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Abstract

The discovery of a large Spin Hall angle in f-W makes it a potential spin—orbit torque (SOT) material for its incorporation in
SOT-MRAM devices. The f-W is a metastable phase that transforms to a stable a-W phase above a certain film thickness and
temperature. In this study, we report the growth of 50—70 nm thick W films prepared by nitrogen reactive sputtering at various
nitrogen partial pressures in the range of 0-10% and two sputtering powers (Py,) of 30 W and 100 W. To study the thermal
stability of thin films, some of the films are vacuum annealed at 200400 °C. W films are characterized by X-ray diffraction,
X-ray reflectivity and electrical resistivity measurements. The deposition rate, W film density and surface roughness tends
to decrease at both the powers with an increase in nitrogen partial pressure (Ry ) from 0 to 10%. XRD measurements show
that at Ry = 0% the tungsten film contains mixed/pure a-W phase at 30 W/100 W, indicating the dependence of W-phase
formation on the deposition power (rate). The Ry, =2% stabilizes the f-W phase at Py, =30 W, however, higher Ry of 3% is
required to stabilize f-W at Py, =100 W. The o-W films deposited at Ry =0% and 100 W are found to be stable upto 400 °C
indicating the thermal stability of a-W phase. The 70 nm thick $-W films deposited at Ry, =3% and Py, =100 W are ther-
mally stable upto 300 °C as a majority phase with volume fraction (f) ~80%, and even at 400 °C a complete transformation

to pure a-W phase is not observed.
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1 Introduction

Tungsten finds a wide array of applications ranging from dif-
fusion barrier [1], X-ray mirror [2, 3], X-ray mask [4], fusion
reactor [5, 6], the superconducting device [7], and in the
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field of spintronics [8—11]. Tungsten exists in two crystalline
phases namely a-W and f-W [12—15]. The a-W has a body-
centered cubic structure (A2) and the space group is Im 3 m,
whereas B-W has an A15 cubic structure and the space group
is Pm 3 n. The o-W is thermodynamically stable, while p-W
is a metastable phase and observed only in the thin film form
of tungsten. The p-W is stable below a critical film thickness
(t..), and converts partially/completely to a-W phase at film
thickness (t) higher than a critical thickness (t.,) [8, 9, 16].
In general, t . increases with a decrease in deposition rate
(I') and deposition/annealing temperature [17-20]. The f-W
has captured the interest of the scientific community since
the observation of a large spin Hall angle (SHA) of 0.33
by Pai et al. [8]. Recently, Chen et al. obtained the SHA of
0.65 in p-W [21], while SHA is 0.056 in Pt [22], 0.15 in B-Ta
[23] and <0.07 in a-W phase [8]. Observation of large SHA
in B-W makes it a potential spin—orbit torque (SOT) mate-
rial for its incorporation in SOT-MRAM devices. A SOT-
MRAM device consists of a magnetic tunnel junction (MTJ)
heterostructure on a SOT electrode having a large SHA.
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SOT-MRAM devices could achieve much faster switching
of MTJ with lower power consumption [10]. In addition
to the large SHA, p-W exhibits a critical superconducting
transition temperature (7)) of 4.7 K [7] and can withstand
higher upper critical magnetic fields [24]. These properties
along with the observed homogeneity in B-W films make
it an excellent candidate for superconducting device appli-
cations, such as superconducting nanowire single-photon
detectors (SNSPD) [25, 26].

Sputtering is widely employed technique for the growth
of W thin films, and sputtering parameters such as Argon gas
pressure (p,,) and dc power (Py,) applied to tungsten target
play an important role for the stabilization of 3-W phase [17,
19, 27-29]. The B-W phase is stabilized at a lower deposition
rate achieved by either relatively low Py, (3—30 W) or high
par (5—100 mtorr) [17, 19, 27-29]. However, the low deposi-
tion rate leads to low manufacturing yield and is undesirable
for mass scale-up production. Additionally, it is reported that
high p,, leads to highly resistive $-W thin films, which is not
suitable for spintronic devices.

Reactive sputtering technique employing impurity gases
such as O,, N, and He have been found to stabilize p-W
phase [30], but O, is most frequently used [12, 13, 30-33].
Recent studies demonstrate that 3-W phase can be stabi-
lised using a minuscule amount of N, in comparison to
O,. Liu and Barmak reported the pure $-W phase in 14 nm
thick W films deposited using N, impurity gas (6 X 10 to
1.2x 107 torr) along with 3 x 1073 torr of Ar gas [34]. Hon
et al. reported that 1 sccm N, flow (along with 30 sccm
Ar) was sufficient to stabilize the 3-W phase, while at 2—4
sccm N, flow the W films become amorphous [35]. Thermal
annealing (up to~400 °C) is an essential step to improve the
magnetic properties of spintronics devices eg. MRAM [36],
however, thermal annealing may degrade the performance
of SOT-MRAM device due to f-W — a-W transition in SOT
layer [19, 20]. Hofer and Haberkorn reported that f-W films
deposited using N, impurity gas under ambient conditions
converts to a-W (minor W,N phase) at an annealing tem-
perature of 700 °C [7]. Hon et al. observed the stable p-W
phase in 20 nm thick films after annealing at 300 °C [35].
However, systematic studies on the effect of temperature on
B-W is missing. In literature, the B-W phase is found to be
stable upto 20 nm thick films grown using nitrogen reactive
sputtering at a deposition rate of 0.9—1.8 nm/min. Therefore,
the aim of the present work is to carry out a systematic study
on stabilizing the f-W phase in relatively thicker W films
grown at a higher deposition rate, which will be beneficial
for mass-scale production of B-W thin films and its integra-
tion in spintronics devices.

In the present work, we report the growth of ~50-70 nm
thick W films prepared by nitrogen reactive sputtering at
various nitrogen partial pressures in the range of 0-10% and
two different dc powers applied to W target. We observed the
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effect of nitrogen partial pressure on the stabilization of 3-W
phase formation, and the effect of annealing temperature
(upto 400 °C) on the stability of p-W phase.

2 Experimental

Tungsten thin films are deposited by dc reactive magnetron
sputtering technique on fused silica and Si(100) substrates
at ambient temperature. Film deposition is carried out at
constant sputtering power (Py,) of 30 W and 100 W using Ar:
N, gas mixture. The Ar and N, gases are mixed at various
flow rates, but keeping the total flow rate and total pressure
of the gas mixture fixed to 50 sccm and 2.8 mtorr, respec-
tively. The partial pressure of nitrogen (Ry,) in Ar:N, gas
mixture is defined as:

PN

Ry%=——2—x100
7 Par +pn,) M

where p,, and py, are gas flow of Ar and N, gas, respec-
tively. Substrates are cleaned in an ultrasonic bath using
acetone followed by methanol, cleaned by running deionised
water in between and finally dried using nitrogen gas. Sub-
strates are loaded into the deposition chamber via load lock.
The substrates are baked at 300 °C for 1 h in the deposition
chamber to achieve a base pressure of about 1x 107’ torr
or lower. Substrate holder is rotated at 60 rpm during film
growth to ensure thickness uniformity. The deposition rate
is estimated using total film thickness divided by the depo-
sition time. Some of the films are vacuum annealed in the
range of 200-400 °C (1 h) in a homemade vacuum furnace
with a base pressure of about 3x 107 torr.

X-ray diffraction (XRD) is used for phase analysis and
quantification of B-W volume fraction. XRD measurements
are carried out in 6/20 geometry with Cu K, radiation using
a Bruker D8 Advance system. X-ray Reflectivity (XRR)
measurements are performed using Cu K, radiation with a
wavelength of 1.5418 A. XRR data is fitted using Paratt32
software to determine the thickness, density, and roughness
of the films [37]. Further, the total film thickness estimated
by XRR is used to calculate the deposition rate. Electrical
Resistivity is measured by four-probe method using Keithley
2450 source meter.

3 Results and discussion

3.1 Effect of nitrogen partial pressure
and sputtering power

Figure la shows the XRR spectra of W films deposited
at various nitrogen partial pressure (Ry,) in the range
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Fig. 1 a XRR spectra of W films deposited at Py, =30 W and different RN2= 0-10%. b Mass density and surface roughness of W layer at Py, =30

W as a function of RNz (%)

of 0-10% at 30 W. Experimental XRR data is shown by
symbols and solid lines represent the fitting using Parratt
formalism.

One-layer model consisting of a tungsten layer fits well
with the experimental data of all films deposited at 30 W.
However, a native oxide layer (WO,) of 0.5-1 nm thick-
ness is also assumed to fit the experimental data. Density
of film deposited without nitrogen (Ry, = 0%) is 19.31 g/
cm?® and matches well with the density of bulk W (a-W).
Surface roughness of W/WO, interface is found to be
1.6 nm. Figure 1b shows the variation of the mass density
of W layer and surface roughness of W/WO, interface at
Py =30 W as a function of the Ry (%). It is clear from
Fig. 1(b) that both density and surface roughness decrease

with an increase in Ry (%). Similarly, the deposition rate
also found to decrease with an increase in Ry .

Estimated film thickness of W films deposited at 30 W
is ~50 nm. Table 1 summarises the physical parameters
extracted from XRR data along with employed film deposi-
tion parameters.

Figure 2a shows the XRR spectra of W films deposited
at various nitrogen partial pressure (Ry,) in the range of
0-10% at 100 W. One-layer model consisting of single layer
of tungsten (W) fits well the experimental XRR data of films
deposited at Ry, =0-3% and 100W, similar to films depos-
ited at 30 W. However, for the films deposited at RN2= 5
and 10% the one-layer model does not provide a satisfactory
fit of experimental data. (See Fig. S1(a) in Supplementary

Table 1 Details of sputtering

. Deposition parameters
power (Py,) and nitrogen

Physical parameters extracted from XRR

partial pressure (Ry,) used for Py, (Watt) Ry, (%) Layer t r d c
the growth of W films, and (nm) (nm/min) (g/cm3) (nm)
film thickness (t), deposition
rate (I'), mass density (d) 30 0 W 479 0.96 19.31 1.8
and surface roughness (c) 30 2 w 45.6 0.91 19.16 1.6
parameters derived from XRR 30 3 W 500 0.87 18.38 0.6
measurements. Error in the ’ ’ ’ ’
film thickness and roughness is 30 3 w 4.5 0.81 18.05 0.7
estimated at + 0.05 nm. Error 30 10 W 50.4 0.77 17.85 0.4
estimate for mass density and 100 0 w 66.9 3.18 19.32 1.5
s : 3
deposition rate is + 0.05 g/cm 100 5% 107 torr* w 66.5 3.16 19.3 15
and + 0.05 nm/min, respectively
100 3 w 69 3.13 18.15 1.0
100 5 Wi 71.9 2.87 18.05 1.3
w2 341 15.55 0.5
100 10 Wi 79.9 2.66 17.91 0.6
w2 3.64 15.55 1

#5 % 107 torr is the nitrogen partial pressure
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Fig.2 a XRR spectra of W films deposited at Py, =100 W and different Ry, =0-10%. b Mass density and surface roughness of W layer at

Py =100 W as a function of Ry, (%)

Information). In the one-layer model, the chi’ value (rep-
resenting the goodness of fitting) for the film deposited at
Ry, =5 and 10% was 0.148 and 0.889, respectively.

Therefore, a two-layer model consisting of W1 and W2
layers of different density has been considered, and a sat-
isfactory fit of experimental data is obtained (see Fig. 2a).
Density of W1 and W2 layers is found to be ~ 18 g/cm® and
15.55 g/cm3 for both the films, which corresponds to W and
W,,N phase, respectively, from the literature [38]. The W,N
top layer may be formed due to the relatively higher Ry in
these two films. It may be noted that chi? value (goodness
of fit) in the two-layer model reduces to 0.013 and 0.006
for the film deposited at Ry =5 and 10% as compared to
one-layer model values (See Fig. S1(b) in Supplementary
Information). Additionally, a topmost layer of native oxide
(WO,) of upto 0.5 nm on top of W (W,N) layer in the one-
layer (two-layer) model is also considered due to the surface
oxidation of the films.

The variation of mass density and surface roughness of
W/WO, interface at Py, =100 W are plotted as a function of
the Ry, (%) in Fig. 2b. Density of film deposited at Ry =0%
is found to be 19.3 g/cm? and matches well with density of
bulk W (a-W). Variation of density, deposition rate and sur-
face roughness of films deposited in the presence of nitrogen
at 100 W is similar to films deposited at 30W. Estimated film
thickness of films deposited at 100 W is ~70 nm. Deposition
rate at 100 W is roughly three times the deposition rate at
30 W.

Figure 3a shows the XRD pattern of films deposited at
30 W using nitrogen partial pressure (Ry ) in the range of
0-10%. The XRD pattern of the film deposfted without nitro-
gen (Ry, =0%) contains two strong peaks at about 20 ~35.7°
and 40.4° corresponding to $(200) and a(110) reflections,

@ Springer

respectively. Additional four peaks of very low intensity cor-
responding to B(211), p(400), a(211) and a(220) are also
observed. This result indicates that both a and  phases coex-
ist in the W film deposited without nitrogen.

To estimate the volume fraction of a-W(f,) and [S—W(fﬁ)
phase, the diffraction peaks are fitted using pseudo-Voigt func-
tion after background subtraction. For this purpose the area of
a(110), a(211), a(220) peaks and B(200), f(210), p(211) and
B(400) peaks is taken into account. Further, it is important
to mention that the peak positions of a(110) and (210) lie
very close to each other, and sometimes it may appear as a
single peak with/without asymmetry. So, in that case, the peak
around 40° may be fitted by a one/two pseudo-Voigt functions
indicating the presence of a single/mixed phase. Following
this, the experimental area of peaks is determined using the fit-
ting and compared to theoretical areas to estimate the volume
fraction of the a-W and -W phases.

Comparison of experimental and theoretical values of peak
area (refer to supplementary information) indicates that both
o-W and B-W phases are highly oriented. The a-W phase is
preferably oriented along the [110], while the f-W phase is
preferably oriented along the [100] directions. Volume frac-
tions of a-W and -W phases are estimated as:

fa = er/(Va + Vﬂ)

f5=V5/(V, +Vp)

where V,, and V are the relative volumes of each phase and
is given by

th = N(XV(X
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Fig.3 a XRD pattern of the W films deposited at Py, =30 W and
different Ry, =0-10%. b Figure shows the fitting of peak around
20=40° using double pseudo-Voigt function indicating the presence

V= Nyvy

Here, N, and N are the relative number of unit cells of
the a-W and -W phases in each film and v, and v, are the
unit cell volume of the a-W and -W phases, respectively.
The calculation of N, and Nj has been discussed in the sup-
plementary information. Figure 4 shows the fitted diffraction
peaks of W film deposited at Py, =30 W and RN2=O% for the
estimation of f, and fy. It is evident from Fig. 4 that all the
peaks except the peak around 20 =40° could be fitted by a
single pseudo-Voigt function.

In the case of films deposited at Py, =30 W and Ry =0%,
the peak around 26=40° is deconvoluted to major a(110)
peak at 20=40.42 and minor B(210) peak at 260=40.03.
Using the area of all the peaks shown in Fig. 4, the f, and f;
are estimated to be 35.5% and 64.5%, respectively. Calcu-
lated lattice parameter of a-W and -W phase is 3.156 A and
5.029 A, and agrees well with the standard values (JCPDS
file no. 04-0806 for a-W and JCPDS file no. 47-1319 for
B-W).

As the Ry, is enhanced to 2%, it is apparent from 26 posi-
tion of peaks that pure 3-W phase is formed. However, dur-
ing the fitting procedure of the peak at 260 =40°, the pres-
ence of a minor a-W phase is indicated by the a(110) peak
at 20=40.08° along with the predominant p(210) peak at
26=39.85°. Figure 3b shows the fitting of the peak around
20=40°. The f, and f; determined by fitting are 0.01% is
99.99% respectively. Thus, the adopted fitting procedure
helps us to identify the presence of a very small f in this
film, which could be underestimated otherwise. The calcu-
lated lattice parameter of 3-W phase is found to be 5.069 A
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of very low intensity a(110) peak in addition to f(210) peak for the
film deposited at Ry =2%

which is larger than the standard value of 5.05 A. It indi-
cates that W lattice is expanded due to the use of nitrogen in
addition to Ar in the sputtering process. Structural param-
eters extracted from XRD measurements are summarized in
Table 2. On further increase in Ry in the range of 3-10%,
only a single broad diffraction peak at about 26 ~38°-39° is
observed. It indicates the amorphization of the W films at
relatively higher nitrogen partial pressures. Average intera-
tomic distance for amorphous solids can be estimated using
the relation x,, = %, where 0 is the related to the center
of peak and A is the wavelength of CuK radiation used. The
broad peak is found to shift towards a lower angle with an
increase in nitrogen partial pressure, signifies the increase
in interatomic distance. The calculated average interatomic
distance (x,,) is 2.82 A, 2.87 A and 2.90 A for Ry, =3%,
Ry,=5% and Ry =10%, respectively. XRD analysis of films
deposited at 30 W indicates that nitrogen partial pressure of
2% is sufficient to stabilize f-W phase. Amorphization of W
film at higher nitrogen partial pressures agrees well with the
earlier reports for Nb, Fe, NiFe and W systems in literature
[7, 39, 40].

Figure 5a shows the XRD pattern of films deposited at
100 W using nitrogen partial pressure (Ry ) in the range of
0-10%. At Ry, =0%, the diffraction pattern containing the
peaks at 20=40.44°, 73.43°, 87.13° could be fitted by a sin-
gle pseudo-Voigt function. The peaks are indexed as o(110),
a(211), and a(220), indicating the formation of a pure a-W
phase in the film.

Estimated lattice parameter of a-W phase is 3.154 A.The
comparison of films deposited at 30 W and 100 W without
nitrogen indicates that with an increase in dc power the p-W
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Fig.4 Fitting of the diffraction peaks of W film deposited at Py, =30 W and Ry,=0% for estimation of f, and f;
Table 2. Lat.tice paramet.er (LP), Py Ry Dominant phase, LP D b
crystallite size (D), dominant (Watt) % ; £% ( A) (nm) (1Q-cm)
phase, volume fraction of f-W P
phase (f;%) estimated from 30 0 B-W, 64.5+ 1.4 5.029+0.013 (B-W), 23 +3 (B-W), 94 +4
XRD analysis and electrical 3.156+£0.007 (a-W) 22 +3 (a-W)
resistivity (p) of all W films 30 2 B-W,999+32 504940013 24 +4 169 +4
as a function of deposition
parameters 30 3 Amorphous = - 190 +4
30 5 Amorphous - - 209 +4
30 10 Amorphous - - 221 +5
100 0 a-W,0+ 1.0 3.154 +0.007 22 +3 20 +4
100 5%107 torr* a-W, 324 +0.8 5.034+0.013 (B-W), 24 +4 (B-W), 66 +4
3.161+0.007 (0-W) 19 +2 (0-W)
100 B-W,98.6 + 1.9 5.059+0.013 (B-W) 29 +5 144 +6
100 Amorphous - - 203 +6
100 10 Amorphous - - 221 +8

phase transforms into a-W phase. It indicates that at higher
dc power (higher deposition rate) the a-W phase is favored.
To study the effect of low N, concentration on the type of
tungsten phase formation, the 5x 10~ torr N , 1s introduced

@ Springer

#5 % 107 torr is the nitrogen partial pressure in torr

through the UHV leak valve. Intensity of all a-W peaks
decreases and also shift toward lower angles as compared to
the film deposited at Ry =0%. Additionally, the $(200) and
B(400) peaks of p-W phase are observed at the introduction
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of 5% 107 torr N,. It indicates that 5x 107 torr N, leads to
the transformation of a fraction of a-W phase to -W phase,
and thus o and f tungsten phases coexist in this film. Further,
the peak around 26 =40° could be fitted by a two pseudo-
Voigt function corresponding to a(110) at 40.34° and $(210)
peak at 39.8° (refer to the Fig. 5b). Estimated f, and f; is
67.6% and 32.4% respectively, in~66 nm film deposited at
5% 107 torr N,. It signifies that 32.4% of a-W is converted
to B-W phase by using a very low amount of N,. The lattice
parameter of a-W and -W phases for this sample are found
to be 3.161 and 5.034 A, respectively.

In an earlier study by Liu and Barmak, the authors did not
observe the formation of B-W phase below 1076 torr N, in
14 nm thick films deposited at ['=1.2 nm/min [34]. Barmak
et al. reported the growth of pure f-W films at a deposition
rate of 1.8 nm/min using 1.2 X 107 torr N,, but the mixed
phase is observed at I'=3.6 nm/min with fﬁ=0.68 [41]. In
contrast to the above-mentioned studies, it is found that the
onset of the -W phase occurs in our case at a lower pressure
of 5% 107 torr N,.

With the increase of RNz to 3%, the diffraction peaks at
20="73.26° corresponding to a(211) and at 260 =86.95° cor-
responding to a(220) disappear. The disappearance of the
a-W peaks may be due to low f, or non-observation of a-W
peaks due to film thickness constraints. However, the fitting
of the peak around 20 =40° by a two pseudo-Voigt functions
indicate fj and f, is 98.6% and 1.4%, respectively. The lattice
parameter of dominant $-W phase is found to be 5.059 A.
It is evident from Table 2 that the required nitrogen partial
pressure for the stabilization of -W phase increases from
2 to 3% as dc power is increased from 30 to 100 W. Appli-
cation of a higher dc power to a metal target means film

deposition at a higher deposition rate on the substrate. At
higher deposition rate, the probability of interaction of sput-
tered W atoms/clusters with surrounding oxygen and nitro-
gen ions is lower. Therefore, at higher power higher nitro-
gen concentration/partial pressure is required to increase
the probability of interaction between W atoms/clusters and
nitrogen ions to stabilize the -W phase. On increasing the
RN2 in the range of 5-10% at 100 W, a broad diffraction peak
at about 38.5° is observed. At higher nitrogen partial pres-
sures, the peak broadening (amorphization) is similar to that
observed at 30W. It can be concluded that a limited amount
of Ry, is required to stabilize the f-W phase, and as Ry, is
increased above a limit it leads to amorphization (disorder)
of the film.

Crystallite size is estimated using the Scherrer formula,
D=0.94\/Bcosb. Here A is the wavelength of Cuk, radiation
used (1.5418 A), B is the full width at half maximum and 0
is the diffracting angle of the highest intensity peak. Table 2
summarises the calculated values of crystallite size at vari-
ous values of Ry at 30 Wand 100 W. Average crystallite
size of B-W phase is found to be larger than the o-W phase
and agrees well with the literature [42, 43]. Larger crys-
tallite size of f-W phase indicates the stability of the p-W
phase as compared to a-W phase [44]. In most of the earlier
reports, the crystallite size of a-W is found to be larger than
that of f-W phase [15, 16, 20, 27], except for a few studies
[42, 43]. Large crystallite size of a-W is expected due to
its stable nature as compared to the metastable f-W phase
[16, 44]. In films having mixed phase, the crystallite size
is calculated both for a-W and -W phases. The crystallite
size was observed to be more for f-W than that of the a-W
in the mixed-phase. It is reported that a-W phase has lower
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Fig.6 Resistivity and volume fraction of 3-W as a function of Ry at
Py =30 Wand 100 W )

electrical resistivity in the range of 10-30 pQ-cm, whereas
the B-W phase is distinguished by relatively higher resistiv-
ity in the range of 150-300 pQ-cm [12, 14]. Due to a large
difference in resistivity of both the W phases, resistivity
measurements have been employed in literature to know/
conclude the type of W phase (dominant W phase) present in
the film [9, 17, 19]. Figure 6 shows the variation of resistiv-
ity and f3% as a function of nitrogen partial pressure for all
the films. It is evident from Fig. 6 that resistivity increases
with an increase in nitrogen partial pressure at both powers.

Further, it is observed that the resistivity of films with
pure/dominant a-W phase is lower than the resistivity of
films with pure/dominant $-W phase. For instance, the resis-
tivity of films deposited at 100 W with Ry =0%, 5% 1077 torr
N, and Ry, =3% is 20, 86 and 144 pQ-cm, respectively.
Resistivity of films deposited at higher Ry, of 5% and 10%
(i.e., amorphous films) is found to be higher than the crys-
talline films. Higher resistivity of f-W phase may be attrib-
uted to A-15 crystal structure, impurities, and crystallite
size [45]. In our case, it can be concluded that resistivity is
increasing both with an increase in Ry and f. As mentioned
earlier the crystallite size of f-W phase is larger than that of
both the a-W phase and the mean free path of electrons for
tungsten (19 nm) [46]. Therefore, the A-15 crystal structure
and nitrogen impurities seem to be the main source of the
high resistivity of B-W phase. The resistivity behavior agrees
well with the XRD results.

3.2 Effect of annealing
Annealing is a useful way to boost the performance of
spintronic devices and materials. Spintronic devices such

as SOT-MRAM that incorporate MTJs are required to
be annealed up to 350-400 °C for improving the tunnel

@ Springer

magnetoresistance (TMR) ratio [10]. The f-W is a promis-
ing SOT material and usually transform to a-W phase above
room temperature depending upon film thickness [19, 20].
Therefore, it is important to examine the thermal stability
of W films. Films with pure a-W phase and dominant $-W
phase (f;=98.6%) deposited at 100 W using Ry, =0% and
3%, respectively, are annealed in the range of 200-400 °C
isochronally for 1 h. Figure 7 displays the XRD pattern of
a-W film before and after annealing at 200—400 °C (depos-
ited at Ry =0% and 100 W).

It can be seen that a-W phase is observed for as-depos-
ited and annealed films. No appreciable change in lattice
parameter and crystallite size is observed after annealing
upto 400 °C in this film and agrees well with the literature
[20, 47, 48]. Crystallite size is not expected to change after
annealing process, because no grain growth occurs after
its nucleation. Resistivity of both as-deposited and 400 °C
annealed film is found to be constant i.e., ~20 pQ-cm. It
indicates that resistivity measurements agree well with the
XRD findings.

Figure 8a displays the XRD pattern of §-W film (major-
ity phase) deposited at Ry =3% at 100 W and annealed at
200-400 °C. The f; of the as-deposited f-W film determined
by XRD analysis (see Fig. 5a) is 98.6%. It is evident from
Fig. 8a that there are no apparent differences in the XRD
pattern of as-deposited and 200 °C annealed films except for
slight shifting of all peaks towards a higher angle. However,
using the fitting procedure, it is found that f; decreases to
96.3% (see Fig. 8b). At annealing temperature of 300 °C,
there is an appearance of a shoulder in the peak located
around 20=40° and also a new peak at 260 =73.25° corre-
sponding to a(211) is observed. Further, it is evident from
Fig. 8b that f, has increased. The calculated f, and fj is

& o-W 400°C

d *

* 300°C
<A‘ * L.
ﬁ

£

200°C
T T T T T T T T

30 40 50 60 70 80 90
20(degrees)

Intensity(a.u.)

b *

As-deposited

110

% (211)

e 220)

Fig.7 XRD pattern of a-W film deposited at Py, =100 W, Ry =0%
and annealed at 200-400 °C )
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20.1% and 79.9%, respectively. As the annealing temperature
is raised to 400 °C, intensity of B(200) peak decreases dras-
tically and three additional peaks are observed at 260 =40°,
73.49°, 87.36° and are indexed as a(110)/p(210), a(211),
(220). Fitting of these peaks indicates the coexistence of
both o and § phases after annealing at 400 °C, where o-W
phase is dominant. In 400 °C annealed film the calculated
fﬁ:9.6%; the decrease in f[3 after 300400 °C annealing is
expected due to f-W — a-W phase transition. Variation of
p-W phase fraction (f) with annealing temperature is shown
in Fig. 9.

Resistivity is found to decrease from 144 to 40 pQ-cm
after thermal annealing at 400 °C in comparison to as-
deposited film. The decrease in resistivity after annealing
at 400 °C is due to the presence of the dominant a-W phase

as observed in XRD. Thermal annealing at 400 °C does not
completely transform B-W into a-W phase, which points
towards the thermal stability of B-W phase. Stability of
B-W at higher temperatures and for increasing thicknesses
is a cause for concern for its incorporation into spintronic
devices. Kaidatzis et al. observed the § — a phase transition
in W films of #> 10 nm grown by dc sputtering technique at
an annealing temperature of >200 °C [19]. Similarly, Kim
et al. reported that f-W films of t>7 nm deposited by dc
sputtering transform to a+ p/a-W at an annealing tempera-
ture of 250 °C or higher [20]. In the abovementioned works,
B-W films have been grown at a deposition rate of < 3 nm/
min. The experiments in the present work show that p-W
films of thickness as high as 70 nm deposited at a deposition
rate of 3.13 nm/min are stable up to a temperature of 300 °C.

4 Conclusions

In this work, we report the dependence of W phase formed
(a-W, p-W) on nitrogen partial pressure sputtering power,
and annealing temperature in 50-70 nm thick W films. It is
observed that with an increase in nitrogen partial pressure
(Ry,) from O to 10% the deposition rate, W film density and
surface roughness decreases at both the powers. Tungsten
film density match with bulk tungsten’s density (19.31 g/
cm’) at RN2=0%, and it falls to 17.85(17.91) at Ry = 10%
for 30 W (100 W). XRD analysis shows that at Ry, = 0% the
tungsten film contains mixed/pure a-W phase at 30 W/100 W,
indicating the dependence of W-phase formation at deposi-
tion power (deposition rate). The Ry, =2% stabilizes p-W at
Py =30 W ('=0.91 nm/min), however higher Ry, of 3% is
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required to stabilize f-W at Py, =100 W (I'=3.13 nm/min).
At Py, =100 W, it is found that 5x 107 torr N, is sufficient
to transform the fraction of a-W to p-W phase (fg% =33.4).
At higher power, higher nitrogen concentration/partial pres-
sure is required to increase the probability of interaction
between W atoms/clusters and nitrogen ions to stabilise the
B-W phase. It is because of the fact that at a higher deposi-
tion rate, the probability of interaction of sputtered W atoms/
clusters with surrounding oxygen and nitrogen ions is lower.
Electrical resistivity measurements show that resistivity
rises with an increase in nitrogen partial pressure at both
powers. In the case of films deposited at 100 W with Ry =0
and 3%, the resistivity is found to be 20 pQ-cm (a-W) and
144 pQ-cm (B-W) respectively, which agrees well with XRD
results. The a-W films deposited at Ry =0% and 100 W is
found to be stable upto 400 °C indicating the thermal stabil-
ity of a-W phase. The ~70 nm thick f-W films deposited at
Ry,=3% and Py, =100 W are thermally stable upto 300 °C
as the majority phase with f;~80%, and even at 400 °C a
complete transformation to pure a-W phase is not observed.

In summary, we demonstrate the stabilization of f-W
phase in 70 nm thicker W films at a relatively higher depo-
sition rate of 3.13 nm/min as compared to earlier works.
Further, the surface roughness and mass density values
of f-W films indicate that our films are smoother and
less porous than reported in literature. Stabilization of
B-W phase at a higher deposition rate with lower surface
roughness and porosity could be beneficial for mass-scale
production and better performance of spintronics devices
including SOT-MRAM.
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