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Origin of the Resistance-Area-Product Dependence of Spin-Transfer-Torque
Switching in Perpendicular Magnetic Random-Access Memory Cells
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We report on an experimental study of current-induced switching in perpendicular magnetic random-
access memory (MRAM) cells with variable resistance-area products (RAs). Our results show that in
addition to spin-transfer torque (STT), current-induced self-heating and voltage-controlled magnetic
anisotropy also contribute to switching and can explain the RA dependencies of the switching-current
density and STT efficiency. Our findings suggest that thermal optimization of perpendicular MRAM cells
can result in significant reduction of switching currents.
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I. INTRODUCTION

As information technology enters a new era [1], with
the Internet of Things expected to connect over 30 bil-
lion devices, generating vast amounts of data that need
to be processed and stored [2], there is a rapidly grow-
ing demand for faster, denser, and more power-efficient
nonvolatile memories [3] that could be organized in alter-
native hierarchies offering better system performance and
greater functionality [4], all preferably at lower cost. Spin-
transfer-torque magnetoresistive random-access memory
(STT MRAM) [5,6] is uniquely positioned to address this
challenge, as it is the only emerging memory that could
combine the high speed and endurance of static random-
access memory (SRAM), the high density of DRAM, and
the nonvolatility of flash [7]. The heart of the MRAM
cell is the magnetic tunnel junction (MTJ), which provides
the write, read, and bit-storage functionality, essentially
using two magnetic layers, the reference layer (RL) and the
free layer (FL), separated by a magnesium-oxide (MgO)
tunnel barrier [5,7]. The two bit-storage states are the par-
allel (P) and antiparallel (AP) magnetization orientations
of the FL relative to the RL, distinguished by differ-
ent resistance-area products (RAs) of the MTJ: (RA)p =
RA for the P state and (RA)ap = (1 + TMR)RA for the
AP state, where TMR is the tunneling magnetoresistance
ratio.

For RL and FL with perpendicular magnetic anisotropy
(PMA), the STT critical P = AP switching voltage Vo
(defined at zero temperature and for infinitely long time) is,
in the macrospin approximation [8], expressible in terms of
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where o, M, t, and H}, are the damping parameter, satura-
tion magnetization, thickness, and net PMA field of the FL,
respectively, and n = /TMR(TMR + 2)/[2(TMR + 1)]
is a polarization efficiency factor. Apart from a minor RA
dependence of 1, due to TMR being a weak function of RA
(see Table I), the critical current density J.o = V.o/RA is
not expected to depend on RA. Experimentally, however,
an RA dependence has been observed by several groups
[9—12] and attributed [10,12] to an RA-dependent spin-
pumping [13] contribution to « in Eq. (1). Here, we show
that the RA dependence of J, is influenced by other phe-
nomena, in particular the current-induced self-heating of
an MRAM cell, which reduces the effective H. of the FL,
and, to a smaller extent, the voltage-controlled magnetic
anisotropy effect (VCMA) [14,15]. As the temperature rise
of the FL is proportional to the dissipated power density
[16] RAJ?, higher-RA devices result in lower J. In addi-
tion, as the VCMA effect is proportional to the bias voltage
Vy across the MRAM cell, for a given J, the VCMA
effects are stronger with a higher RA. The combination
of heating and VCMA quantitatively explains all of our
experimental findings, in particular the much stronger RA
dependence of J, for P-to-AP switching (P — AP) com-
pared to AP — P, and the RA dependence of the STT
efficiency Ej/I. obtained from pulse-width #, dependent
measurements of the switching voltage V. in the thermally
activated (TA) regime [17,18] (E} is the energy barrier for
magnetization reversal of the FL and /.o = V.o/Rp is the
critical switching current).
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II. DEVICE FABRICATION

The MRAM film stacks used in this study consist
of a Ta/Pt seed layer (8.0 nm), a (Co/Pt)/Ru/(Co/Pt)/
Co-Fe-B synthetic antiferromagnet RL (7.1 nm), a MgO
tunnel barrier, a Co-Fe-B/Co-Fe/W/Co-Fe FL (2.1 nm), a
MgO cap layer for enhancing H;, and a Ru/Ta cap layer
(3 nm). The films are deposited by magnetron sputter-
ing in an Anelva C-7100 system and then annealed at
335°C for 1 h. The MgO layers are rf sputtered from a
MgO target. The RA and TMR values measured on the
annealed films by current-in-plane tunneling (CIPT) [19]
are shown in Table 1. Variation of the RA values in the
range 520 Q um? is achieved by adjusting the sputter
time of the MgO barrier and, consequently, the TMR ratio
increases from 133 to 156%, respectively. For this range
of RA values, Mt measured by vibrating-sample mag-
netometry, as well as the H; and o of the FL measured
by full-film ferromagnetic resonance (FMR), are identical
(see Table I).

Circular MRAM test-device cells are fabricated using
193-nm-deep UV optical lithography, followed by reac-
tive ion etching of a hard mask, ion milling of the MRAM
film, SiO, refill, and chemical-mechanical planarization.
The median electrical-device diameters D, determined by
fitting Rp vs RA for the given optical mask size, are
approximately 120, 100, 80, and 60 nm. A transmission-
electron-microscopy (TEM) image of a representative
device is shown in Fig. 1(a). Figure 1(c) shows R vs the
perpendicular external magnetic field H for an MRAM cell
with RA = 10 Q um? (RA10) and D = 60 nm measured
at constant ¥, = 50 mV, showing TMR = 140%, a coer-
cive field H, = (HE A" — HAP=P)/2 =2 kOe (where
Hg,, is the switching field), and an offset field Hyg =
(HP AP + HAP=P) /2 =300 Oe that favors the P state.
Figure 1(d) shows R vs V. One can see that P — AP and
AP — P occur at V27AP =054 V and VPP =
+0.58 V, respectively.

III. RESULTS AND ANALYSIS

Figure 1(b) shows J. = 1./ (Dzn /4), determined by
ramping ¥} with a dwell time of approximately 10 ms and

TABLE 1. The transport and magnetic properties of the free-
layer films used in this study. The parameter values are expressed
to the last significant digit based on the corresponding error
analysis, except for o, where the absolute error is 0.0003.

RA TMR Mt H; o
(2 um?) (%) (memu/cm?) (kOe)

5 133 0.232 2.71 0.0100
10 147 0.227 2.72 0.0102
15 156 0.226 2.69 0.0100
20 156 0.232 2.69 0.0094
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FIG. 1. (a) A TEM image of an MRAM cell used in this study.

The two white lines correspond to the two MgO barriers. The RA
of'the cell is dominated by the bottom barrier. The top barrier pro-
vides additional PMA but its contribution to the total RA of the
cell is less than 1 Q um?, as determined by CIPT measurements
for the MgO cap thickness used in this study and data fitting by
the double-barrier model [20]. In our analysis, the total RA of
the cell is used. (b) The measured J. vs RA (symbols) and calcu-
lated (lines) using fit-parameter values described in the text. Each
J. data-point value is a median from >500 devices. Due to the
large sample size, the standard error of the median for each data
point is less than 0.5% and within the data points. The measured
(c) R vs H and (d) R vs V;, of an MRAM cell with RA10.

measuring the current /. just before switching, as a func-
tion of RA. J,. decreases with an increasing RA for both
AP — Pand P — AP. The dependence, however, is much
stronger for the latter, with J,. decreasing by approximately
50% from RAS to RA20, while for AP — P the decrease is
only approximately 15%. Also, J. at a given RA increases
with a decreasing D. This is contrary to what one would
expect in the TA-switching regime of these measurements,
as smaller devices are more thermally unstable.

The change in J, with RA cannot be attributed to an RA-
dependent spin-pumping [13] contribution to «, as our film
FMR measurements show that « is independent of RA (see
Table I). It also cannot be explained by any dependence of
M; or Hj of the FL on RA, as they are also measured to
be RA independent (Table I). In order to understand the
origin of these dependencies, we perform additional R vs
H measurements as a function of V.

Figure 2(a) shows representative R vs H data for dif-
ferent V}, from a single cell. V is varied from —0.95 V
(bottom curve) to +0.95 V (top curve) in 0.1 V steps.
The obtained V;, dependencies of Hg, for P — AP and
AP — P and of Hy and H, are shown in Figs. 2(b), 2(¢c),
and 2(d), respectively. While the near-linear ¥}, depen-
dence of Hog shown in Fig. 2(c) is close to what is

024004-2



RA DEPENDENCE OF STT SWITCHING...

PHYS. REV. APPLIED 13, 024004 (2020)

(@r +0.95 volts ———(b) 3
= Q 1 P—>AP
| v% _? AP *pM
===

-1.0-0.5 0.0 0.5 1.0

st

2
1

S

I%-n&@w
2

1.0-0.5 0.0 0.5 1.0

(R=Rin/(Rmax—Rmin) (arb. units)

1
]
' — (d)
S —— 25
7T 8lw20
T 815
T s5i=10
1T <=HlTo5
095 volts[T— > 0.0
5 5 3 -10-0500 05 10
H (kOe) Vs (V)
FIG.2. (a)RvsH for —0.95V <V}, < +0.95V fora MRAM

cell with RA20 and D = 80 nm. The R-H transfers in the cen-
ter are noisiest, as they are measured at the lowest V. (b) Hgy,
(¢) Hofms, and (d) H. vs V), obtained from the measurements
shown in (a) (symbols) and the corresponding dependencies cal-
culated using Egs. (2) and (3) (lines), with H.y = 1.85 kOe,
Hpp =225 Oe, t/a = 18.6k0e um? /A, € = 0.37 kOe/V, and
¢ = 37.8k0e um?/W.

expected from STT [8], Fig. 2(d) shows that H, exhibits a
quadratic component of ¥}, dependence that strongly sug-
gests self-heating. Indeed, in the macrospin approximation
[8], STT alone predicts no dependence of H. on V. A more
careful inspection of Fig. 2(d) shows that H, also exhibits
a smaller linear component of V;, dependence, which could
be due to VCMA.

Alternatively, the V), dependence of H; can be
measured more directly (see Fig. 3) from device-
level thermally induced FMR (mag-noise) spectra [21].
The expected peak-resonance frequency fo =~ y

\/ [(H, + H.)? +H2] [ —~ (H, /Hk)z], where y =3 GHz/

kOe is the gyromagnetic ratio, /, and H, are the total
in-plane and perpendicular magnetic fields, respectively,
and Hst = (aHy)(Vy/Veo) [see Eq. (1)]. For the mea-
surements in Fig. 3 (near the AP state), V, < V,o; thus
Hgr is negligible, H. ~ 0, and H, = 1 kOe < fo/y makes
only a small correction to Hj. As shown in Fig. 3 for
an RA20 cell, fo(V5) has both a quadratic and linear
(VCMA) contributions, the latter more clearly visible than
is indicated by H. vs V; shown in Fig. 2(d). A simi-
lar dependence of the magnetic anisotropy energy on V,
has been reported recently by Goto et al. [22] and has
also been attributed to current-induced self-heating. One
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FIG.3. (a)The normalized mag-noise root-mean-square power
spectral density (PSD) measured for different V5. (b) The res-
onance frequency fy vs ¥V, corresponding to the measurements
shown in (a). The line is fitted to the data using a model that
includes VCMA and self-heating contributions, as described in
the text.

can fit this dependence by expressing Hy = Hyo + €V —
¢VZ/RA’, where RA" = RA(1 + TMR]y,—o)(1 — 0.5V}|)
is the approximate expression for V-dependent RA in the
AP state [see Fig. 1(d)]. The values obtained are Hyy =
(3.76 £0.01) kOe, € = (0.42 +0.01) kOe/V, and ¢ =
44.0 & 0.5 kOepum?/W. The sign of the VCMA is positive,
i.e., it increases Hj for positive V, (AP — P polarity).

Having established that VCMA and self-heating are
present, Hqy (V3) is explicitly expressed as

P— AP L V127
Hg, = c()—I—HRL-i-;ﬁ‘FGVb—Cﬁa ()

I AP—P Ho+ H TV % v 3
w = Hot Hrpot+ oo =€Vt s, 0
where Hpgp characterizes the perpendicular dipolar stray
field from the reference layer and the following terms are
from STT, VCMA, and self-heating effects, respectively.

Figures 4(a)-4(d) show simultaneous fits to HY >4 and
HAP=P vs V), for all RA values explored in this exper-
iment. All data can be fitted with the same set of RA-
independent parameters: H.g = (1.86 = 0.01) kOe, Hgp =
(244+3) Oe, t/a = (18.6+£0.1) kOeum?/A, €=
(0.42 4 0.01) kOe/V, and ¢ = (42.8 4+ 0.2) kOe um?/W.

One can now calculate V. by solving Egs. (2) and (3)
for ¥, for which Hyy, = 0. Then JP=4P = JP=AP /RA and
JAP=P — pAP=P RA(VAP=P). The calculated J, depen-
dencies on RA using the RA-independent fit parameters
are shown as lines in Fig. 1(b). The agreement is excellent
for both P — AP and AP — P. In particular, the model
reproduces the much stronger RA dependence of J,. for
P — AP.

The mild increase of J. with a decreasing cell size
shown in Fig. 1(b) is believed to result from more rel-
ative cell cooling via three-dimensional heat flow into
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FIG. 4. Hg, vs V, for different RA. The data on each plot
are from all measured devices (approximately 40 in total) with
D = 60120 nm. The lines are fits to Egs. (2) and (3) with
simultaneous fit parameters.

the surrounding encapsulation material, in addition to a
weakly increasing H.y with decreasing device size due to
a reduced demagnetization field near the FL edges [23].
The deviation of H,g, from a linear dependence on V7, as
shown in Fig. 3(c) arises from the differences in the self-
heating terms in Eqs. (2) and (3) for P — AP and AP — P,
respectively.

The value of Hyy = 3.8 kOe extracted from the FMR
data of Fig. 3 is a factor of 2 larger than the value of
H.y = 1.9 kOe characteristic of the Fig. 4 data. The former
is a passive measurement under quiescent macrospin con-
ditions and should better represent the true device FL PMA
compared to the latter, which likely involves a nucleated
magnetization-reversal process [24] that does not resemble
uniform macrospin rotation. In the macrospin picture [see
Eq. (D], /o = Hy/Jeo = (hn) / QeaMt). Using Table I,
one then estimates 7/a = 65kOe um?/A. This is about
3.5 times larger than the value found from fitting the
data in Fig. 4. More than half of this discrepancy may
be ascribed to the aforementioned factor-of-2 difference
between macrospin Hyy and H,y obtained by fitting the
same nonmacrospin data of Fig. 4 used to fit t/«.

In order to determine how the cell temperature T
depends on V},, we perform R vs H measurements over
T range 30—120°C. Figures 5(a) and 5(b) show represen-
tative results obtained from a single cell. A typical value
dH./dT = 10 Oe/K is obtained that is within 10% of the
dH}/dT found from thermal FMR measurements analo-
gous to those shown in Fig. 3. The measured dH./dT
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FIG. 5. (a) The measured R vs H for different 7s for an
MRAM cell with RA20, D =100 nm. (b) H. vs T for the
data shown in (a) (symbols) and a linear fit (line) with slope
dH./dT =10 Oe/K. (c¢) FL T vs ¥V}, determined for the P
state for different RAs. (d) 7 vs the dissipated power den-
sity for different RAs. The line is a linear fit to the data, i.e.,
T = Ty + RnAV3/RA with Ty = (28 £2) °C and Ryd = (4.0 +
0.1) K um?/mW. Each data point in (c) and (d) is the median
from approximately 25 measured cells averaged over D = 60,
80, 100, and 120 nm devices.The standard error of the median
for each data point is less than 1% and is within the data points.

factors convert H,. vs V}, data into 7'vs V;, and T vs Vlz, /RA,
as is illustrated in the figure and described in the caption.

We also measure V. vs #, in the range 10 ns to 5 ms
and evaluate J,, the thermal stability factor A = E;/kgT
(where kp is the Boltzmann constant), and £/l using
the TA model [17,18]. Figure 6(a) shows an example
of the data from a RAI0 cell, which in the range 7, >
5 ws is fitted to the TA model In [tp/ (7o ln2)] = Aer=
A (Hy/Hyo) (Ty/T) using the following two forms:

Ve
szHk()(l:I:—), T=T, 4)
VcO

(solid lines) and

H, H:I:TVC+V ;V? T T+RAV3
= — ec— 75 = -
F=HR= G RA RA 0T I RA

(5)

(dashed lines), where 1y = 1 ns is taken to be the inverse
attempt frequency, Hyo and Ty are H; and T'at V', = 0, Ry 4
is the effective thermal resistance-area product, and the
(+) and (—) signs correspond to P — AP and AP — P,
respectively. Equation (4) is commonly found in the litera-
ture [12,17,18], where only STT influence is accounted for,
while Eq. (5) incorporates the additional ¥}, dependencies
of H; from both VCMA and self-heating, as well as the
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FIG.6. (a)V.vsIn[t,/ (t9In2)] values (symbols) measured on
a RA10 device and fits to the TA model with H; and T expressed
using Eq. (4) (solid line) and Eq. (5) (dashed line). The fit lines
are on top of each other and are indistinguishable. (b) Hy, values
obtained by fitting the data as in (a) using Eq. (5). The RA depen-
dence of (c¢) J.o, (d) A, and (e) the STT efficiency obtained by
fitting the data as in (a) to Egs. (4) and (5). Each point in (b)—(e)
is the median from approximately 30 measured cells averaged
over D = 60, 80, 100, and 120 nm devices.

explicit V3 dependence of cell 7, as described earlier via
Egs. (2) and (3) and Figs. 4 and 5. Along with the fit param-
eter A (both forms), Eq. (4) uses the second fit parameter
Veo. When using Eq. (5), Hyo is the only additional fit
parameter, while the values for 7/«, €, and ¢ are those RA-
independent parameter values determined from the data of
Fig. (4), Tp = 303 K, and R4 = 4K um?/mW is deter-
mined from data in Fig. 5. For Fig. 6(c), J.o = V.o/RA
for the Eq. (4) case and Jg = (‘L'/Ot)71 Hyy for the Eq. (5)
case. Note that, in both cases, the AP — P and P — AP
branches are fitted separately and V., and A are deter-
mined as their average. One can see in Fig. 6(a) that both
models fit the data well (the solid and dashed lines are
indistinguishable).

Figure 6(b) shows Hj values as a function of RA.
We see that, as expected, Hy is independent of RA with
RA-averaged values Hj; A" = (2.77 £0.07) kOe and
HAP~P = (2.32 £ 0.12) kOe. These values are higher than
the H.y values obtained from the H-driven magnetization-
reversal measurements described by Eqs. (2) and (3) (see

Figs. 2 and 4), but are lower than the Hj, values obtained
in thermal FMR measurements that do not involve any
magnetization reversal. This is not surprising consider-
ing the different magnetization excitation and reversal
processes in these measurements. Note that the differ-
ence (Hj; " — HfyP~") /2 = 220 Oe agrees well with the
value of Hgp obtained from fitting the data of Fig. 4.

Figures 6(c)—6(e) compare the RA dependencies of J,,
A, and E, /1., obtained by fitting experimental data using
Egs. (4) and (5). We find strong RA dependencies of all
those quantities when #,-dependent V. data are fitted to
Eq. (4). In particular, we observe a large increase of £ /1o
with an increasing RA, similar to previous reports [11,12].
However, when the data are fitted using Eq. (5), which
takes into account VCMA and self-heating effects, all
quantities become RA independent. This means that STT
switching parameters are intrinsically not RA dependent
but their apparent RA dependence is due to an error from
fitting £, vs V. assuming that STT is the only mechanism
responsible for switching, without including contributions
from VCMA and self-heating effects.

From Fig. 6(e), the fitting model of Eq. (5) predicts
an RA-independent value of £, /1.0 = 0.1 kgT/uuA. How-
ever, from the macrospin model of Eq. (1), taking £, =
MtHA/2, Ep/1o = hn/ (dea) = 1.8 kpT/uA, using the
values in Table 1. This 18-times discrepancy for £ /1. is
far greater than the aforementioned 3.5-times one for 7/,
despite the fact that both expressions, derived from Eq. (1),
share the same physical parameters hn/(2¢). The imme-
diate cause of this is that the value A = 70 obtained by
fitting the experimental data using Eq. (5) [see Fig. 6(d)] is
much smaller than the value A = 474 obtained by calcu-
lating E}, using the parameter values in Table I for average
D = 90 nm. Further explanations are beyond the physics
of the macrospin model [23,25].

It is noted that the self-heating term —¢ Vﬁ/RA/ of
Eq. (5) explicitly violates the assumption that Ej is
a T-independent quantity, as is commonly implied by
Arrhenius-type models such as the TA model in the case
of Eq. (4) [26]. In Eq. (5), the parameter Hjy is the room
T value rather than that at 7 — 0 and £, o Hy will vary
with T due to self-heating regardless of the presence of
VCMA and STT effects. This implies that M H} of the
cell effectively has additional 7" dependence [25] besides
that attributable solely to thermal fluctuations in the FL
magnetization direction, which is otherwise treated by the
denominator kz7T in the expression for Ay [27]. This
could result from the failure of the macrospin model to
account for nonuniform (spin-wave mode) magnetization
fluctuations.

IV. CONCLUSION

In conclusion, we point out that using the obtained val-
ues for 7/, €, and ¢, we find that STT and self-heating

024004-5



G. MIHAJLOVIC et al.

PHYS. REV. APPLIED 13, 024004 (2020)

contribute comparably to FL switching at RA10 and the
latter is the dominant switching mechanism for larger RAs.
As ¢ = (RpA)dH,./dT, higher Ry,A values should result
in lower J.. RpA values twice as high as those measured
in our cells have been reported in the literature [16,28],
which suggests that further reduction of J. should be pos-
sible with thermal optimization of perpendicular MRAM
cells. We point out that the self-heating effects described in
this work are relevant for the design of practical memory
applications operating in the read or write pulse time range
of tens to hundreds of nanoseconds, as long as the thermal
time-relaxation constant is of the order of a few nanosec-
onds or less, these being the values typically found in the
literature [16,28].
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