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ABSTRACT: Magnetic tunnel junctions (MT]Js) with ultrathin
MgO tunnel barriers are at the heart of magnetic random-access
memory (MRAM) and exhibit potential for spin caloritronics
applications due to the tunnel magneto-Seebeck effect. However,
the high programming current in MRAM can cause substantial
heating which degrades the endurance and reliability of MT]Js.
Here, we report the thermal characterization of ultrathin CoFeB/
MgO multilayers with total thicknesses of 4.4, 8.8, 22, and 44 nm,
and with varying MgO thicknesses (1.0, 1.3, and 1.6 nm). Through
time-domain thermoreflectance (TDTR) measurements and
thermal modeling, we extract the intrinsic (~3.6 W m™' K™')
and effective (~0.85 W m™' K™') thermal conductivities of
annealed 1.0 nm thick MgO at room temperature. Our study
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reveals the thermal properties of ultrathin MgO tunnel barriers, especially the role of thermal boundary resistance, and contributes to
a more precise thermal analysis of MTJs to improve the design and reliability of MRAM technologies.

KEYWORDS: MgO tunnel barrier, MT], MRAM, thermal conductivity, TDTR

M agnetic tunnel junctions (MT]Js) based on MgO are the
cornerstone of spin-transfer torque magnetic random-
access memory (STT-MRAM) and spin—orbit torque MRAM
(SOT-MRAM).'~® Most commercial STT-MRAM products
utilize MT]Js with MgO tunnel barriers as thin as 1.0 nm and
CoFeB-based free layers and reference layers.””” However, it is
a well-known issue that the high write current in STT-MRAM
leads to significant self-heating of M§O, thereby accelerating
the degradation of the MgO barrier. 0-13 Similarly, in SOT-
MRAM, Joule heating in the SOT line during the write process
invariably causes the temperature rise of the MT], contributing
to the degradation of MgO as well as the diffusion of Fe and
oxygen.'*”'® Although many studies have modeled the
temperature rise of MgO during the writing process,'"”~**
they often use the thermal conductivity values of bulk MgO®”
(kyrigo ~ 48 W m™ K™') or those measured from relatively
thick, 0.5—2 um films** (kgpgo = 4 W m~' K™') and ignore
thermal boundary resistance. These deficiencies tend to result
in an underestimation of the MTJ peak temperatures during
MRAM operation.

Furthermore, recent years have witnessed the emergence of
new spin-dependent thermal transport phenomena within
magnetic nanostructures, with the tunnel magneto-Seebeck
(TMS) effect in MTJs standing out as particularly interest-
ing.”>*’ This effect could enable applications like three-
dimensional thermal gradient sensing” or spin-polarized
scanning tunneling microscopes that leverage magneto-
Seebeck tunneling.”” The TMS effect describes the depend-
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ence of the thermopower of the MTJ on its magnetic
configuration under an applied thermal gradient across the
MgO tunnel barrier. The thermopower is defined as § = —Uy/
AT, where Uy, is the thermovoltage of the MT] and AT is the
temperature difference across the tunnel barrier.””™>” Simu-
lation of thermal transport within MTJs is a widely adopted
method. Many studies have simulated the temperature
difference across the ultrathin MgO barrier by using thermal
conductivities of bulk or relatively thick film MgO thermal
conductivity (kyygo Or kﬁMgO),26’3o_35 due to the lack of
experimental data on the ultrathin MgO tunnel barrier. This
leads to inaccurate temperature profiles across the MgO tunnel
barrier and, consequently, an overestimation of the TMS effect.

For MT]Js with ultrathin MgO tunnel barriers, the effective
thermal conductivity of the MgO tunnel barrier (k) is
determined by its intrinsic thermal conductivity (kMgO) and the
thermal boundary resistance (TBR) of the two adjoining
MgO/CoFeB interfaces, R,
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Figure 1. (a) Schematic illustrating the [CoFeB(dc,pes) /MgO(dMgO)]n multilayers deposited for TDTR measurements, with Al transducer layer
deposited on the top, where n = 2, 4, 10, 20, dc,gs = 1.2 nm, 2 nm and dMgO = 1.0, 1.3, 1.6 nm in our study. (b) Colorized cross-sectional TEM
image showing [CoFeB(2.0 nm)/MgO(1.0 nm)];, multilayers reveals well-defined material interfaces and the uniformity of layer thicknesses, with

only minimal variations observed.
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We note that for ultrathin films (which may experience quasi-
ballistic thermal transport), it is difficult to separate the
intrinsic and interfacial contributions to the effective thermal
conductivity. Thus, we generally report effective thermal
conductivities (k) for such thin layers in this work. A
theoretical study with atomistic Green’s functions®® suggested
that an Fe/MgO/Fe tunnel junction with a 1.0 nm MgO
tunnel barrier has a kg &~ 0.15 W m™' K! at room
temperature. Experimentally, thermovoltage measurements of
MTJs combined with finite-element simulations®’ have
indicated that k. of a 0.7 nm thick MgO tunnel barrier is
from 0.005 to 0.2 W m™" K™'. These indirect estimations tend
to introduce considerable uncertainty.”® In a notable advance-
ment, Jiang et al.”” measured the thermal properties of 2 nm
thick MgO in a half-MT] structure with a combination of time-
domain thermoreflectance (TDTR) and time-resolved magne-
to-optic Kerr effect, estimating kg to be in the range of 0.4—0.6
W m™' K. Despite these advancements, direct thermal
measurements of ultrathin MgO remain extremely challenging,
primarily because such MgO tunnel barriers are just 1—2 nm
thick. In addition, there are many layers of nanometer-thick
films and numerous material interfaces within MT]Js, which
make kg extraction much more challenging.

In this study, we overcome this challenge by accurately
characterizing the thermal properties of [CoFeB/MgO],
multilayers, with varying bilayer repetition n, by utilizing
TDTR. We directly assess the effective thermal conductivity of
MgO tunnel barriers down to 1.0 nm (k. = 0.70 = 0.09 W
m~' K™'), which is significantly lower than bulk or thin-film
MgO thermal conductivities. We extend our analysis to explore
the effects of postdeposition annealing on kg which increases
due to crystallinity induced during the annealing process. We
further investigate the effect of MgO thickness on k. by
varying MgO thickness from 1.0 to 1.6 nm. Our research will
contribute to the ongoing efforts on the thermal optimization
of STT-MRAM and SOT-MRAM™ and the field of spin
caloritronics.””** ™%

We  deposited [CoFeB(dcopes)/MgO(dpgo)], multilayers
for TDTR measurements, where n = 2, 4, 10, 20; dcpeg = 1.2,
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2 nm; and dMgO = 1.0, 1.3, 1.6 nm, as illustrated in Figure la,
with thermal boundary resistance (R,,) highlighted. A
colorized cross-sectional transmission electron microscopy
(TEM) image for dcopes = 2.0 nm and dyo = 1.0 nm with
n = 10 is presented in Figure 1b, providing a clear visualization
of the material interfaces. The sample preparation details are
given in Section S1 of the Supporting Information. We
measured the total thermal resistance of the sample stack by
using TDTR, which is a well-established technique41 that has
been widely adopted to measure the thermal transport
properties of films. The thermophysics parameters used for
fitting TDTR data are detailed in Section S2 of the Supporting
Information. More details on TDTR setup and analysis can
also be found in Section S2 of the Supporting Information and
Kwon et al.**

In MT]Js, CoFeB/MgO is typically deposited on metal seed
layers to promote good crystallinity, with subsequent annealing
commonly used to further improve the MgO texture.”*”*° In
our study, we deposited CoFeB/MgO multilayers directly on a
Si substrate with high and well-known thermal conductivity
(Supporting Information Section S2) to avoid introducing
additional materials and to enable more accurate measure-
ments of the MgO thermal conductivity. To better emulate the
real MT]J fabrication process, we also investigated the effect of
postdeposition annealing on the thermal conductivity of the
CoFeB/MgO films. Anneals were done at 300 °C for 30 min in
a vacuum of 2.0 X 107 Torr or lower to minimize surface
contamination and to improve the film crystallinity.

Figure 2a displays the representative TDTR raw data and
the fitting curve for the as-deposited and annealed [ CoFeB(1.2
nm)/MgO(1.0 nm)],, multilayers, offering insights into the
thermal response of these multilayers under TDTR measure-
ments. We took and analyzed such measurements from three
distinct spots on all samples. TDTR time traces exhibit a clear
difference between the as-deposited and annealed samples. A
more rapid decay curve indicates better heat dissipation, as can
be seen from the annealed samples. All fitting curves show high
fitting quality, indicating the reliability of our data.
Representative TDTR raw data and fitting curves for a few
other measured samples are shown in Section S3 of the
Supporting Information.

We conducted grazing-incident X-ray diffraction (GI-XRD)
measurement of both as-deposited and annealed [CoFeB(1.2

https://doi.org/10.1021/acs.nanolett.4c02571
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Figure 2. (a) Representative TDTR raw data (symbols) and fitted curve (lines) for the as-deposited and annealed [CoFeB(1.2 nm)/MgO(1.0
nm)],, multilayers; a more rapid decay curve indicates a better heat dissipation, as can be seen from the annealed sample. (b) Grazing-incident
(GI)-XRD spectra and (c) corresponding GI-XRD patterns of as-deposited (amorphous) and annealed [CoFeB(1.2 nm)/MgO(1.0 nm)],,
multilayers. The annealed sample displays the signature of the (200) textured MgO layers.
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Figure 3. (a) Measured total thermal resistance (R,,) of [CoFeB(1.2 nm)/MgO(1.0 nm)], multilayers at room temperature as a function of stack
total thickness (dy,q), where n = 2, 4, 10, 20. The TBRs at the top (TBRy, /Mgo) and bottom (TBRg,p.p/s;) interfaces are shown in the inset table.
(b) Measured R, from [CoFeB (1.2 nm)/MgO (dMgO)]ZO with dy,o = 1.0, 1.3, and 1.6 nm, with the top and bottom interfaces TBRs substracted.
The best-fit lines were plotted with gradient and vertical-intercept values indicated. The slope of each line represents 1/ky,o, while the vertical
intercept shows Reogep and 2R,,,. The dashed lines are plotted by removing R¢,p.s, showing a small contribution from the CoFeB thin film.

nm)/MgO(1.0 nm)],, multilayers, where the GI-XRD spectra
are illustrated in Figure 2b, showing the amorphous nature of
the as-deposited sample and annealed sample with (200)
textured MgO. The corresponding GI-XRD patterns in Figure
2c confirm the crystallinity of the MgO layer with (200) peak
at 42.9° while CoFeB remains amorphous, which agrees with
the results in the literature.*>** All of our as-deposited films are
amorphous, while MgO crystallizes after annealing, with more
details in the Supporting Information. In the following
sections, we will focus on the samples with dcps = 1.2 nm,
as this thickness is closer to the thickness of the CoFeB free
layer in practical applications. We find that the kg of MgO
extracted from dcgp.g = 2 nm falls within the kg extracted from
dcores = 1.2 nm.

We plot the measured total thermal resistance (R,,,) at room
temperature as a function of the [CoFeB(1.2 nm)/MgO(1.0
nm)], multilayer total thickness in Figure 3a, with n = 2, 4, 10,
and 20. A summary of measured R, can be found in Section
SS of the Supporting Information, with uncertainty analysis
detailed in Section S6 of the Supporting Information. To
extract the thermal resistance of one CoFeB(1.2 nm)/MgO
(1.0 nm) pair (R,,;), we need to eliminate the effect of thermal
boundary resistances (TBRs) from the top (TBRA]/MgO) and
bottom (TBRcopes/s;) interfaces. The Ry, consists of the
thermal resistance of the multilayer (n X Rpair), as well as the
TBRs at the top and bottom interfaces. We calculate R,,; by
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subtracting Ry, (with n = 2) from Ry (n = 10 or 20), which
provides the values of 8R,,;, or 18R,;. Then, the TBRs from
the top and bottom interfaces could be calculated by removing
2R, from Ry, (n = 2), with values shown as the inset in
Figure 3a. Our results indicate that the TBRs from the top and
bottom interfaces increased slightly for the annealed samples.
The increased TBRs can be explained by the crystallinity of the
material induced during annealing. Several studies show that
thermal interfaces formed by amorphous materials have lower
thermal boundary resistance than those formed by crystalline
materials,*”** which corresponds with our as-deposited
samples.

Figure 3b shows the measured R,;, from [CoFeB (1.2 nm)/
MgO (dyig0)]20 With dyo = 1.0, 1.3, and 1.6 nm for both as-
deposited and annealed samples, with TBRs from top and
bottom interfaces removed. R, consists of intrinsic thermal
resistance from MgO (Rygo = dygo/kmgo), CoFeB (Reopes =
dcoren/kcoren), as well as two thermal boundary resistances
between MgO and CoFeB interfaces (R,,). The thermal
conductivity of one CoFeB/MgO pair (k,,;) is calculated from
Rouiv Kpair = (deopen + drigo) /Ry With the values listed in
Section S$ of the Supporting Information. As we can see, k,,;
extracted from n = 20 has a much smaller uncertainty than k,;
extracted from n = 10, and the former also falls within the
uncertainty range of the latter. This suggests that our

https://doi.org/10.1021/acs.nanolett.4c02571
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measurement method is reliable, as we obtain consistent results
with different numbers of bilayers.

As shown in Figure 3b, the best-fit lines are plotted with
gradient and vertical-intercept values indicated. The uncer-
tainties of gradient and vertical-intercept are mainly due to the
systematic uncertainty in each Ry, at different dy,0. Detailed
data analyses are provided in Section S7 of the Supporting
Information. The slope of each line is the inverse of the
intrinsic thermal conductivity of MgO (1/kyg0, assuming kygo
does not change across this thickness range), while the vertical-
intercept is the value of Reypep + 2R,,. We find the intrinsic
thermal conductivity of ultrathin as-deposited MgO film
(kyigos-dep) to be ~2.38 W m™ K™' and that of annealed
MgO film (Kyigo anneatea) to be ~3.57 W m™" K.

To separate the thermal resistance of the CoFeB thin film
(Reores) from the vertical-intercept, we measured separately
the thermal conductivity of a 50 nm as-deposited CoFeB film.
We found that the k¢cop.p of such a film is 19.1 + 0.6 W m™!
K. We plot the dashed lines after removing Rcp.s, and the
resulting vertical-intercept is 2R,,,,. This shows that the thermal
boundary resistance between CoFeB and MgO (R,,) is
significantly larger than the thermal resistance of CoFeB
(Reoren)- More details of the impact of R¢yp.p can be found in
Section S8 of the Supporting Information. It is also apparent
that the vertical-intercept does not change much for the as-
deposited and annealed samples, indicating a small effect of
annealing on 2R,

From the vertical-intercept of dashed lines, we find that 2R,
~ 0.87 m* K (GW)™! for as-deposited samples; thus, the
thermal boundary conductance (TBC, i.e., G, = Ry, ') is
~2.3 GW m~ K" This value is higher than TBCs of typical
oxide/metal interfaces, which are in the range of ~50—300
MW m™2 K™.*°° Such high TBC values found in our study
could be due to the phase preserving’' ~>* of phonon
transmitting interfaces consisting of ultrathin films. The films
are thin enough (e.g,, 1.0 nm MgO represents only ~3 atomic
layers) such that they are much smaller than the (phonon mean
free path (~6.4 nm for crystallized bulk MgO).*° This reduces
scattering events that typically disrupt phase coherence in bulk
materials,”’ ~>? when phonons propagate through such
interfaces. Phonons, as the main carriers of thermal energy in
dielectric solids, can thus transmit heat more efficiently when
their phase is preserved, leading to a higher TBC. Another
possible reason could be due to good interfacial adhesion of
sputtered films.**°

To extract kg of the MgO tunnel barrier, we removed the
thermal resistance of the CoFeB thin film (Rcoges) from Ry
We extract and plot the kg of the MgO tunnel barrier,
contributed by the intrinsic thermal conductivity of MgO
(kMgO) and two CoFeB/MgO thermal interfaces (R,,), as a
function of dy,0, which is shown in Figure 4. For as-deposited
samples, the amorphous multilayers lack regular lattice
structures, and their disordered nature leads to more phonon
scattering, as well as reduced thermal conductivity compared
to crystalline materials.”” >’ As a result, our as-deposited
samples show lower kg values than those of annealed samples.

We also illustrate several kg values in the literature along
with our data in Figure 4. The k. values in the literature are
systematically lower than those from our study, which could be
due to the use of bulk material thermal conductivity’**>® in
their calculations. However, the nanometer-thick films in the
MT] have a much lower thermal conductivity than bulk films,
which leads to underestimation of k. values. For example,

4.0

K
g0.annealed
3.6F-=---=----

(Present work)

o 4| Moz

(Present work)

= S 4

‘;\ N\“’d,af’/’ i
E 10
% Present // g 4
ko ’
N wor L Ref®
0.5 T [
Ref?
Ref%®
0 ¥ =
0 0.5 1.0 1.5 2.0 2.5
dygo (NM)

Figure 4. Extracted effective thermal conductivity of the MgO tunnel
barrier (k) at room temperature with dy,o = 1.0, 1.3, and 1.6 nm,
for both as-deposited and annealed samples, plotted together with
several kg values from refs 37, 39, and 58. The dashed lines represent
the intrinsic MgO thermal conductivity (ky,o) extracted from our
films. The kg value is contributed by the intrinsic thermal resistance
of the MgO tunnel barrier (dMgO/ kMgO) and two MgO/CoFeB
thermal interfaces (R,,,). The kg values for each dy,q are also listed
in Section S9 of the Supporting Information.

kycores = 87 W m~! K™ is widely adopted in simulations
instead of the thin film value, k;copes & 19.1 W m™ K™ In
contrast, our method is based on direct thermal measurement
of [CoFeB/MgO], thin films and circumvents the assumptions
of unknown thermal properties of the various MTJ constituent
thin films, which provides more accurate results. Our results
show that the thermal boundary resistances between MgO and
CoFeB (R,,) reduce the effective thermal conductivity of
MgO (from kMgO) but do not dominate the kg while the kg
increases slightly with MgO thickness. The kg values for each
dygo are also shown in Section S9 of the Supporting
Information, with uncertainty analysis details in Section S6.

In conclusion, our study provides a systematic thermal
measurement and analysis of CoFeB/MgO multilayers and
reports the effective thermal conductivity (k.g) of as-deposited
(0.70 + 0.09 W m™ K™*) and annealed (0.85 + 0.15 W m™
K™') ultrathin MgO tunnel barriers down to 1.0 nm. We find
surprisingly high thermal boundary conductance values
between CoFeB and MgO, G, ~ 2.3 GW m™> K™, much
higher than those of typical oxide/metal interfaces, mainly due
to phonon phase preservation across interfaces of ultrathin
films. Nevertheless, non-negligible thermal interface resistances
still greatly reduce kg from intrinsic MgO thermal conductivity
values and should be taken into account in thermal transport
analysis of such ultrathin films. Our findings suggest that self-
heating in MRAM devices may be more significant than
previously estimated. These results advance the understanding
of thermal transport across ultrathin MgO tunnel barriers and
pave the way for the thermal engineering of MRAM
technologies and the development of future spin caloritronics
applications.
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