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ABSTRACT

Earlier demonstrations of spintronic functionality on flexible substrates have highlighted the potential for spintronics in flexible electronics

applications. However, for device applications, the relationship between global magnetization reversal, as measured by hysteresis, and the 3
local reversal processes of nucleation and growth of magnetic domains need to be understood for magnetic systems on flexible substrates. §
This study compares the local magnetization reversal behavior of perpendicularly magnetized Pt/CoFeB/Pt and Pt/Co/Pt on rigid and flexi- §
ble polymeric substrates using magneto-optical Kerr effect magnetometry and microscopy. It is shown that while the magnetic hysteresis is
comparable, the local details of the nucleation and field driven reversal are quite different and are attributed to the greater variability of the <
surface structures of the polymeric substrates, which has implications for consistency in device performance. g
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0243189
I. INTRODUCTION The opportunities enabled by flexible electronics are also
The field of spintronics has grown significantly over the past driving researd-l in spintrqnics on poly.lmelric substrates that ulti-
decade with perpendicular magnetic anisotropy (PMA) forming a mately may be integrated with ﬂex1ble.c1rcu1ts. These developments
critical component of many systems, while rapid developments of bring the po.tentlal advantages of flexible subsFrat.es to spintronics,
spin-orbit torque (SOT) switching in thin film multilayers has led such as flexible n.on—planar fOI‘.n.l factor, strain-induced property
to the development of SOT magnetic random access memory changes., anfi sensing opportunities, but they must overcome the
(MRAM).'~ These spintronic applications are built upon multi- constraints imposed by the intrinsically higher surface roughness
layers grown and patterned on rigid substrates and integrated ~ and topographical defects common in polymeric substrates com-
with silicon electronics using conventional CMOS compatible pared to rigid silicon-based substrates. Substrate roughness is a key
processing. concern for spintronics as the requirement for PMA depends upon
Beyond conventional electronics, there has been a huge expan- magnetic layers that are typically less than 1 nm thick, while the
sion in research and development in flexible electronics. This is driven ~ magnetization reversal, which involves nucleation, propagation, and
by their applications need for functiona_lity that is low cost and has pinning of domain walls, is sensitive to local variations and defects.
short design-to-manufacture timescales, which is being delivered with Early developments of spintronics on flexible substrates focused
thin-film metal-oxide electronic materials’ and microprocessor cir- on Kapton®, a commercial polyimide (PI) widely used in flexible elec-
cuits.” Applications can also be extended by integrating other flexible tronics, with studies demonstrating tunneling magnetoresistance in a
substrate hosted components, such as sensors’'” and energy harvest-  relatively thick in-plane magnetized structure”’ and the development
ing'"'” for use in aerospace,” medical imaging, wearable and implant- of PMA in Pt/CoFeB/Pt multilayers.”" While early work also investi-
able electronics,'”™'* and the Internet-of-Things.'” ™"’ gated the Pt/Co/MgO system grown on polyethylene naphthalate
J. Appl. Phys. 136, 223901 (2024); doi: 10.1063/5.0243189 136, 223901-1

© Author(s) 2024


https://doi.org/10.1063/5.0243189
https://doi.org/10.1063/5.0243189
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0243189
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0243189&domain=pdf&date_stamp=2024-12-09
https://orcid.org/0009-0000-5592-3759
https://orcid.org/0000-0002-3295-6926
https://orcid.org/0000-0002-8759-8775
https://orcid.org/0000-0002-1044-7645
https://orcid.org/0000-0002-9438-7407
mailto:del.atkinson@durham.ac.uk
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1063/5.0243189
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

(PEN), another important substrate for flexible electronics. In this
case, the PEN surface was first planarized with an additional poly-
meric layer and the study established the development of PMA and
SOT driven reversal.”> These works highlight the commonly used
multilayered PMA systems, where Pt is layered with ultrathin Co or
CoFeB and PMA is established via interface effects.”*° In the case of
CoFeB, the dilution of the ferromagnet with B tends to reduce the
strength of the interface anisotropy,”””* which decreases the coercivity
and can improve the switching efficiency.”” More recent studies have
reported a strain-mediated enhancement of the SOT in PMA Pt/Co
on PL” increased stability to strain in repeated Pt/Co multilayer
stacks on polyvinylidene fluoride or polyvinylidene difluoride
(PVDEF),”" and evidence of irreversible bending-induced anisotropy
changes in Pt/Co/Pt on polyethylene terephthalate (PET).”>"

Here, the aim is to understand the local magnetization reversal of
the common Pt/Co and Pt/CoFeB PMA systems on industry-
relevant flexible polymeric substrates in comparison with the behavior
observed for the same systems on rigid, smooth substrates via observa-
tions of domain nucleation and the pinning and propagation of
domain walls during reversal. These two common magnetic systems
have very different reversed domain nucleation densities, which in
turn impacts the reversal processes. This study compares the large
scale or “global” reversal behavior as shown via large area hysteresis
measurements with domain images during the reversal process, which
show the local variations in the magnetization states associated with
the onset of reversal via nucleation and the propagation of domains.

There have been a few reports of domains visualized on PMA
systems on various flexible substrates with some indications of
the influence of the substrate’”"** and other works showing the
behavior under applied stress and strain on PI and PVDF’' and
PET.” This study shows a direct comparison of magnetization
reversal at defined points through magnetic hysteresis via domain
observations of PMA layered structures grown on Si/SiO, or on PI
or PEN flexible substrates. The PEN is a commercially available
substrate that incorporates a smoothing layer, and the PI is a spin-
coated layer used in high-volume flexible electronics production.

Il. EXPERIMENTAL DETAILS

The PI substrate was a nominal 4um thick spin-coated
layer adhered to a glass platen, enabling industrial wafer process-
ing. The PEN substrate was Teonex®Q65H, which is colorless
and primed on one side to create an “ultra smooth surface.”””
The thickness of the PEN’” was 125um and the thickness of
SiO, on silicon was 150 um. The Si/SiO, and PEN substrates
were cleaned in an ultrasonic bath with acetone followed by
isopropan-2-ol (IPA), while the PI substrates were cleaned only
in the IPA, given their degradability in acetone. Multilayered
thin-films consisting of Pt(5 nm)/CoFeB(0.7 nm)/Pt(3 nm) and
Pt(3 nm)/Co(0.6 nm)/Pt(3nm) were deposited by sputtering
onto the substrates from a base pressure of <1 x 10~ Torr at a
working gas pressure of Ar of order 1x 107> Torr and the
growth rates were around 0.25A/s. Regarding the crystallo-
graphic structuring of the thin-films, previous studies have
shown that the CoygFesoBy alloy typically has an amorphous
structure,”® while the Pt and the ultrathin Co films will be com-
posed of fcc-phase crystallites.””>”® Structural analysis was
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undertaken with x-ray reflectivity (XRR) using a Cu-source Bruker
D8 diffractometer to determine the multilayer structure and confirm
the film thicknesses, the reflectivity data were analyzed using the
GenX code.”” Atomic force microscopy (AFM) was used to investi-
gate the surface roughness and topographical structuring of the sub-
strates. AFM imaging was performed in amplitude modulation,*”"’
in air at ambient conditions using a MFP-3D system (Oxford
Instruments) with a HQNSC36/Cr/Au Bs cantilever, calibrated by the
thermal method (k = 2N/ m).”> At least three different areas per
sample were explored to ensure reproducibility. Magnetic hysteresis
was measured with a laboratory built laser-based magneto-optical
Kerr effect (MOKE) system, and domain imaging and hysteresis
loops were obtained using an EVICO polar MOKE microscope,””
enabling investigation of both the global magnetization states and
imaging of the local nucleation and evolution of reversed domains as
a function of the magnetic field.

lll. RESULTS AND DISCUSSION

Figure 1 shows examples of AFM images of the three sub-
strates before film deposition. As expected, the Si/SiO, wafer sub-
strate, Fig. 1(a), is relatively smooth, with a few small topographical
defects, likely associated with some surface debris contamination.
The flexible substrates, Figs. 1(b) and 1(c), show stark contrast to
the Si/SiO, substrate. For PI, Fig. 1(b), large linear topographical
structures are clear in addition to particle-like features and regions of
lower roughness (comparable to the Si/SiO, substrate). Topographical
features are very pronounced on the PEN substrate, Fig. 1(c),
showing a highly inhomogenous surface with multiple hollows and
protrusions, as well as aggregates and indications of a multilayered
structure. The global roughness of the substrates was obtained as the
root mean square value of z-height values™ (S,), averaged over at
least three images of different sizes, which gives 0.7 + 0.3 nm for
Si/SiO,, 1.2 + 0.4 nm for PI and 2.9 4+ 0.9 nm for PEN.

Figure 2 shows examples of AFM images of four samples after
film deposition. The topographical features and roughness of the
thin films seem to depend not only on the substrate, but also on the
type of deposited layers. CoFeB multilayers [Figs. 2(a) and 2(b)]
presents a different topography in comparison to Co-based multi-
layers [Figs. 2(c) and 2(d)]. Interestingly, some of the topographical
features of the films show a height of 20/25nm, that is, greater
than that of the thickness of the deposited layers but comparable to
the height variation of some of the substrate features (18 nm, see
Fig. 1). This suggests a conformal behavior of the deposited layers
on the substrate defects. The qualitative analysis on the films topog-
raphy is quantitatively confirmed by comparing their roughness.
The roughness of the samples was obtained as the root mean square
value of z-height values,”" averaged over at least three images of
different sizes, which gives 1.0 + 0.4 nm for CoFeB when grown on
Si/SiO, and 1.2 + 0.5nm when grown on PI; 3.7 + 1.5nm for
Co-based layers grown on Si/SiO, and 5.1 + 2.6 nm when grown
on PEN. Using flexible substrates in comparison to rigid ones
results in an overall increase in roughness and topographical vari-
ability for both CoFeB- and Co-based multilayers. Figure 3 shows
specular XRR measurements and analysis for the same materials
deposited onto Si/SiO, and on PI. The XRR analysis indicates a
larger interface width between the substrate and the lower Pt layer
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(a)

FIG. 1. Atomic force microscopy imaging of the three substrates tested here: (a) Si/SiO,, (b) PI, and (c) PEN. While Si/SiO, shows a relatively homogeneous and flat
surface, the flexible substrates present multiple topographical defects from particle-like features to crack lines. The scale bar represents 400 nm. The color scale bar repre-
sents a height variation of 18 nm.

>
g
5
2
S
&
®
2
L 3
(@)
FIG. 2. Atomic force microscopy imaging of the four samples: Pt(5)/CoFeB(0.7)/Pt(5) grown on (a) Si/SiO, and (b) PI; and Pt(3)/Co(0.6)/Pt(3) on (c) Si/SiO, and (d) PEN
substrates. The topography of the films is the result of a complex interplay between the substrates and the deposited multilayers. For both CoFeB and Co-based samples,
the use of flexible substrates increases topographical defects and roughness in the final films, as shown by deeper crack lines in (b) and (d) in comparison to (a) and (c).
The scale bar represents 400 nm. The color scale bar represents a height variation of 25 nm.
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FIG. 3. (a) Specular x-ray reflectivity measured for the same Pt, CoFeB, and Pt
layers sputter deposited onto SiO, and polyimide substrates, respectively. The
solid lines through the data points represent the best fittihg models obtained
using the GenX code.* The data for the two samples are offset on the y-axis
for clarity. (b) A comparison of the scattering length density (SLD) profiles,
obtained from the best-fitting simulations in (a) for the Pt/CoFeB/Pt layers on
SiO, and polyimide substrates.

and the Pt and FM layer interfaces for the polymer, consistent with
higher roughness from the AFM.

Magnetic hysteresis loops confirm out-of-plane magnetic
anisotropy and a remanence ratio, M,/M; of ~1.0. Figure 4 pre-
sents hysteresis from MOKE microscopy showing that the multi-
layers grown on flexible substrates have comparable, but not
identical magnetization reversal, to those grown on Si/SiO,. For the
Co-based multilayers, Figs. 4(c) and 4(d), the coercivity is approxi-
mately eight times larger than for the CoFeB multilayers [Figs. 4(a)
and 4(b)], which may be attributed to lower interfacial anisotropy
due to B dilution. The impact of the flexible substrate on the
overall reversal is not simply to increase or decrease the reversal
field. The CoFeB-based multilayer on PI shows a slightly higher
coercivity than on Si/SiO,, but with a broader field-driven reversal,
while the Co-based multilayer on PEN has a coercivity that is
~25% smaller and the onset of reversal less sharp than the equiva-
lent system on Si/SiO,.

Figures 5 and 6 show magnetic domain images for CoFeB and
Co-based systems, respectively, at key points during magnetization
reversal. The images labeled 1 and 5 show the magnetic contrast at
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nominal positive and negative saturation. Images labeled 2 show
the magnetic contrast soon after the onset of reversal, while images
3 and 6 show the domain structure at approximately zero net mag-
netization on opposite sides of the hysteresis loop. At large positive
and negative magnetic fields, the magnetic contrast is uniformly
dark or light, indicating the systems are magnetically saturated,
with exceptions for CoFeB on PI and Co on PEN at large negative
fields, where some small contrast features are present, which may
represent imperfect corrections of the structural contrast.

The magnetic contrast resulting from the onset of reversal,
shown in the images labeled 2, highlights the critical difference
between these thin-film systems grown on rigid Si/SiO, and on
flexible polymeric substrates. The images also show significant dif-
ferences between the CoFeB and Co systems on Si/SiO,. The onset
of reversal involves the nucleation of bubble domains, bounded by
roughly circular domain walls, which are characteristic of high
quality films with uniform PMA;*>™*" however, the density of first
onset nucleation centers is quite different between the CoFeB and
Co multilayered systems, with a nucleation density of <1 point/mm®
for CoFeB and >100 point/mm’ for Co, with reversal of the Co
system driven by high density uniform domain nucleation compared
to the nucleation and rapid growth of a much smaller numbers of
bubble domains in the CoFeB system.

These results can be understood in terms of the higher anisot-
ropy in the Co system, evidenced by the larger coercivity, which
may dominate any small local energy variations compared to the
effect of such variations in the weaker PMA CoFeB system. In both
cases, with increasing field the domain walls move outward as these
bubble domains expand and coalesce as reversal progresses.

The onset and progression of reversal for the CoFeB and Co
systems on flexible substrates [Figs. 5(b) and 6(b)] are different to
the observations of these systems on the Si/SiO, substrates. In the
case of CoFeB on PI, the number of domains nucleated per unit
area is similar to the CoFeB on Si/SiO,, which may be associated
with the lower roughness regions and indicates that the rougher PI
substrate does not notably modify the nucleation process. However,
for the CoFeB system on PI, the reverse domains nucleated are not
circular but are enclosed by jagged domain walls with large linear
components in some directions. With increasing field, the domain
expansion is not isotropic but clearly constrained by some of these
linear features that are associated with structures of the PI substrate.
At the highest fields, the system becomes uniformly magnetized. In
the case of the Co system on PEN, the reversal is characterized by
magnetic contrast that is dominated by the influence of geometrical
features associated with the substrate. For the Co-based system on
Si/SiO,, reversal is characterized by many circular reverse domains
nucleated uniformly across the substrate and on PEN, the onset of
magnetization reversal is characterized by magneto-optical contrast
that is associated with linear features associated with the substrate.
With increasing field, the extent of the reversed magnetization
increases but evidence of domain wall expansion is not clear for
this system on PEN. In all cases, the magnetic reversal behavior is
consistently similar for equivalent positive and negative fields and
between field cycles, with domain nucleation and growth occurring
at the same sites on both field directions, as seen by comparison of
domains in images 3 and 6 in Figs. 5(a), 5(b), 6(a), and 6(b) at pos-
itive and negative coercive points.
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FIG. 4. Polar MOKE microscopy measurements of Pt(5)/CoFeB(0.7)/Pt(5) on (a) Si/SiO, and (b) Pl and of Pt(3)/Co(0.6)/Pt(3) on (c) Si/SiO, and (d) PEN substrates. The
data were measured to +45 and +100 mT for CoFeB and Co, respectively, but truncated for presentation. The circled points relate to domain images in Figs. 3 and 4.
Overall, the results show that the reversal depends on both reversed domains, which dominates the magnetization reversal of

the magnetic thin-film system and the polymeric substrate. For this system, is constrained by substrate features, indicating that
the CoFeB system, the nucleation of reverse domains is not the substrate imposes variations on the energy landscape that
strongly affected by the PI substrate. However, the growth of the affects the domain wall propagation and pinning, which slightly
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FIG. 5. Comparison of magnetization reversal domain behavior of Pt(5 nm)/ FIG. 6. Comparison of magnetization reversal domain behaviors of Pt(3 nm)/Co
CoFeB(0.7 nm)/Pt(3 nm) multilayers on (a) Si/SiO; substrate and (b) Pl sub- (0.6 nm)/Pt(3 nm) multilayers on (a) Si/SiO, substrate and (b) PEN substrate.
strate. The numbers 1-6 relate the domain images to the points on the corre- The numbers 1-6 relate the domain images to the points on the corresponding
sponding hysteresis loop in Fig. 2. hysteresis loop in Fig. 2.
increases the coercivity. For the higher switching field Co system, constrained by substrate features; in this case, the substrate modi-
the PEN substrate significantly changes the observed behavior, in fies the energy landscape such that the nucleation dominated
this case, the reversal is dominated by the nucleation of reversed reversal processes occur at lower energy resulting in a reduced
magnetization and the observed reversed magnetization is coercivity.
J. Appl. Phys. 136, 223901 (2024); doi: 10.1063/5.0243189 136, 223901-6
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IV. SUMMARY AND CONCLUSIONS

In this work, we have examined the effect that flexible sub-
strates have on the magnetization switching of perpendicularly
anisotropic thin film Pt/Co and Pt/CoFeB multilayers. It is found
that global switching is comparable for all substrates from an analy-
sis of hysteresis, but this masks significant difference in details of
the magnetization reversal associated with the substrate. Overall,
the differences in the magnetization reversal between the polymeric
substrates and the smoother Si/SiO, may be attributed to differ-
ences in the topographical roughness of the different surfaces. The
differences between the CoFeB and Co systems on PI and PEN are
also associated with the differences in topographical features and
roughness, but may also be linked to the different strength of PMA
within these two magnetic systems. These results highlight the need
to consider the details of the local reversal process for applications
of spintronic multilayers on flexible substrates.
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