Electrical Spin injection and Spin transport in semiconducting Si and Ge channels
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This work presents the development of some key steps for the fabrication of a Lateral Spin-Valve (LSV)
structure for Non-Local (NL) spin injection/detection in Silicon. In order to overcome the impedance mismatch
problem a tunnel barrier solution in a stacking Co40 Fe40 B20 /MgO/Si(n+) was adopted. A methodology to
characterize the tunnel interface resistance was implemented and tested. As a result, for tM gO = 1 nm spin
injection/detection in a LSV would be possible in the framework of the Fert-Jaffrès model. Additionally, a
method for nanoscale definition of heavily doped Si channels in undoped Si by means of ion implantation was
developed, opening the way for the fabrication of LSV structures in Si.

I.

INTRODUCTION

The spintronics field is one of the youngest
and most successful branches of condensed matter
physics, having provided already practical implementations in magnetic field sensors or in memory
applications such as hard-drive read heads and Magnetic Random Access Memories (MRAM) [1]. Using semiconductor spintronics, in the future, one
can imagine the fabrication of circuits that will allow memory operations (as in MRAM) and logic
computing (as in CMOS) at once. This integration
will bring higher communication processing rate and
lower power consumption when compared to the conventional electronics of today [2].
The first leap into the development of semiconductor spintronics was in 1990, when special attention
was given to the proposal of Datta and Das for a
spin transistor [3]. In all the semiconductor candidates for spintronics, Si is today being considered as
the most promising one [4]. Injection of spin polarized electrons from a ferromagnetic electrode into a
Si (non-magnetic) channel is one of the challenges to
build Si based spin devices, such as the Si spin Field
Effect Transistor (FET). In fact, to make this kind
of device real, not only good mastering of spin injection but also of spin propagation, manipulation
and detection is required. However, to efficiently
inject spin into Si by electrical means, one has to
overcome the impedance mismatch problem pointed
out by Schmidt et al. [5] in a situation where we
have a simple system of a ferromagnetic material (F)
and a semiconductor as non-magnetic material (N)
in ohmic contact with an electrical current passing
by. In fact when taking semiconductors in this F/N
situation, because of their low (spin-dependent) density of states compared to the F material, the spindependent resistances (defined as r = ρ · lsf , ρ being the resistivity and lsf the spin diffusion length)
verify rF  rN which leads to a zero current spin

polarization in the N material.
One way to overcome the impedance mismatch
problem is to insert a finite spin-conservative interface resistance rb∗ , like a tunnel barrier, at the interface [6]. There are other ways to achieve spinpolarized current injection such as using polarized
light [7], hot electrons spin injection [8], Seebeck spin
tunneling [9], and dynamical spin pumping [10]. The
use of a spin-conservative interface resistance to inject and detect spin-polarization in Si has been recognized as the most viable and robust method so
far [11]. The concept behind this method is that,
if the inserted interface resistance rb∗ is sufficiently
high, the polarization of the injected current will be
determined by the spin asymmetry of the interface
resistance γ = (rb+ −rb− )/(rb+ +rb− ). This means that
the transport across the interface barrier will be determined by the (spin-dependent) density of states
of the two electrodes involved in the process, such
that if the current across the barrier is small, the
electrodes remain in equilibrium and so the relative
(spin-dependent) resistances of the electrodes play
no substantial role in defining or limiting the spindependent transport across the interface [2].
Regarding injection and detection in a F/I/S/I/F
structure (where I stands for insulator and S for
semiconductor), to achieve a significant magnetoresistive (MR) signal, the tunnel barrier resistance lies
in a narrow range calculated by Fert and Jaffrès [12].
For the LSV structure of Figure 1 (a), the resistance
barrier rb∗ lies in the interval given by inequality 1.
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In this sense, to efficiently inject and detect spin by
electrical means in semiconductors, one absolutely
needs to tune and control the interface barrier.
Experimentally, only in later years electrical spin
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injection and detection into Si has been confirmed
by overcoming the impedance mismatch with tunnel
barriers as Al2 O3 by Dash et al. [13], MgO by Jonker
et al. [14], Fe3 Si Schottky barrier or even graphene
Van’t Erve et al. [15]. In 2007, Appelbaum et al. [8]
reported the first spin electrical injection, transport
and detection in undoped Si at low temperature, using hot electrons. Right after in same year Jonker et
al. [14] reported electrical spin injection into Si from
Fe electrodes with an Al2 O3 tunnel barrier at low
temperature, using an optical detector and circularly
polarized luminescence of a Si-based LED. Later in
that year, Van’t Erve et al. [16] reported spin electrical injection, transport and detection at 10 K, using
a ferromagnetic tunnel barrier. The jump from low
temperature spin injection to room temperature spin
injection was made in 2009 by Dash et al. [13] using a Ni80 Fe20 /Al2 O3 tunnel barrier and both high
doped n-Si and p-Si. The shift to heavily doped Si
was followed by many groups, such as Jeon et al. [17]
with MgO tunnel barrier and Suzuki et al. [18] that
demonstrated the first non-local detection of spin accumulation in Si at room temperature. Recently Jain
et al. [19] showed efficient spin injection in the conduction band of n-Ge at room temperature using a
MgO tunnel barrier.
Most of the referred experiments were performed
using a Three-terminal spin injection/detection geometry and Hanle effect [20]. In fact, the Threeterminal injection/detection geometry [21] is nowadays the classical (and the most widely used) way to
detect spin injection into semiconductors (S). However the spin accumulation signal found using this
Three-terminal geometry shows disagreement with
Fert-Jaffrès theory by several orders of magnitude
[13]. Tran et al. [22] suggested that this can be explained when considering two-step tunneling across
interface states in the interface F/S. More recently
Holly et al. [23] show that in Three-terminal devices
the MR signal is being erroneously interpreted since
it is due to inelastic scattering in the interface and
not to bulk spin transport and spin accumulation in
the semiconductor.
On the other hand, the measurement of a NonLocal (NL) voltage in a Lateral Spin Valve (LSV)
structure is the undoubtable and most reliable way
to demonstrate spin injection, accumulation and
transport inside the semiconductor channel. In this
geometry, the voltage measurement circuit is physically separated from the current circuit as shown
in Figure 1 (b), and there is no voltage noise from
the injector and the N channel at the detector site,
giving high sensitivity in spin detection.
Therefore, this work presents some keys steps
towards the realization of NL measurements
in Si by (i) the implementation of a tun-

Figure 1: (a) Lateral Spin Valve in a closed channel
geometry considered in this work, showing
definition of geometrical parameters that will be
used. Adapted from [12]. (b) Non-Local
measurement scheme: a current is imposed in the
ferromagnetic injector and a voltage, directly
related to the spin accumulation at the detector
site, is measured in the ferromagnetic detector. In
this geometry, there is a physical separation of
charge and spin current. Adapted from [24].

nel barrier resistance characterization method in
Co40 Fe40 B20 /MgO/Si(n+) in order to find the optimal injection/detection condition in the framework
of the Fert-Jaffrès model [12] and by (ii) providing a
method for the definition of nanoscale highly doped
channels in undoped Si using a step of ebeam lithography and ion implantation. The advantage of this
method is to make it possible to fabricate LSV plane
structures with a very thin tunnel barrier, avoiding
top-down fabrication issues.

II.
A.

RESULTS

Characterization of the interface resistance

To characterize the tunnel barrier resistance,
samples patterned with circular nanopillars defined via ebeam with projected radius going from
25 nm until 505 nm were fabricated. The stacking was Au(30)/CoFeB(5)/MgO(var)/Si(n+)(215)
all deposited via magnetron sputtering with data
in nm and variable MgO thickness being tM gO =
1, 1.7, 2.1, 3.1 nm. A sample without MgO referenced as tM gO = 0 nm was also fabricated.
The substrate is a Silicon-On-Insulator wafer with
Si(n+)(215)/SiO2 (200)/Si. The top layer referred
to as Si(n+) is heavily doped at 2 × 1019 cm−3 .
The electrical measurements were performed using the Conductive Tip Atomic Force Microscopy
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(CTAFM) technique equipped with a voltage source
and a nanoampmeter KEITHLEY model 2636A controlled by LABVIEW. The procedure is such that
by using tapping mode AFM, the AFM tip is placed
over a nanopillar (see Figure 2) and, by switching to
contact mode AFM, the tip works as a top contact to
the pillar whose bottom is connected to the ground.
Then a bias voltage Vbias is applied to the nanopillar
and the current is measured. The I-V characteristic
is in this way acquired when sweeping the applied
Vbias in [−1, 1] V. The voltage ramp is applied three
times to assure it is the characteristic I-V tunnel
curve that is being acquired. The procedure is repeated for pillars with different cross-sectional areas,
and by joining electrical and topographical information, the RA product, a characteristic measure of the
tunnel junction for a certain tM gO , is computed.

To evaluate the tunneling behavior of the acquired
I-V curves one can use the Simmons model [27]. For
relatively low voltages V < φef f /e, the I-V is approximated by I = αV + βV 3 [27] [28] with


2 √2mφef f

p

α = S he
exp −D φef f
def f


(2)
2
(De)2

− De3/2
β = S 96φ
ef f
32φef f

√
where D = (4πdef f 2m)/h, m is the electron mass,
h the Planck’s constant, e the electron charge and
S the cross-sectional area of the nanopillar. Performing the fit, presented in Figure 3, we obtain the
results of the Table I. We can see that the parameters are coherent since we obtain a barrier thickness
compatible with the physical thickness [29] and furthermore the obtained barrier height is in agreement
with what can be found in the literature (around
1 eV) in electrical characterization of magnetic tunnel junctions [28] [30].
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Figure 2: CTAFM measurement scheme. The
nanopillars electrical characteristics were acquired
making use of the Keithley model, while other
CTAFM measurements of local resistance profile of
Si nanowires were acquired with the I/V
logarithmic converter setup. We can choose
between these two “modes of operation” by
controlling the position of the switch SW (the two
switch positions are labeled A and B, and as can be
seen, the position of the switch SW controls the
ground or I/V connection of the sample’s back
side).
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Figure 3: I-V curve fitting for tM gO = 2.1 nm, with
I = αV + βV 3 as fitting expression. We can see the
experimental data in blue and fitting curve result in
red.

def f (nm) φef f (eV)
2.36 ± 1.4 0.94 ± 0.52
Table I: Effective barrier thickness and height
extracted from I-V curve fitting of Figure 3.

1.

Study of I-V curves

To identify tunnel transport between two electrodes, the I-V curve should (following Rowell criteria [25] [26]) (i) have exponential behavior with
tunnel barrier thickness, (ii) be well fitted by theoretical models like Simmons’ [27] or Brinkman’s [25]
and (iii) the tunnel resistance should increase slightly
when going from room temperature to low temperature.

2.

Resistance window

For each tM gO we assign RA(Vbias ). The FertJaffrès model is valid for small bias, where the flatband approach is valid and therefore we are interested in the value of RA V =0.2 V as function of
bias
tM gO that we can see in Figure 4.
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Figure 4: Data RA V =0.2 V . We can clearly
bias
identify two regions: (i) for thin MgO layers the
Schottky transport process dominates and (ii) for
thick MgO layers the tunnel transport dominates.
The maxima of the M R curves for several typical
N
lsf
following Fert-Jaffrès with parameters β = 0.46
(the bulk spin asymmetry coefficient), γ = 0.5 (the
spin asymmetry of the interface resistance),
F
ρF = 300 Ω · nm, ρN = 27700 Ω · nm, lsf
= 15 nm,
hN = 215 nm and wN = 100 nm are represented in
the same plot.

In the Figure 4 we can observe that the tunnel barrier resistance increases exponentially with
the thickness of the insulating layer for thicker
values of this parameter, which supports the assumption of dominant tunneling transport. Since
RAtun ∝ exp (2κdef f ) and considering the effective
mass m∗M gO = 0.46me from reference [31] we obtain
by fit φef f = 1.02 ± 0.02 eV, which is consistent with
the value obtained by the I-V curve fitting presented
before. Also, the RA product increases by several orders of magnitude when the thickness of the tunnel
barrier is increased. For thin insulating layers, the
Schottky transport mechanism dominates, giving a
resistance stagnation around 1 kΩ, the Schottky resistance.
The condition for efficient electrical spin injection [12] can be calculated for the LSV structure.
The M R depends on parameters of the materials such as the bulk spin asymmetry (defined as
F
F
F
F
β = (σ+
− σ−
)/(σ+
+ σ−
)) of the CoFeB layer
that is not exactly known and was considered to be
β = 0.46 or the asymmetry of the interface resistance that was taken to be γ = 0.5. The resistivity
of the materials is one of the fundamental parameters. The resistivity of the semiconductor film is
particularly important, since it strongly depends on
parameters such as temperature and doping concentration. By van der Pauw measurement the resistivity of the top heavily doped Si layer was found to be
ρtop Si = 2.77 mΩ · cm at room temperature.

Figure 5: Experimental data of the tunnel barrier
RA product for the Au/CoFeB/MgO/Si(n+)
system at Vbias = 0.2 V together with M R
maximum values following Fert-Jaffrès [12] with the
same parameters as in Figure 4.

Figure 6: M R window representation (with
assigned parameters) as function of wF and rb for
N
lsf
= 5 µm.

The free parameters (not related to the materials) when computing the M R are the spin diffusion
N
length lsf
(unknown), the F electrode width wF , the
N film thickness and the distance between the F electrodes tN . Fixing tN = 200 nm (smaller than the
N
typical lsf
[32]) and hN = 215 nm the only parameter remaining free is wF . But, it is required that
N
wF  lsf
to avoid loss of spin in the vicinity of
the F electrodes, a condition we fulfill by considering
N
lsf
= 10wF . Taking all this into account, the M R
curve is represented together with the RA(tM gO )
N
curve for three typical lsf
in Figure 5. Also, the
maximum value of these M R curves is represented
also in Figure 4.
We can represent the data together with the resistance window, obtaining Figure 5 and varying
N
the wF from 10 nm until lsf
we can represent
N
M R(wF , rb ) as in the Figure 6, for lsf
= 5 µm. The
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advantage of this representation is that one can see
for which wF does the resistance barrier enter into
the window.
Some conclusions can be taken:
N
• For lsf
between 1 and 10 µm we can compute
N
rN = ρN ·lsf
of 10 to 102 Ω · µm. Representing
it in Figure 6, it arrives just inside the resistance window;

• We enter in the M R window when tM gO =
1 nm (or lower, if the MgO barrier is still continuous, looking at Figure 4), obtaining 5% of
N
N
M R if lsf
= 5 µm and 17% if lsf
= 10 µm.
N
N
Si is known for having a large lsf
, however the lsf
required here place us on the limit of the largest values found in the literature [32]. In this situation, one
can look at other variables of the system in order to
enlarge the resistance interval of inequality 1 such
as the hN (semiconductor layer thickness), changing it to 100 nm, ar the tN (distance between the F
electrodes), changing it to 150 nm, and at the doping concentration (that will influence rN ). In these
conditions we get into the window achieving a few
N
percent M R even when lsf
= 1 µm.

B.

order to activate the implantation ions. On the electrical characterization (2.) of the nanowire samples,
Hall measurements on reference samples were done
to know the doping level, mobility and resistivity,
and CTAFM imaging on patterned samples were performed in order to study the resistivity profile of the
these samples.

1.

Ion Implantation

Ion implantation is the most common technique
to introduce dopant atoms into Si. In here, P ions
(classical donor for obtaining a n-type semiconductor) get accelerated under an electrostatic field, being fired into Si.
For our purpose, since the top film of this SOI
has 100 nm of thickness and we want to achieve an
uniform doping of this layer, the range (distance in
which one ion loses all its energy by means of collisions inside the material to where it was shot) is
set to be 50 nm. The SRIM code [33] provides an
energy loss calculation, i. e. a correspondence between the ion Eacc and the range, that is plotted in
Figure 7. By linear fit [34] we get Eacc Rp =50 nm =
35.46±0.05 keV and we can consider it to be 35.5 keV
for practical purposes.

Definition of Si heavily doped channels
100

SRIM
Fit
80
Projected Range Rp HnmL

The semiconductor channel in the LSV structure
we consider here will be made of heavily doped Si,
surrounded by undoped Si. Since the channel is very
thin (in the order of hundreds of nm), we adopt the
nomenclature of Si nanowires.
In this work, concerning the fabrication of this
kind of structure, a bottom-up approach was developed. It consists in the definition of heavily doped
Si nanowires in undoped Si using a mask during P
ion implantation. Then, to overcome the impedance
mismatch problem, deposition of MgO with tM gO =
1 nm on top of the plane Si surface takes place. Having a totally plane structure allows to avoid any continuity problem in the MgO film that will arise if the
channel was already etched.
To test this new solution, Monte Carlo ion implantation simulations (1.) were performed. They were
performed first in Si, to obtain critical implantation
parameters such as the acceleration energy Eacc and
implantation dose Q required to obtain a doping concentration of 1019 cm−3 . Right after, the same kind
of simulations were performed in Si with a protecting
mask in order to know what is the required thickness for this mask to stop the implantation ions.
The nanowires mask is defined using ebeam lithography. After implantation, the mask is removed and
the nanowires are subjected to an annealing step in
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Figure 7: Linear fit Rp (nm) = a × E(keV) + b to the
energy loss simulation data calculated with SRIM.
We obtain as parameters b = 3.97 ± 0.06 nm/keV
and a = 1.30 ± 0.01 nm. Inverting the linear fit
formula we find Eacc Rp =50 nm = 35.46 ± 0.05 keV.
Of particular relevance is the result that the concentration of the implanted atoms in the target material as function of distance follows a gaussian profile. The TRIM code [33] produces implantation concentration profiles that can be fitted to extract the
projected range Rp , the range straggling (standard
deviation) ∆Rp and the adimensional constant A.
The concentration of implantation ions C depends
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Fixed tannealing=90 min. and Depth=50 nm

C(x, t)
A
= √
exp
Q
π[2(∆Rp )2 + 4D(T )t]1/2

(x − Rp )2
−
2(∆Rp )2 + 4D(T )t
(3)

Figure 8 was produced in the before annealing situation where t = 0, giving the fit results referred in
the Figure’s caption.
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Figure 9: Concentration as function of implantation
dose for annealing time t = 90 min and depth
x = 50 mathrmnm, to obtain the target doping
concentration n = 1 × 1019 ions/cm3 one can
choose Q = 5.5 × 1014 ions/cm2 as implantation
dose after annealing at T = 900 o C.
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Figure 8: Fit to TRIM results and gaussian fitting
following expression 3 with t = 0. One obtains
A = (1.019 ± 0.006) × 108 , Rp = 51.3 ± 0.2 nm and
∆Rp = 23.1 ± 0.2 nm.
Using Eq. 3, in Figure 9 (a) is computed C
as function of the implantation dose. For a target concentration of 1019 ions/cm3 one needs Q =
5.5 × 1014 ions/cm2 , when considering a thermal annealing of T = 900 o C and tannealing = 90 min. In
Figure 9 (b), the evolution of the concentration profile is presented for various annealing temperatures.
Using TRIM with a stacking PMMA/Si it was obtained that 200 nm of PMMA are sufficient to stop
the implantation ions.

2.

!

Concentration Hionscm3 L

also on the time and temperature (implicitly through
D(T ) = D0 exp(−Eact /kB T )) of the annealing step.
The full profile is given by Eq. 3 [34]

Characterization of Si heavily doped channels

CTAFM at room and low temperature.
To obtain a 2D local resistance map, a CTAFM
technique was used where a doped diamond tip was
scanned in contact mode over the sample (same experimental setup of the Figure 2, where one simply
changes the position of the switch SW). Since Si with
different doping levels will show different resistivities
[29], a contrast in the local resistance values is expected once that Rlocal ∝ ρ.

During experimental characterization several aspects such as surface oxidation of the Si, space charge
effects, Si metallic phase transitions and mechanical
sample degradation during imaging had to be carefully addressed. Solving step by step these difficulties, it was possible to conclude that for a satisfactory
imaging, such as the one in Figure 10:
• Previous HF treatment (that was optimized to
30 s for HF diluted at 2%) was needed;
• One should avoid high mechanical pressures
since they lead to sample degradation and Si
phase transitions.
Finally from CTAFM characterization it can be
concluded that when looking at left part of Figures
10 (a) and (b) the implanted region shows no topographic contrast with respect to the undoped matrix.
Further we observe one order of magnitude of resistance contrast at room temperature (right part of
Figure 10 (a), measurements at Figure 10 (c)) that
gets enhanced to two orders of magnitude at 77 K
(right part of Figure 10 (b), measurements at Figure
10 (d)).
Hall measurements.
Unmasked reference samples consisting in bare
SOI (where we are interested in the top Si layer,
not protected with PMMA) and SOI protected with
PMMA were also subjected to the ion implantation
process. The results are presented on Table II.
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Figure 10: CTAFM images at 300 K for (a), (c), (e) and 77 K for (b), (d), (f); (a) and (b), topographic
image and CTAFM image, the heavily doped nanowire is not visible in the topographic image, and it is
clearly visible in the resistance map; (c) and (d) resistance profile cut: at room temperature one finds
roughly one order of magnitude that gets enhanced at 77 K; (e) and (f) 3D local resistance map.

Sample
n (cm−3 ) at 300 K
n (cm−3 ) at 90 K
ρ (mΩ · cm) at 300 K
ρ (mΩ · cm) at 90 K

Si not
protected
3.32 × 1019
3.24 × 1019
2.5
1.4

Si protected
with PMMA
1.46 × 1017
1.99 × 1016
92.7
411.8

Table II: Results of the Hall measurements at room
and low temperature.
The Hall measurement data is coherent with the
CTAFM imaging, both techniques showing similar
resistivity ratios between Si not protected and protected with PMMA . We extract from the Hall measurements a doping concentration 1019 cm−3 in the
heavily doped nanowire and 1017 cm−3 at room temperature and 1016 cm−3 at low temperature in the
sample protected with PMMA.
The protected zone conducts better than raw Si

(data not shown here), which is unexpected. This
is explained by considering that the PMMA is not
a powerful mask against P ion bombardment, and
or the mask thickness was insufficient to stop them
(contradicting the results of the simulation), or some
other phenomena referred in literature [35] such as
decomposition of the PMMA took place during bombardment.
Test of SiO2 as masking material.
To enhance the resistivity contrast, other masking
material (SiO2 ) was tested. For this material, TRIM
simulations showed that 150 nm is the minimum protecting thickness.
To test the efficiency of SiO2 as a mask during
implantation, samples were coated with 200 and
250 nm of PMMA plus 150 and 200 nm of SiO2 .
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They were subjected to ion implantation together
with a bare Si sample. Then Hall measurements were
carried out on them.
After ion implantation, the color of the substrate
changed for the unprotected and PMMA protected
samples. The resulting doping concentration extracted from Hall measurements are reported in Figure 11 as function of the masking material thickness
(PMMA and SiO2 ). These results clearly shows that
PMMA does not fully protect the Si from the implantation contrarily to SiO2 . As a conclusion, the SiO2
mask will be required for the future.
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Figure 11: Doping concentration measured by Hall
measurement technique as function of the
protecting mask thickness. The error bars are due
to dispersion in consecutive measurements.

III.

CONCLUSION

This work develops some fundamental milestones
into the realization of a LSV for NL measurements
in Si.
On the first part, a versatile and fast experimental method for the characterization of the tunnel
barrier resistance was implemented, providing a full
characterization of the Co40 Fe40 B20 /MgO/Si system. The experimental data were analyzed under
the Fert-Jaffrès model and in general the required
tunnel resistance is in the upper limit of the window required for efficient spin injection/detection.
N
For tM gO = 1 nm, lsf
= 5 µm and wF = 500 nm
N
(or higher but never crossing the lsf
limit, as it was
determined in Figure 6) it should be possible to adjust the interfacial resistance in the resistance win-

dow of the Fert-Jaffrès model. Moreover, a work
[36] has recently been published reporting fabrication and measurement at 300 K of a NL structure
using a Fe/MgO tunnel barrier in Si. In there, they
used a large voltage bias (out of the validity range
of the Fert-Jaffrès model) and a thicker MgO barrier
(tM gO = 1.6 nm) obtaining however a generous NL
signal. This shows there are possibly another ways
to change the resistance window in an advantageous
way when considering drift-diffusion.
More generally, the possibility to characterize the
interface resistance on a large resistance range, as
developed in this thesis, is a particularly interesting
tool which was successfully applied to other structures such as Ge. In this case, it was possible to
obtain RA(tM gO ) curves similar to the one of the
Figure 4, being observed a clear tunneling behavior
for tM gO > 1 nm. These results can be used to explain the recent demonstration of spin injection in
the conduction band of Ge by spin pumping [37],
when a tunnel barrier is present between the semiconductor and the ferromagnetic material.
A second part of the work was dedicated to the
fabrication of Si heavily doped nanowires by ion implantation. The advantage of this technique is to
provide the possibility of fabrication of NL structures
by lift-off techniques compatible with the deposition
of very thin insulating barriers. Here, it was shown
that the PMMA does not act as a powerful mask for
implantation. However, it still leads to a resistivity contrast ratio of one order of magnitude at 300K
(enhanced by one order of magnitude when going
to 77 K) between implanted zone and masked zone,
revealing the potential of this approach. For the future, it was shown that the use of 200 nm of SiO2 as
a mask appears to be a more efficient solution.
In a more general way, this channel definition
method for LSV fabrication can be used with other
materials than ferromagnetic ones. For instance, the
proposed method could also be invaluable to test new
mechanisms of spin injection using large Spin Hall
Angle materials (where spin injection takes place via
Spin Hall Effect) like Pt, Au(W) or W [38]. In this
case, we just need to replace the MgO/ferromagnetic
spin injector by the large Spin Hall Angle material.
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