80 W for Pt, 100 W
for Ti, 200 W for Ta) at 3 mTorr.

Materials Characterization. TEM, STEM, and EDX data
were obtained on a Titan G2 60-300 (FEI, The Netherlands)
(scanning) transmission electron microscope at 300 kV
accelerating voltage. The microscope was equipped with a
high brightness xFEG, an imaging Cs corrector, a STEM
HAADF detector, and an EDX RTEM spectrometer (EDAX,
UK). Cross-sectional TEM samples of the devices and
multilayers were prepared by a standard FIB technique.

Electrical Measurements. Electronic transport measure-
ments were performed with a Physical Property Measurement
System (PPMS) from Quantum Design, using a “dc reversal”
technique with a Keithley 2182 nanovoltmeter and a 6221
current source. The second harmonic Hall measurements are
performed with a PPMS using an ac Transport Measurement
System. A magnetic field is applied by a superconducting
solenoid magnet, and a rotatable sample stage is used.

B ASSOCIATED CONTENT
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