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Switching induced by spin-orbit torque (SOT) is being vigorously explored, as it allows the control of
magnetization using an in-plane current, which enables a three-terminal magnetic-tunnel-junction geom-
etry with isolated read and write paths. This significantly improves the device endurance and the read
stability, and allows reliable subnanosecond switching. Tungsten in the 8 phase, 8-W, has the largest
reported antidamping SOT charge-to-spin conversion ratio (0ap & —60%) for heavy metals. However,
B-W has a limitation when one is aiming for reliable technology integration: the 8 phase is limited to
a thickness of a few nanometers and enters the o phase above 4 nm in our samples when industry-
relevant deposition tools are used. Here, we report our approach to extending the range of 8-W, while
simultaneously improving the SOT efficiency by introducing N and O doping of W. Resistivity and XRD
measurements confirm the extension of the 8 phase from 4 nm to more than 10 nm, and transport charac-
terization shows an effective SOT efficiency larger than —44.4% (reaching approximately —60% for the
bulk contribution). In addition, we demonstrate the possibility of controlling and enhancing the perpen-
dicular magnetic anisotropy of a storage layer (Co-Fe-B). Further, we integrate the optimized W (O, N)
into SOT magnetic random-access memory (SOT-MRAM) devices and project that, for the same thick-
ness of SOT material, the switching current decreases by 25% in optimized W(O, N) compared with our
standard W. Our results open the path to using and further optimizing W for integration of SOT-MRAM

technology.

DOI: 10.1103/PhysRevApplied.16.064009

I. INTRODUCTION

Current magnetic random-access memory (MRAM)
technology uses spin transfer torque (STT) to switch the
magnetization direction of the storage layer in a magnetic
tunnel junction (MTJ). As an alternative, spin-orbit torque
(SOT) [1], a recent development in the field of spintron-
ics, has attracted considerable attention as a method to
induce reversal of magnetization in nanomagnets [2,3].
The in-plane current required to generate a SOT allows
one to write a magnetization state without passing a current
through the tunnel barrier, unlike the case of STT, giving
birth to the three-terminal SOT-MRAM concept [4], where
the read operation is still performed by measuring the tun-
nel magnetoresistance (TMR). As such, the decoupling of
the write and read current paths overcomes the main issues
associated with STT-MRAM technology by preventing
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write errors during read operations, by eliminating the
risk of voltage breakdown of the MgO tunnel barrier dur-
ing write operations, and, importantly, by giving access
to subnanosecond switching speeds and better endurance
[5]. These promising characteristics have triggered strong
interest from industry, and recent years have seen impor-
tant efforts from research and development institutes to
develop SOT-MRAM technology. In fact, SOT-MT]J inte-
gration on large-scale 200- and 300-mm wafers using
CMOS-compatible processes has recently been demon-
strated for both in-plane magnetized MTJs (IMTJs) [6—
8] and perpendicularly magnetized MTJs (PMTlJs) [1,9]
(PMTlJs being preferred by industry due to their scaling
advantages). This opens up promising solutions not only
for applications in cache memories [10,11], but also for
other applications such as racetrack memories [12], logic
[13,14], and neuromorphic computing for ultralow-power
computation [15—17].

Despite reports of the high performance and low power
consumption of SOT PMTJs, numerous challenges need

© 2021 American Physical Society
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to be resolved before real applications can be envisaged.
The first aspect relates to processing, manufacturing, and
application compatibility, such as device yield [6,9], MTJ
performance (TMR, retention), and, importantly, the need
to sustain the back-end-of-line thermal budget (400 °C),
where intermixing can severely affect the SOT efficiency
[18]. Secondly, switching a perpendicular magnetization
by SOT requires a static in-plane magnetic field to break
the symmetry of the system and ensure deterministic rever-
sal. As such a field is detrimental in memory applications,
various credible approaches have been proposed to achieve
field-free SOT switching, including exchange coupling
to an antiferromagnet [19,20], Ruderman-Kittel-Kasuya-
Yosida coupling to a reference ferromagnet [21], geomet-
rical asymmetry [22], STT assistance [23], and embedding
a permanent magnet in the hard mask used to pattern
the SOT track [24], each solution having pros and cons.
Finally, these days the most critical aspect refers to the
SOT charge-to-spin efficiency £sor and the total current
required to operate the device. The typical current densities
reported are greater than 100 MA cm~2 for subnanosecond
switching, translating to currents larger than 300 pA in
scaled SOT-MT]J cells [10,25]. Consequently, this requires
increasing the size of the control transistors, directly affect-
ing the cell footprint and density. It is therefore crucial
to decrease the writing current to compete with existing
technologies.

A simple expression for the threshold current density for
switching is given by [26]

e M tem &
I = ep (HE=V2).

where £2P is the antidamping SOT efficiency and M is
the saturation magnetization of the free layer, which is of
thickness #py and has an effective perpendicular magnetic
anisotropy field of Hg. Optimizing the SOT efficiency is
a straightforward way to reduce the threshold current den-
sity for switching to meet the requirements of industry. The
main effects leading to spin-orbit torques are the spin Hall
effect (SHE) and the Rashba effect [1,27,28]. Although the
bulk or interface origin of the spin current giving rise to
the antidamping (AD) and fieldlike (FL) effects is a matter
of debate, it has been established that the strongest SOTs
are found in normal metal with a large spin-orbit coupling
such as the 5d metals Pt, W, and Ta [1]. The SOT effi-
ciency in these materials reaches up to 30%, and in alloys
and multilayers based on these metals shows the possibility
to reach 80% [29], although no or only weak perpendicular
magnetic anisotropy (PMA) of the free layer was reported.
New exotic materials, such as topological insulators [30],
have been reported to show even larger values (greater than
100%) [31] but, to date, it is extremely complex to combine
them with pMTIs.

Among the heavy metals, W in the 8 phase has the high-
est antidamping SOT efficiency reported [32-36] (/P ~
—30% to —60%), and it is very compatible with PMTJ
development [10]. However, following our recent develop-
ment of tungsten-based SOT MTJs on large-scale wafers,
we have reported that W loses its 8 phase above 4 nm [10].
Such thin layers impose severe constraints on the choice of
thickness and on the etching conditions, possibly leading to
a strong distribution of the SOT resistance and efficiency
from device to device. We report in this paper the possibil-
ity of optimizing the growth of 8-W using dopants such
as nitrogen and oxygen [37-39]. We develop a process
in which growing a bilayer of oxygen- and nitrogen-
doped tungsten, W(O,N), results in process control of
the tungsten 8 phase to more than 10 nm, while concur-
rently improving the PMA as well as improving the SOT
efficiency to —44.4%. Additionally, we show that imple-
menting such an approach in scaled SOT-MTIJs results in
an effective reduction of the threshold current for switch-
ing by 25%, indicating pathways to further engineering and
optimizing SOT-MRAM technology.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

We use a Canon Anelva EC7800 cluster to sputter
deposit our stacks on 300-mm Si wafers. The general lay-
out of the stack is as follows: Si/SiO,/W (¢sot)/Co-Fe-
B(1)/MgO(1)/Ta0O,.(3), where the thicknesses are in
nanometers and fgor is the thickness of the processed W
layer. The W layer is deposited as a wedge. Note that the
Si0, substrate seed is grown by a PECVD method and flat-
tened by chemical-mechanical polishing, as done during
our device integration process. We observe that the nature
of the oxide and its processing have an impact on the stack
growth and the properties of the free layer, and hence it
is important to develop solutions compatible with device
fabrication methods. All sample stacks are annealed after
deposition at 300 °C for 30 min.

We conduct the study using four types of samples,
as sketched in Fig. 1(a). The major difference between
the samples is the sputter-deposition conditions of the
tungsten. Sample 1 (S1) consists of standard nondoped
tungsten, W. We prepare sample 2 (S2) by first deposit-
ing a layer of W, followed by oxygen flow for 300 s
and subsequent deposition of an additional W layer to
get a “laminate” of W with oxygen, resulting in an effec-
tive W(O) material. In sample 3 (S3), W is reactively
doped with nitrogen using an Ar : N ratio of 10:1, to get
W(N). Finally, in sample 4 (S4), we combine the depo-
sition steps of the W(O) and W(N) samples to create a
W(O,N) bilayer. After deposition and annealing of the
sample stacks, the sheet resistance is measured as a func-
tion of the SOT-layer thickness (¢sor), and the saturation
magnetization (M) is evaluated using vibrating sample
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(a) Sample stacks prepared for this study. The main difference between the samples is in the tungsten layer. Sample 1 (S1)

is deposited with nondoped W. In sample 2 (S2), the W layer is doped with oxygen. This is denoted as W(O). This layer is grown
as nanolaminate repeats. The W layer in sample 3 (S3) is grown by reactive doping with nitrogen. This is denoted as W(N). In
sample 4 (S4), the W is prepared by doping with both nitrogen and oxygen. This is denoted as W (O, N). The Co-Fe-B is capped
with MgO (1 nm), Co-Fe-B dusting, and Ta capping layers. Slanted layers indicate layers deposited as a wedge on a single wafer.
(b) Schematic illustration showing Hall-bar measurement geometry along with definition of the coordinates used in the harmonic
Hall-voltage measurements for the quantification of SOTs in our samples. (c) Schematic illustration of electrical measurements of
SOT-MRAM cell. Vsor is a voltage pulse with a pulse width #, sot, applied through the SOT track for electrical switching of the free
layer of the MTJ. The orientation of the MTJ (parallel or antiparallel) is measured by applying a dc voltage through the MTJ. dc TMR
measurements are performed to measure the hysteresis loop of the free layer. SAF, synthetic anti-ferromagnet; RL, reference layer.

magnetometry. Subsequently, Hall-bar devices of width
w =10 um and length L = 100 um are patterned using
photolithography and dry etched by Xe ion milling.

We make use of the harmonic Hall-voltage method
[40—42] to quantify the magnetotransport coefficients, the
magnetic anisotropy Bk, and the current-induced AD and
FL effective SOT fields, Baop and Bpp, respectively. We
use a low-frequency ac current of frequency 10 Hz and a
current amplitude /iy, corresponding to a current density
J of 2 MA cm™2, calculated for the full metallic thick-
ness, i.e., including the thickness of the Co-Fe-B layer.
We use spherical coordinates, and the current direction is
defined to be along the X axis, as shown in Fig. 1(b).
First-harmonic (V},) and second-harmonic (V>,) signals
are obtained simultaneously from a fast Fourier transform
of the acquired longitudinal and transverse signals. These
signals are measured as a function of the amplitude, Bey,
and angles, [0p; ¢5], of the external field. The sample resis-
tance is estimated precisely from the longitudinal signals,
while the transverse resistance Ry, is read from the pla-
nar Hall (Rpyg) and anomalous Hall (Rayg) resistances:
Ruanl = Rane cos(0) + Rppg sin®(0) sin(2¢). Ryan is used

to quantify the polar angle of the magnetization (6) during
the measurements, while Rayg i1s extracted from an out-
of-plane field scan (05 = 0°), and Rpyg is obtained from
an in-plane angular scan (6 = 90°) at a constant in-plane
field of Beyt = 2 T.

The effective perpendicular magnetic anisotropy (BS)
is estimated from the Ry, signal of a field-sweep mea-
surement in which a magnetic field Bey is applied almost
in-plane to the sample [0z = 86°; ¢pp = 0°]. A macrospin
model [Eq. (2)] is used to evaluate BSM:

cos 0p sin 0p
B = By — Byen = — Bext, 2
K K dem [cos@ sin0:| ext 2)
2K
B = Boem — Bx = poM, — TR 3)
N

where the polar angle of the magnetization 6 is estimated
at every field step. Here, K is the uniaxial anisotropy con-
stant and M, is the saturation magnetization. When the
interfacial magnetic anisotropy field (Bgx) dominates and
exceeds the demagnetizing field (Bgem), the samples have
a positive B and therefore PMA. Otherwise, the samples
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have in-plane magnetic anisotropy (IMA). In samples with
IMA, the effective demagnetizing field (ngm) in Eq. (3)
is estimated as the out-of-plane field at which the trans-
verse first-harmonic resistance saturates. To quantify the
SOT effective fields, we follow a procedure adapted from
Ref. [41], which takes into account thermal effects and
allows quantification of SOT in both in-plane and out-of-
plane magnetized systems. Bap and Bgp are estimated from
the following equations:

b4 Rane b4
RY* = B% cos — + Ryr. cos —, (4
2w AD 4 Bext +B?<H+ngfm VT, 4 ( )
/4
0o _ ng _ZRPHEB¢ (5)
20 = FL-
cos(m/4) Bext

Here, Rgf and RS correspond to the second-harmonic
resistance measured by sweeping the in-plane field at
[68 = 90°; ¢pp = 45°] and [Op = 90°; ¢ = 0°], respec-
tively. Ryr, is the thermal resistance induced by out-of-
plane thermal gradients [41].

In a second step, the effective antidamping (fieldlike)
fields are converted into a charge-to-spin conversion-

efficiency parameter &‘]-AD(FL) using

EJ-AD(FL) = %%fFMBAD(FL), (6)
where e is the electronic charge, h is the reduced Planck
constant, and #p) is the thickness of the ferromagnet.

We report on the electrical switching properties of three-
terminal PMTJ SOT-MRAM devices in Sec VI. The MTJ
stack for the results presented in Sec.VI is as follows:
Si/Si0,/[W(3.5) or W(O,N)(6)]/Co-Fe-B(0.9)/MgO(1)/
Co-Fe-B(1)/W(0.3)/SAF(10.5) (with thicknesses in
nanometers). Further details of the stack and device fab-
rication process can be found in Refs. [10,24,25]. To
determine the effective perpendicular magnetic anisotropy
(B%T) and the retention (A) of the PMT] free layer, the pro-
cedure used is as follows: hysteresis loops of the free layer
are measured 600 times, from which the switching-field
probability distribution, Py (By), is evaluated. Equation (7)
is used to fit the switching-field probability distribution and
extract BST and A of the free layer as free parameters, as
reported in Ref. [43]:

—BS (V7 /2)
RJVA

wlia(-2)]} o

where R is the sweep rate of the magnetic field and £ is
the attempt frequency. A schematic illustration of the mea-
surements of the electrical switching of the free layer by

PSW(BS) =1- exp:

SOT presented in this paper is shown in Fig. 1(c). A volt-
age pulse of amplitude Vsor and width #pgor is applied
through the SOT track to write the free layer. To avoid a
STT contribution, we compensate the potential drop under-
neath the free layer by applying Vsrr (fpstr) = 0.5 %
Vsor (psot) across the MTJ in synchronization with the
SOT write pulse [25]. A dc bias Vyeag = 10 mV through the
MT] is used to measure the TMR.

III. EXTENSION OF TUNGSTEN g PHASE
WINDOW

Thin films of W can exist in two crystalline phases
[32,34,36,37,44,45]: an « phase («-W), which has a low
resistivity (520 u€2 cm) and low &P (note that a-W is
widely used in industry for contact metallization), and a 8
phase (B8-W), with a larger resistivity (100300 ©2 cm)
and, importantly, a very large £/*P. Therefore, to check for
the presence of the B phase in different samples, we mea-
sure the sheet resistance by a four-point-probe technique as
a function of the thickness tsor of the W, W(N), W(O), and
W(O, N) samples. The resistivity of the samples calculated
from the sheet resistance is shown in Fig. 2(a). The resistiv-
ity shown here is the total resistivity of the SOT/free-layer
bilayer, and therefore it also includes the resistivity of
the Co-Fe-B layer. Clearly, the resistivity of the standard
tungsten sample S1 (black curve) decreases significantly
beyond 4 nm, indicating a S-to-o phase transition (¢g-to-o)
of W and an « phase from approximately 5 nm and above.
The resistivity of «¢-W (25 w2 cm) is approximately 5
times smaller than that of 8-W. In the W samples (S1), the
resistivity of the 8-W, pg.w, is 140 u €2 cm, which is in the

C)) (b); ‘

T —~ = —
! § S 2 S—wsm
] i Y Zff N—wW4a5mm
160 == ;:VWVgH:n
R ) P A Y Q—WtN;:Ar‘:r:
5 =Z-. ) ‘g [—W(O,N) 6 nm
g 1201 oW >
3 1§ o-W(0) =
g { [<-w(N) A
2 i% W(ON) P
.(% 804 }T'D'TaN/W =
g 1 8
¢ ! —
I 1
18 %%
40 re MMM
%‘ ....__.,M.—n\____
I
I

2 4 6 8 10 30 35 40 45 50
tSOT (nm) 20 (deg)

FIG. 2. (a) Sample resistivity p estimated from four-point-
probe sheet-resistance measurements as a function of W layer
thickness. (b) Grazing-incidence XRD spectra of samples. The
thickness of the W layer, along with the sample type, is indicated
in the legend. Peak positions corresponding to different crystal
phases of tungsten are indicated, with reference to the lattice
plane.
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lower range of B-W resistivity values reported in the liter-
ature [32,34]. The presence of some « grains could lead
to such moderate resistivity. Since W has bad adhesion
to oxides, we also prepare samples including a 1-nm TaN
seed layer to prevent delamination. Remarkably, TaN and
other seeds tested, such as Ti and TiN, favor high-quality
W growth in the o phase and prevent the formation of the 8
phase above 1.5 nm, as shown in Fig. 2(a) (purple curve),
strongly limiting the use of seed and adhesion materials.

However, there are reports showing that the presence
of oxygen or nitrogen adsorbed onto the surface provides
nucleation sites for the growth of metastable §-W [37-39].
In the presence of a large number of such nucleation sites,
B-W nucleates more readily than «-W, and thereby the
B phase becomes the majority phase, in addition to some
a-W grains. Furthermore, other reports show that doping
W with oxygen increases the antidamping efficiency to as
high as —50% [46]. Therefore, taking account of this infor-
mation, we prepare tungsten samples doped with O (S2)
and N (S3), expecting to extend the 8 phase and improve

AD

JAs is apparent in Fig. 2(a) from the resistivity mea-
surements, the 8 phase is extended to thicker tungsten in
samples S2 and S3 compared with S1. In the oxygen-doped
sample (S2, red curve), B-W exists up to 7 nm of tungsten,
beyond which we see a transition into the o phase from the
drop in resistivity, as in S1. pg.w in W(O) is 157 pu€2 cm.
The B-phase window can be further increased by adjusting
the W thickness and the lamination repeats. Furthermore,
in samples doped with nitrogen (S3, blue curve), the S
phase persists above 10 nm, with pg.w =~ 178 puQ cm.
Although both doped tungsten samples have an extended
B phase, as we show in the next section, the W(O) samples
possess PMA and the W(N) samples have IMA, while & j*D
is larger in the W(N) samples (see Sec. V). For the devel-
opment of PMTJ SOT MRAMs, PMA in the free layer
is mandatory. Therefore, to make use of the best of both
approaches, we prepare samples combining nitrogen and
oxygen doping, W(O,N) (S4, orange data points), with
thicknesses of 3.6 and 6 nm. pg.w for W(O,N) is found
to be 200 u2 cm.

To confirm the presence of the 8 phase in the blanket
films, we perform grazing-incidence X -ray diffraction (GI-
XRD) measurements. Three signature peaks in the 26 scan
(35.5°, 39.9°, and 43.9°) characterize B-W, while «-W
exhibits a single peak at 40.2°. When both 8 and « tung-
sten coexist, such as in the B-to-a phase-transition region,
peaks for both phases should appear in the XRD spectrum.
Figure 2(b) shows GI-XRD spectra for a selection of thick-
nesses for S1 and for different W deposition processes in
S2, S3, and S4, with fsor > 4 nm (or fsoT > fg.to-a fOr
S1). For S1, it is apparent that the central peak increases
in intensity relative to the other two shoulder peaks, indi-
cating that majority of the grains are o-W for t5or > 4
nm, as inferred from the resistivity measurement. In W(N),

W(O), and W(O, N), the three peaks corresponding to the
B phase are observed but with low amplitude, confirming
our conclusion from the resistivity measurement.

IV. MAGNETIC PROPERTIES OF
W/Co-Fe-B/MgO STACKS

In this section, we first discuss the trends of the sat-
uration magnetization poM; vs tsor, shown in Fig. 3(a).
S1—undoped tungsten samples—shows a constant value
of woM; of 1.1 T (black curve), which degrades to 0.9
T when tsor < 2.4 nm. This is probably related to the
interface roughness and quality, resulting in an increased
Co-Fe-B dead layer. In comparison, S2 (red curve) shows
lower values of uoM; = 0.9 T, strongly degrading below
3.4 nm, which indicates a sizable impact of oxygen on
the Co-Fe-B, with partial oxidation of the Co-Fe-B layer.
This influence of oxygen can be mitigated and optimized
through the exposure time of the W to oxygen flow dur-
ing growth, as we show later for the W(O, N) samples.
The saturation magnetization for S3 reaches substantially
larger values of 1.2 T compared with previous samples and
reaches 1.6 T for fgor > 5 nm. We attribute these large
values to a quasiamorphous W phase induced by nitro-
gen, improving the interface roughness and favoring better
Co-Fe-B growth, as commonly observed when a smooth
TaN seed is used for MTJ growth [47]. Finally, in the
W(O,N) stacks, uoM, reaches 1.02 and 1.17 T for fsor
equal to 3.6 and 6 nm, respectively.

We now turn to the impact of the doping process on
the magnetic anisotropy. The magnetic anisotropy reported
here is estimated in Hall-bar devices, as explained in
Sec. II. Positive values indicate the presence of PMA (BS),

(a) (b) 0.6
1.61 /<1 °
P N PMA \
</ — 0.4 o
ny oo
E 1.21 @< Ao 065( a
. Jat 0.2 \ 9
S F oo o—o 7
o o-o /\o/ o
3 0.8 J \
- 0.0 1< 2 S
| G lS |
wo) || o E ~_
W(N [ IMA
0.4 o <]-WEO?N) ‘I]U -0.2 q‘q—q
2 3 4 5 6 2 3 4 5 6
tsor (nm) tsor (nm)
FIG. 3. (a) Saturation magnetization of Co-Fe-B as a func-

tion of tungsten layer thickness. Sample types are indicated in
the legend. (b) Effective anisotropy field, B, of Co-Fe-B vs W
thickness measured at Hall-bar level as described in the text. Pos-
itive values of B! indicate PMA, and negative values correspond
to a demagnetization field and therefore IMA.
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and negative values represent IMA (ngm) in the Co-Fe-B.
The magnetic anisotropy vs #sor is shown in Fig. 3(b). S1
shows a moderate PMA with B ~ 0.2 T, with a PMA-
to-IMA transition above 4 nm of W. This coincides with
the B-to-a phase transition of W described in the previous
section. When oxygen is introduced, as in S2 (red curve),
we observe a significant increase in the PMA, with BT
reaching up to 0.6 T. This is interpreted as an enhancement
of the W(O)/Co-Fe-B interfacial anisotropy induced by
oxygen [48]. This interface anisotropy is usually provided
by a Co-Fe-B/MgO interface, and here W(O) provides
an additional way to increase the anisotropy and volume
of the SOT-PMT]J, similarly to the dual-MgO approach
used in standard STT-MRAM technology [49,50]. Below
tsor = 3.4 nm, the anisotropy strongly decreases, and cor-
relates with the trend in oM. We therefore conclude that
the Co-Fe-B is overoxidized due to an excess of oxygen
[51,52].

The nitrogen-doped samples S3 (blue curve) do not
exhibit any PMA for the entire thickness range of W(N).
The in-plane anisotropy increases with the thickness of
W(N). Although the saturation magnetization does not
vary much with the thickness until 3.5 nm of W(N) is
reached, it does increase for thicknesses greater than 3.5
nm. This increase in poM, causes the demagnetizing field
to dominate over any weak interface anisotropy that might
be present.

The importance of the role of oxygen in inducing PMA
in Co-Fe-B is further elucidated by the manifestation of
PMA in W(O,N) samples with values of the effective
anisotropy field in between those of the W and W (O) sam-
ples. BST is 0.4 T for the 3.6-nm sample and 0.3 T for
tsor equal to 6 nm, thus showing the possibility of con-
trolling and enhancing the interfacial anisotropy through
the W(O)/Co-Fe-B interface.

V. QUANTIFICATION OF SPIN-ORBIT TORQUES

Here we report on the influence of doping on the
SOT efficiency. In-plane field-scan measurements at [6g =
90°; ¢pp = 45°] and [0 = 90°; ¢pg = 0°] are performed to
quantify the antidamping and fieldlike effective fields,
respectively. From Bpp and By, the associated SOT effi-
ciencies £7'P and &} are estimated as detailed in Sec. II.
The trends in £2P and & vs #5or are summarized in
Figs. 4(a) and 4(b), respectively.

AD reaches a maximum of —35% in the W sam-
ples S1 (black curves), comparable to initial reports [32].
The antidamping SOT efficiency varies from —19% to
—35% for thicknesses ranging from 2 to 4 nm, respec-
tively, indicating bulklike behavior of the spin Hall effect.
As anticipated, £*P drops considerably when the tungsten
transforms to the o phase, and it is not detectable beyond 5
nm. £f' fluctuates around —9% and drops rapidly to —2%
on the cusp of the transition to the o phase. Remarkably,

(@) (b)
—45 -161 %)
O W(0)
< WN)
S -30 e % ,\‘12’ % %)
= S Jﬁ% i
% 5 é% &
_15,
41
. o
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FIG. 4. (a) Antidamping SOT efficiency, £/P, of different
types of W as a function of tungsten layer thickness. The solid
lines are fits to the experimental data points using a drift-diffusion
model to extract the intrinsic spin Hall angle ¢ and the spin dif-
fusion length A4 (b) Fieldlike SOT efficiency, SJFL, as a function
of SOT-layer thickness 5ot

€I does not depend on the thickness of W, indicating that
its origin might arise from the Rashba effect present at the
W/Co-Fe-B interface due to the high spin-orbit coupling.

Contrary to a report of efficiencies as high as —50% in
W(O) [46], we do not observe a real impact of oxygen on
AP in S2, where £, reaches a maximum of —32.3% at
5.5 nm, comparable to that for S1. Moreover, in our sam-
ples, &P behaves as a bulklike effect, as opposed to an
interfacial effect as in the earlier report [46]. This discrep-
ancy may come from differences in the thin-film deposition
process, since our W(O) samples are not prepared by reac-
tive doping, in contrast to the samples reported in Ref. [46].
Additionally, the difference in efficiency could also be
attributed to a possible variation of oxygen concentration
as a function of fgor in our W(O) films, differences in
the measurement technique used to quantify the SOT, and
formation of an inadvertent oxide layer at the interface,
affecting the interface spin transmission [48]. The slight
reduction in £ in the samples above 5 nm could be due
to an increase in a-tungsten grains relative to 8 tungsten
[33,53]. Interestingly, 5" increases to —15% and is high-
est compared with other samples, pointing to a possible
role of oxygen at interfaces in the nature and amplitude of
the FL efficiency [48].

Although there is no PMA here, we evaluate the SOT
in the nitrogen-doped samples S3 (blue curves). £2P for
W(N) is higher compared with the W case, as visible
in Fig. 4(a). It follows a bulk SHE model, and a max-
imum efficiency of —41.5% is reached for 5.5 nm of
W(N). This further confirms that the high resistivity of the
thicker tungsten in these samples is due to the presence
of B-W. The larger £ is not straightforward to explain,
but could be attributed to increased scattering due to a
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TABLE L

Resistivity of W (pg.w) and Co-Fe-B (pp-co-re-8) calculated from the dependence of the Hall-bar resistance on the W

thickness (#sot); spin diffusion length (Asf) and intrinsic spin Hall efficiency [Gseg (%)] estimated from the total current flowing through
the stack (/iora1) and from the current flowing in the SOT layer alone (/sor); and spin Hall conductivity(osy), for samples S1, S2, and

S3.

Sample W type PB-W PCo-Fe-B 051 (%) Asf (nm) 65T (%) s (nm) osu [k(2m)™']
(12 cm) (12 cm) (Trotal) (Trotal) (Isot) (sor) (Isot)

S1 w 138.7 76.4 —43 +£3.8 1.7+0.2 —54.4 +3.1 1.1 +0.1 3.9

S2 W(0O) 170.8 84.7 —36.6 5.6 23+04 —539+6.8 2+03 3.1

S3 W(N) 149.4 93.2 —469 £+£2.2 1.8 +0.1 —56.5+2.1 1.24+0.1 3.8

quasiamorphous phase, as presumed in Ref. [34]. It is also
possible that better interface quality induced by amorphous
growth improves the transparency of the interface to the
spin and consequently maximizes the torque transferred
to the ferromagnet. The fieldlike torque efficiency £f" in
these samples does not vary with thickness, and fluctuates
around —10%.

2D in the optimized W(O, N) samples S4 is determined
to be —42.2% and —44.4% for thicknesses of 3.6 and 6
nm, respectively. This is amongst the highest reported in
the literature for PMA samples. The increased antidamp-
ing efficiency in W(O,N) could be due to the tungsten
being more amorphous than in the other samples, as can
be inferred from the XRD spectra. &5~ for a thickness of
3.6 nm is found to be —11.2%, and for 6 nm it decreases
to —7.4%.

Using a drift-diffusion model of spin-current generation
by the spin Hall effect, we can estimate a spin diffusion
length, A, and an intrinsic or bulk spin Hall angle, Ggg,
from the relation SJ.AD = Ggg [1 — sech(tsor/Ase)] [54]. Ggg
and Ag of samples S1, S2, and S3 are summarized in
Table I. W(N) has the highest intrinsic spin Hall angle,
of —46.9 + 2.2%, and its spin diffusion length is 1.8 4 0.1
nm. The lowest Ggg, of —36.6 +5.6%, is found in the
W(O) samples, with an associated As 0of 2.3 &+ 0.4 nm. Ggg
and A¢r of the W in S1 are determined to be —43 £ 3.8%
and 1.7 £ 0.2 nm, respectively, and these values are com-
parable to the values reported in the literature for W
[33-35].

-60
aow %
O W(0)
_451 KWy b7
S <
5 53]
3
T
0 ‘ E]
0 2 4 6

tsor (Nm)

FIG. 5. szg renormalized to the current flowing through the
SOT layer, Isot. The solid lines are a fit of a drift-diffusion model
to the data.

Thus far, the efficiency values mentioned are calculated
from the total current (/i) applied; this current flows
through all the conductive layers of the stack. Hence,
assuming spin-current generation from the bulk spin Hall
effect, we now recalculate £7.0  from the current flow-
ing in the SOT layer (Isor). Isor is obtained by using
the W and Co-Fe-B resistivities estimated from the linear
dependence of the Hall-bar channel conductance on #sor.
Values of pg.w and pg.co.re-s Obtained from the sample
conductance are presented in Table 1. The intrinsic spin
Hall angle 955 and A¢r estimated from the renormalized
efficiencies, and the corresponding spin Hall conductivity
OsH ~ pp.w X Qgg(lsm) are also tabulated.

The trends in the efficiencies are displayed in Fig. 5.
After rectifying &/*° to Isor (§/0,), the trends become

clear, and 0§g is approximately the same in samples S1-S3,
the only difference being that the spin diffusion length of
W(O) is larger, 2 & 0.3 nm, compared with W and W(N),
in which Ag is 1.1 £0.1 and 1.2 + 0.1 nm, respectively.
Thus, it is clear that the role of doping is mainly to extend
the B phase to thicker 5ot and to minimize the formation
of «-W grains. Ignoring a possible interface contribution,
the effective spin Hall angle appears to be an inherent prop-
erty and therefore does not change considerably. Finally,
the spin Hall conductivities of samples S1-S3 are larger
than in previous reports [33]. The values of ogy for Sl
and S3 are similar, and W(O) has the lowest value, of 3.1
k(Q2m)~!.

VI. SPIN-ORBIT-TORQUE SWITCHING OF
SOT-MRAM CELL WITH W AND W(O,N) AS SOT
LAYERS

As mentioned in the previous section, based on the
information obtained from the doping study, we optimize
the recipes for W(O,N)—which has the highest SOT
among the samples discussed in this study—for two thick-
nesses of interest for our SOT-MTJ development: 3.6 and
6 nm. Only the 6-nm case is integrated into SOT-MRAM
cells. After MTJ stack deposition and annealing at 300 °C,
the TMR is evaluated by the current-in-plane tunneling
method, and both stacks exhibit similar values to those of
W-based stacks, of approximately 100%.
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FIG. 6. (a) Hysteresis
2 loops of the free layer of
d a PMTJ SOT-MRAM cell
/ with W and W(O,N) as
7 SOT layers. (b) Electrical-
{ switching (SOT) probability
P distribution for a 60-nm MTJ
o with W and W(O,N) as
/ SOT-generating layers, as a
function of SOT current /.
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dependence of threshold
current /¢ for switching a
60-nm PMTJ by SOT, for

1 W and W(O,N) SOT layers.
® (d) Dependence of I on in-
plane magnetic field |By| for
o W and W(O,N) SOT layers
in a PMTJ SOT-MRAM cell.
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To confirm the improvement of the switching proper-
ties in 6-nm W(O, N) against standard W devices, 6-nm
W(O, N)-based three-terminal SOT-MTIJs are fabricated
following the process flow described in Ref. [10]. The
dimensions of devices reported here are of a 60-nm-
diameter PMT]J sitting on a 160-nm-wide SOT track. Typi-
cal R-H loops of the free layer are shown in Fig. 6(a). Both
samples show similar values of the free-layer coercivity
(B, = 75 £ 5 mT) and offset field (Bog &~ —17 £ 0.5 mT);
however, we note a significant drop in the TMR from 115%
for W to 80% for W(O, N), which differs from the blanket
estimations. The reduction in the TMR could be an impact
of device processing. Additionally, we estimate the thermal
stability (A) and anisotropy (Bj’ff) of the free layer using the
probability distribution of B; [43], as detailed in Sec. II.
The effective anisotropy BST of a W [W(O,N)] PMTJ is
found to be 171.6 5.8 mT [190.7 4.2 mT], and the
corresponding thermal stability is 47.1 &1 (39.3 £ 0.8).

Next, we compare the SOT switching properties of opti-
mized W (O, N) with those of nondoped W. To serve this
purpose, electrical switching measurements are performed
in the presence of an in-plane field (By) along the direction
of the current and an out-of-plane field equal and opposite
to the offset field. The switching probability distribution
Py, is determined from over 1000 switching events as a
function of the current. The threshold current /¢, defined at
50% probability, is estimated from Py, by fitting an expo-
nential function [10]. Characteristic switching probability
distributions for W and W(O, N) at a pulse width tpyy = 1
ns and By ~ 32 mT, for positive and negative currents,

are shown in Fig. 6(b). In the following, we define /¢ as
being the average of the anti-parallel to parallel and paral-
lel to anti-parallel switching-current values to alleviate the
problem of writing asymmetries induced by the reference-
layer offset field. /¢ is then plotted as a function of the
inverse of tpw, as presented in Fig. 6(c). As reported in
Ref. [55], Ic manifests two different regimes: until a 1-ns
pulse width, switching is thermally assisted, but below 1
ns it is in the intrinsic regime and /¢ scales linearly with
the frequency 1/tpw, i.€., Ic = Ico + (Q/tpw). The intrin-
sic threshold current density for switching, /o, is defined
as the intercept of a linear fit to the intrinsic regime, and the
slope Q is related to the reversal mechanism (it is related to
the nucleation energy and domain-wall propagation). We
extract Ico = 0.31 mA for 6-nm W(O, N) devices, which
is approximately 1.33 times the value for the W devices
(0.232 mA). When normalized to the same thickness of the
SOT layer, Iy for W(O, N) is approximately 25% lower
than for W (the /¢ ratio of 1.33 is less than the thickness
ratio of the SOT layers, approximately 1.71). This is con-
sistent with the observation in Sec. V, where the effective
JAD is found to be 25% larger in the W(O, N) system. This
shows that the dependence of the SOT efficiency in the
trilayer stack is still reflected in the fully integrated SOT-
MRAM PMTI cell. In contrast, the Q factor is similar for
both samples, which should be the case for very similar
free-layer characteristics of both samples.
Finally, we measure Iy as a function of the applied
in-plane magnetic field By. To mitigate writing-current
asymmetries induced by the offset field from the reference
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layer, we report in Fig. 6(d) the average I obtained for
positive and negative By as a function of |By |. We observe
that /¢y reduces monotonically with the strength of the
in-plane magnetic field, as expected from Eq. (1). A lin-
ear fit of Eq. (1) to the [rp-vs-By data gives the spin
Hall efficiency &P as the dependent parameter. We find
that the antidamping SOT efficiencies of W and W(O, N)
are —0.13 +0.03 and —0.18 £ 0.04, respectively. These
are significantly lower than the values reported in Sec. V
(approximately —0.35 and —0.44, respectively), quantified
by the second-harmonic Hall-voltage technique on Hall-
bar devices, but consistently approximately 38% larger
for the W(O,N) system. This discrepancy may stem
from Eq. (1), which is a simplified model derived from
a macrospin model at 0 K that assumes only that the
antidamping torque influences the magnetization reversal.
In contrast, it has been shown that the reversal mecha-
nisms are not macrospin, and that the increase in tem-
perature due to the switching pulse, the fieldlike torque,
and the Dzyaloshinskii-Moriya interaction impact reversal
[56]. We therefore conclude that while Eq. (1) qualita-
tively describes SOT-mediated reversal, it cannot be used
for quantitative estimation of &P, showing the need to
develop new techniques to quantify SOT efficiencies at the
SOT-MRAM-cell level and more refined analytical models
capturing the correct switching mechanisms.

VII. CONCLUSIONS

In summary, our nondoped W undergoes a §-to-o phase
transition around 4 nm, resulting in a loss of PMA and SOT
efficiency after the transition. Next, by doping tungsten
(separately) with oxygen, denoted as W(O), or nitrogen,
denoted as W(N), the 8 phase is extended to thicker tung-
sten (more than 4 nm). However, we find that Co-Fe-B
loses PMA in the W(N) samples, and M; is reduced in the
W(O) samples. The antidamping SOT efficiency in W(N)
is found to be —41.5%, which is higher than that in W(O),
—32.3%. Interestingly, in both nondoped W and doped
tungsten samples [W(N), W(O)], the bulk intrinsic spin
Hall efficiency is determined to be similar, approximately
—56%, despite the variation in the spin diffusion length.
This shows that the role of the dopants is to extend the
nucleation of amorphous B8-W to thicker tungsten and not
to significantly influence the intrinsic spin Hall efficiency
of tungsten.

Consequently, we prepare a bilayer lattice of nitrogen-
and oxygen-doped tungsten, W(O,N), to make use of
the best properties resulting from doping separately, such
as improved PMA and AD-SOT efficiency. Further, in
W(O,N), we demonstrate that the critical thickness at
which tungsten undergoes the f-to-o transition can be
extended to greater than 10 nm. Moreover, Co-Fe-B
deposited on this optimized tungsten, W (O, N), has PMA,
a crucial requirement for application in PMTJ SOT

MRAMSs. In W(O,N), the antidamping SOT efficiency
is —44.4%, which is higher than the value of —35%
in our nondoped W samples. Finally, we also integrate
W(O,N) (6 nm) into SOT-MRAM devices and show that
the intrinsic threshold current for switching the free layer
is effectively reduced by 25% compared with nondoped
W (3.5 nm) devices. Thus, the SOT efficiency optimized
at the level of simplified trilayer stacks is also reflected
at the level of SOT-MRAM cells. Our work shows the
possibility of further optimizing and engineering W-based
SOT-MRAM technology toward application requirement
targets.
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