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ABSTRACT

Pinhole-free and defect-free ultrathin dielectric tunnel barriers (TBs) is a key to obtaining
high tunnelling magnetoresistance (TMR) and efficient switching in magnetic tunnel junctions
(MTJs). Among others, atomic layer deposition (ALD) provides a unique approach for the
fabrication of ultrathin TBs with several advantages including an atomic-scale control on the TB
thickness, conformal coating, and low defects density. Motivated by this, this work explores
fabrication and characterization of spin-valve Fe/ALD-Al,0s;/Fe MTJs with ALD-Al,O; TB
thickness of 0.55 nm using in situ ALD. Remarkably, high TMR values of ~77% and ~ 90% have
been obtained respectively at room temperature and at 100 K, which are comparable to the best
reported values on MTJs having thermal AlO, TBs with optimized device structures. In situ
scanning tunnelling spectroscopy characterization of the ALD-AI,O; TBs has revealed a higher
tunnel barrier height (£,) of 1.33+£0.06 eV, in contrast to £,~0.3-0.6 eV for their AlO, TB
counterparts, indicative of significantly lower defect concentration in the former. This first success
of the MTJs with sub-nm thick ALD-Al,0O3; TBs demonstrates the feasibility of in situ ALD for
fabrication of pinhole-free and low-defect ultrathin TBs for practical applications and the

performance could be further improved through device optimization.
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INTRODUCTION

Magnetic tunnel junctions (MTJs) formed by sandwiching an ultrathin insulating barrier
between two ferromagnetic (FM) electrodes are the subject of an intensive research recently due
to their potential applications in spintronics such as non-volatile MRAM and logic devices !3. The
figure-of-merit tunnelling magnetoresistance (TMR) of MTJs depends critically on the quality of
the insulating tunnel barrier (TB) and the metal-insulator interface becomes more challenging at
sub-nm dielectric thickness range. Specifically, the spin tunnelling current decays exponentially
with the TB thickness, which means a stronger coherent tunnelling is anticipated at a smaller TB
thickness. It should be noted that the presence of defects in the TB can lead to decoherence of the
spin tunnelling, not to mention an increased leakage current. Therefore, research and development
of sub-nm thick TBs that are pinhole free and defect-free is important to achieving high-

performance MT]Js.

Physical vapor deposition (PVD), including magnetron sputtering and molecular beam
epitaxy, has been widely adopted for MTJ fabrication with both amorphous AlO, and epitaxial
MgO TBs. The former can be obtained via thermal oxidation of ultrathin Al film on FM electrode
in air or in oxygen % to allow controlled oxygen diffusion into the Al to form AlO, TBs. The best
TMR~70 % at room temperature (RT) has been reported on MTJs with thermal AIO, TBs. The
advantage of the thermal AlO4 TBs is in the simplicity of the fabrication process and large-area
uniformity due to the amorphous nature of the AlO,. However, the thermal AlO, TBs suffers
several drawbacks including defects such as oxygen vacancies that are nonuniform through the TB
thickness and can lead to soft dielectric breakdown along with high leakage current especially at
sub-nm thicknesses . The epitaxial MgO TBs, obtained through post annealing of MTJs at ~350-
500 °C, have advantages of enhanced coherent spin current tunnelling, which leads to enhanced
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TMR ~200-350 % at RT %17, However, challenges remain in achieving high yield due to presence
of defects including grain boundaries and oxygen vacancies in epitaxial MgO TBs, especially
when the TB thickness is approaching 1 nm or smaller. It should be pointed out that the defects
such as oxygen vacancies in both AlO, and MgO TBs are common and difficult to avoid in oxides
fabricated using PVD process. In addition, grain boundaries can easily form in epitaxial MgO TBs
during recrystallization in the post annealing process and can serve as leakage channels in MTJs.
To efficiently control the performance of MTJ devices the optimization of FM electrode for its
composition, crystallinity and oxidation along with the quality of interface 322 is crucial

demanding a smooth and conformal TB with better FM-insulator (FM-I) interface 23-24.

Atomic layer deposition (ALD) provides a promising alternative for the fabrication of
ultrathin (sub-nm to 1 nm) leak-free and defect-free TBs. Specifically, ALD provides a unique
solution to the issues of defects and pinholes 2°-2¢ (such as oxygen vacancies and grain boundaries)
associated with PVD TBs, which have hindered achievement of sub-nm thick TBs. First, ALD is
a chemical vapor deposition process that relies on well-defined chemical reactions, which occur
only at the sample surface via a ligand exchange between monolayers of the precursors 2°. This
minimizes the formation of defects such as oxygen vacancies in oxides. Secondly, ALD growth is
self-limiting, enabling atomic control of the TB thickness. Thirdly, ALD coating is conformal, 7-
28 which is important in obtaining pinhole-free ultrathin TBs over structured surfaces ?°. Finally,
ALD 1is an industrial approach widely used in complementary metal-oxide-semiconductor
technology for ultrathin dielectric gates and capacitors and therefore is an industry-compatible,
low-cost approach that is promising for the fabrication of sub-nm thick, pinhole-free, and low-
defect TBs for MTlJs. This has motivated research recently in ALD growth of TBs of Al,03;, MgO

and HfO, for MTJs 3032, However, it has been found that the thickness of the TBs obtained using
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ex situ ALD process is typically in the range of 2-5 nm to avoid leakage current. The TMR values
reported on the MTJs with the ALD TBs are in the range of 1-20 % at RT, which is anticipated
from the large thickness of these TBs 3034, The challenge in achieving thinner ALD TBs is
primarily associated to the formation of a native oxide interface between FM electrode and the
ALD TB due to exposure of the FM electrode to air or other gases in the ex situ ALD processes,

which is stronger oxygen getter compared to other metal electrode.

In this work, we explore the fabrication of ALD-Al,0; TBs using an in situ ALD process
developed recently in our lab 3-37. MTJs based on a simple Fe/ALD Al,Os/Fe structure was
employed as a proof of concept in this study and the ALD-Al,0; TB thickness was selected to be
0.55 nm. In order to probe the nucleation effect of the ALD-AI,O3 TBs, two sets of devices were
compared: one with and the other without a 1 nm thick Al wetting layer on the bottom Fe electrode
using both in situ scanning tunnelling spectroscopy (STS) and ex sifu transport measurement.
Remarkably, TMR of 77% was demonstrated on Fe/ALD-Al,O3/Fe MTJs with an ALD-A1,0; TB
of 0.55 nm in thickness. In the following, we will report our experimental results to successfully
demonstrate fabrication of Fe/ALD-Al,O3/Fe MTJs with 0.55 nm ALD-Al,0; TBs for potential

application in future MRAM devices 4> 10-12,

EXPERIMENTAL

The MTlJs with a multilayer architecture of Nb (50 nm)/Fe (50 nm)/Al (1-0 nm)/ALD-
ALOs3/Fe (5 nm)/Nb (50 nm) were in situ fabricated using an in-house integrated ultra-high
vacuum sputtering and ALD chambers. Nb, Fe and Al were DC magnetron sputtered onto a Si/SiO,
substrate with the deposition rate of 1.7 nm/s, 1.0 nm/s and 0.5 nm/s, respectively, at a base
pressure better than 1.0x1077 Torr. After sputtering, the samples were transferred in situ to the ALD

chamber and dynamically heated to the growth temperature of 200 °C in the pre-heated ALD
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chamber. The details of the growth of ALD-Al,0; TBs can be found in our previous work and the
optimal processing conditions to minimize interfacial layer (IL) formation have been employed 36.
During the ALD-AI,O; TB growth, a 5 SCCM of N, carrier gas was employed together with
alternating pulses of H,O and trimethylaluminum (TMA) precursors, aiming a ligand exchange at
the heated sample surface for the formation of the Al,O3 3°. The H,O and TMA pulse durations
were 2 seconds and 1 seconds, respectively. It should be noted that M. Raija et al investigated the
effect of water pulse duration on the growth rate of ALD-Al,O3 film of ~ 200 nm in thickness and
found that the ALD-AL,O5 growth rate increases with the increasing water pulse duration in the
low duration range, followed with a saturation at ~ 0.11-0.12 nm/cycle when the H,O pulse
duration reaches 2-2.5 seconds or longer 3. In our ALD-AL,O; growth, the H,O pulse duration of
2 seconds was selected to minimize run-to-run variation of the TB thickness and our calibration of
the ALD-Al,O; growth rate, using both ellipsometry on ALD-Al,O; film/Si substrates and
capacitors of AI/ALD-Al,03/Al confirmed the ALD-Al,0O3 growth rate ~ 0.11-0.12 nm/cycle with
the details of two methods reported previously 3°-4!. This means that the thickness of the 5 cycle
ALD-AL,O; TBs in this work is in the range of 0.55-0.60 nm (the nominal thickness of TB has
been used throughout the manuscript unless otherwise indicated). Between the pulses of the H,O
and TMA, a purge of the ALD chamber with high-purity N, was carried out for 30 seconds 2. The
magnetic properties of these samples, such as magnetization vs magnetic field (M-H) loops with
H in the plane of the films, were characterized using a vibrating sample magnetometer (VSM
MicroSense, EZ7). Based on the saturated magnetic moments and coercive field estimates from
the M-H loop of magnetic thin film structure the choice of free and fixed layers were selected as
Fe (50 nm) and Fe (5 nm) respectively. Atomic force microscopy (AFM, WiTec Alpha 300) in

contact mode was used to characterize topography of the samples and surface roughness (R,) was
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calculated using root-mean square average of roughness within in the scan area. /n situ STS spectra
were obtained to investigate the electronic properties of TBs on 5 cycles of ALD-AL,O5/Fe (20
nm) structure referred to as a half-cell without and with an Al (1 nm) wetting layer. Specifically,
dl/dV spectra were collected simultaneously using a lock-in amplifier with a voltage modulation
of 30 mV at 5 kHz, with a set-point bias of 2.0 V and current ~ 200 pA to assure the STS tip would
not crash. The conduction band minimum, denoted as tunnel barrier height (£,), was estimated by
the intersection of two bisquare-method linear fits to In(dl/dV) similar to the method previously
reported #2. One line fits the band gap regime, and the other the conduction band since in log scale,
these two regions are roughly linear. This In(dl/dV) linear fit method was chosen over I-V or
(dl/dV)/(I/V) fit methods for its insensitivity to the noise in the STS spectra -4, MTJs were
fabricated using photolithograph/electron-beam lithography and ion milling. Two sets of MTJ
devices were fabricated in this work; both have 5 cycle ALD-Al,05 TBs (thickness 0.55-0.60 nm).
One set of the MTJs has a 1 nm thick Al wetting layer on the bottom Fe electrode, i.e. Nb (50
nm)/Fe (5 nm)/Al (1Inm)/ ALD-A1,050.55nm /Fe (50 nm)/Nb (50 nm) while the other, has no such
a wetting layer: Nb (50 nm)/Fe (5 nm)/ ALD-A1,050.55 nm/Fe (50 nm). The Al wetting layer was
introduced for a comparison of the quality of the ALD Al,0; TBs on Fe with respect to on Al. In
our previous studies, Al has been found favourable by providing a dense layer of the OH-groups
during the first H,O pulse of the ALD-Al,O; TB growth, which is key to minimizing the defective
IL and hence the defect concentration in the ALD-Al,O; TBs. It should be realized that the
formation of a dense OH-group layer may be hindered on other metals including ferromagnetic
metal electrodes 3°. By inclusion of an ultrathin Al wetting layer to alter the electrode surface
chemistry, and compare with the samples without such a wetting layer, the effect of such a wetting

layer on the ALD-AL,O; TB quality and the TMR of the device can be evaluated. A slightly lower
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Ey, ~ 1.31 eV on ALD Al,0O; TB was revealed on Fe electrode as compared to E, ~ 1.47 eV with
the 1 nm Al wetting layer, suggesting comparable quality ALD Al,O3; TBs can be achieved without
the 1 nm Al wetting layer. MTJs were obtained, current-voltage characteristics were collected
using the four-probe measurement. The noise was controlled below 10 nV after wiring through
optimization of the contact resistance. The resistance-area (RA) product was measured to examine
the uniformity of MTJ devices as function of the ALD-AI,O3 TB thickness. Since an exponential
dependence of the R4 on the TB thickness is anticipated, the R4 data was fitted accordingly to
extract the ALD-AI,O5; TB height. For simplicity, a spin valve structured MTJ was employed in
this work. The TMR measurement was performed in a physical property measurement system
(PPMS, Quantum Design Evercool II). The tunnelling resistance of MTJs in parallel ( Rp) and

anti-parallel (Rpp) configurations were obtained. The figure-of-merit TMR is estimated based on

Rap —

Rp o
o x 100 %.

the relative change in percentage between Rp and Rpp configuration as TMR =

RESULTS AND DISCUSSIONS

Figure 1(a) show the M-H loops measured on several samples including Fe (50 nm), Fe
(50 nm)/Al (7 nm), Nb (50 nm)/Fe (50 nm) and Nb (50 nm)/Fe (50 nm)/Al (7 nm) fabricated using
in situ DC sputtering. An overall improvement in saturated magnetization of the multilayered
samples as compared to the single-layered Fe ones is most probably due to the prevention of Fe
from oxidation to form non-magnetic FeO, by the capping layers of Nb or/and Al. Based on the
literature, negligible intermetallic formation between Nb/Fe or Fe/Al structure is anticipated #>-46.
Since Al is not ferromagnetic and the paramagnetic moment for the very thin (7 nm) Al layer, as

opposed to that from the 50 nm of ferromagnetic Fe layer, is negligible, the comparable M-H loops
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for the Nb (50 nm)/Fe (50 nm) and Nb (50 nm)/Fe (50 nm)/Al (7 nm) samples are anticipated.
Figure 1(b) show the M-H loops of two each of 50 nm (black and red) and 5 nm (purple and blue)
thick Fe films and the overlap of the M-H loops for the samples of the same thickness illustrates
reliable reproducibility from run to run. Based on the M-H loops, the coercive field of about 52
Oersted and 20 Oersted, respectively, can be estimated for the 50 nm and 5 nm thick Fe films.

Thus, thicker Fe film serves as the fixed layer while the thinner one, the free layer in the MTJs of

this work.
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Figure 1. Magnetization vs magnetic field (M-H) loop for multi-
layered structure with a) Fe (50 nm), Fe (50 nm)/Al (7 nm), Nb (50
nm) /Fe (50 nm) and Nb (50 nm)/Fe (50 nm)/Al (7 nm) b) M-H loop for

Figure 2 exhibits representative AFM images taken on three thin film samples: Fe (50 nm),
Nb (50 nm)/Fe (50 nm), and Nb (50 nm)/Fe (50 nm)/Al (7 nm). Overall, all three samples have
very smooth surface that are featureless over the AFM scan area of 5x5 um?. In fact, the similar
AFM scans were performed on different locations of these samples to ensure uniformity. The
surface roughness (R,) calculated based on the AFM images are 0.90 nm, 0.85 nm and 0.82 nm,
respectively, on the Fe (50 nm), Nb (50 nm)/Fe (50 nm), and Nb (50 nm)/Fe (50 nm)/Al (7 nm)

samples. The low R, values on each of the three layers of the bottom electrode for the MTJs has

9
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confirmed an ideal smooth surface of the metal electrode for growth of the ALD-AL,O; TBs. It
should be mentioned that these R, values are consistent with that measured in our previous study
of surface morphology of samples before and after the ALD-Al,O3 TB growth?® 47, In particular,
a comparable and slightly improved R, after the ALD-Al,O3; TB growth is anticipated from the

conformal coating of the ALD.

Figure 3 shows schematically the two device structures of the MTJs investigated in this
work: one with (Figure 3(a)), and the other, without (Figure 3(b)) a 1 nm thick Al wetting layer on
top of the bottom Fe electrode. The Al wetting layer has been found to allow better nucleation of
the ALD-Al,0; TBs with a negligible defective metal-insulator interface 3¢. Considering ALD is
a chemical process, the improved nucleation of the ALD-Al,0; TBs on the metal surface can lead
to improved TB quality, especially the defect concentration that affects the ALD-Al,O; TB’s
height, and dielectric breakdown 3. However, the presence of a non-ferromagnetic layer of Al
between the two ferromagnetic Fe electrodes is undesirable since it reduces the coherent spin
tunnelling through the MTJ. Therefore, the Al wetting layer thickness was controlled to be around

1 nm for a comparison of the MTJ performance of with and without such a wetting layer.
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50 Figure 2. AFM images of a) Fe (50 nm), b) Nb (50 nm)/Fe (50 nm),
5o and c¢) Nb (50 nm)/Fe (50 nm) /Al (7 nm) thin films deposited on SiO2.
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a Nb (50 nm) b
Fe (5 nm) Nb (50 nm)
ALD AlLO,
Fe (5 nm)
Al (1 nm) ALD ALO,
Fe (50 nm) Fe (50 nm)

Nb (50 nm) Nb (50 nm)

Figure 3. Schematic of the device structures of MTJs investigated in this work a) with 1 nm

Al wetting layer and b) without Al wetting layer on the bottom Fe electrode.
Figure 4 compares a representative STS dI/dV spectra taken on 5 cycles (or 0.55 nm thick) ALD-
AlL,O3; TBs with (Figure 4(a)) and without (Figure 4(b)) the 1 nm thick Al wetting layer on Fe
bottom electrode, or the half cells of the two kinds of MTJs shown in Figure 3. The dI/dV spectra
on the two devices show qualitatively similar characteristics of a dielectric TB, indicating that the
ALD-AIL,O3 TBs can form on both surfaces of the Al and Fe. However, quantitative differences
are clearly visible especially in values of the E}’s. Specifically, the E;, ~1.40 + 0.16 eV (overall
average 1.47 + 0.05 eV) observed on the ALD-Al,O; TB with the Al wetting layer in Figure 4(a)
is higher than the Ej,~1.33 £+ 0.06 eV (overall average 1.31 + 0.03 eV) of Al,O3 grown directly
on Fe (Figure 4(b)), indicating a higher defect concentration in the latter 3% 37, This may be
attributed to the formation of an IL of FeO, between the Fe and ALD-Al,O5 TBs due to the less
dense Fe atoms on the surface of the Fe as compared to the Al atom density on the Al surface 3°.
The larger inter-atom distance on the Fe surface as compared to the Al surface would lead to more
difficult hydroxylation of the Fe surface during the first H,O pulse of the ALD-Al,O; growth.
When a partial decomposition of the H,O to oxygen and hydrogen occurs, instead of to hydroxyl
groups (OH™") on the metal surface, formation of defective FeO, IL may form. The ultrathin ALD-
Al,O, TBs grown on the defective native oxide IL would be defective, which explains the reduced
Ej of the ALD-AL,O; TB on Fe as compared to that on Al. Nevertheless, the average E, ~1.31 +

0.03 eV on the ALD-Al,O5 TBs of 0.55 nm in thickness on Fe is only 12% lower than that on Al.
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This means the effect of the FeOy IL is insignificant. In addition, the E; ~1.31 + 0.03 eV eV of
the 0.55 nm thick ALD-AL,O; TB on Fe is significantly better than the low £, ~ 0.3- 0.6 eV for
thermal TB based devices > 8. This suggests that the defect concentration in ALD-A1,05 TBs is
much reduced as compared to the thermal AlO, TB case. This argument is supported by the
significantly lower leakage current and harder dielectric breakdown observed in the former in

contrast to the latter 3537,

1E-9 ET T T T T T T T T ™ 1E-9 T T T T T T T T LE
2 ] b ]
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Figure 4. STS dI/dV spectra taken on the ALD-Al,05; TBs a) with 1 nm Al wetting layer and
b) without Al wetting layer on Fe bottom electrode. The thickness of the ALD-A1,05 TB is
0.55 nm made with 5 ALD cycles.

Figure 5 shows the RA vs. H hysteresis loops measured at 100 K and 300 K on the two
representative Nb/Fe (50 nm)/ALD-Al,0O5/Fe (5 nm)/Nb MTJs with an 1 nm thick Al wetting layer
(Figures 5(a)-(b)) and without (Figures 5(c)-(d)), respectively, at 300 K (RT) and 100 K. The
observed hysteretic behaviour on both samples is anticipated for MTJs due to the switching of the
magnetic moments in the free Fe layer (top Fe electrode) between parallel to anti-parallel
orientations with respect to that in the pinned Fe layer (bottom Fe electrode) as the applied H field

exceeds the coercive field of the free layer. The TMR values can be calculated from the RA-H
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loops (see Experimental) are 4.2 % and 4.3 % at 300 K and 100 K, respectively, for the MTJ with
the 1 nm thick Al wetting layer. These low TMR values indicate that the presence of the non-
ferromagnetic Al wetting layer, even only at the 1 nm thickness, between the two Fe electrodes is
undesirable since it behaves like a barrier that could significantly reduce the coherent spin
tunnelling. When the Al wetting layer is removed, significantly higher TMR ~77 % at 300 K and
~90 % at 100 K, respectively, are obtained on the counterpart MTJ without Al wetting layer as
shown in Figures 5(c)-(d). The current state-of-the art MTJs with optimized FM electrode
CogoFez0B2o, pinning layer IrMn, optimized AlO, TBs formed by oxidizing 1 nm Al in plasma of
Ar/O, and magnetic thermal annealing at 265°C for 1 hour to achieve better FM-I interface
demonstrates the maximum TMR ~70 % at RT 6. An improved TMR~81.3% at RT (and ~95 %
at 100 K) was reported by further optimization of the AIO, TBs using inductively coupled plasma
oxidation on CoyoFe4B,g electrodes #°. Therefore, the TMR values obtained in the MTJs with
ALD-AL,O; TBs of 0.55 nm in thickness are comparable to the best so far achieved in MTJs made
with PVD approaches. The trend of increasing TMR values with decreasing operation temperatures
is anticipated from reduced scattering effect by phonons and magnons at lower temperatures 33!,
In fact, the 17% increase in the TMR value at 100 K as from that at 300 K in the MTJs with the
0.55 nm ALD-AlL,O; TB is comparable to that previously reported on MTJs 4. Interestingly, the
two types of MTJ devices shown in Figure 5 exhibit very different RA values. Without the Al
wetting layer, the RA values measured in multiple MTJ devices are in the range of 862+120 Q.um?
for junction areas of 100, 75 and 25 pm? at RT, which is consistent with RA shown in Figures
5(c)-(d). In contrast, larger RA values by 1-2 order of magnitude higher are observed on MTJs
with the Al wetting layer. Considering the similar STS dI/dV spectra and E, values for the ALD-

Al,O5; TBs grown on Fe without and with the 1 nm Al wetting layer (Figure 4), the Al wetting

14
ACS Paragon Plus Environment

Page 14 of 26



Page 15 of 26 ACS Applied Materials & Interfaces

layer may be intact up when the ALD-AL,O; TB growth is completed. Therefore, the significantly

higher RA values in the MTJs with the Al wetting layer, especially as compared to that reported

oNOYTULT D WN =

in literature, 3233 may be attributed to the oxidation of the Al wetting layer during the post
10 fabrication processes for both top electrode fabrication after the ALD-Al,0O; TB growth and the
MTIJ device fabrication including multiple steps of photolithography, e-beam lithography, ion
15 milling, liftoff and deposition. This means the practical TB thickness is much thicker than 0.55-
17 0.60 nm in the Fe/Al/ALD-Al,05/Fe MTlJs shown in Figures 5(a)-(b). This result hence suggests
that the Al wetting layer is not necessary in the Fe/Al/ALD-Al,03/Fe MTJs and may even cause

22 issues of post oxidation, resulting in degraded MTJ performance.
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Figure 5. Hysteresis loops of RA vs magnetic field for a
representative MTJ of Nb /Fe (50 nm)/Al (1-0 nm)/ALD-Al,05/Fe (5
nm) /Nb with a 1 nm thick Al wetting layer at (a) at 300 K and (b)

100 K respectively; and for its counterpart without the Al wetting

The current state-of-art MTJ fabrication uses optimized FM electrode, antiferromagnetic
pinning layer, and magnetic thermal annealing and the best figure-of-merit TMR is in the range
of 10-70 % for MTJs with AlO, TBs %4 and 200-350 % for MTJs having epitaxial MgO TBs
10-15 However, further reduction of these TBs to sub-nm thickness range remains challenging due

to defects, such as grain boundaries and oxygen vacancies, within the dielectric TBs, resulting in
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increased leakage current and incoherent tunnelling in both A10, or MgO based MTJs 7-%-34-61 This

is in agreement with the observed reduced £, in range of 0.3- 0.6 eV for thermal TB based devices

5,8,48

While this work represents the first success in fabrication of MTJs with sub-nm thick ALD-
Al,O; TBs, many efforts have been put in the synthesis of ALD TBs for MTJs in the past 3°-34. The
reported thickness of the ALD TBs is typically in the range 2-5 nm due to significant increase in
leakage at smaller TB thicknesses 30-31:33-34, One of the primary reasons leading to the difficulties
in achieving thinner, leak-free ALD TBs in the prior effort is that these ALD TBs were fabricated
using ex situ processes. Thus, exposure of metal surfaces to an ambient condition before ALD TB
growth implies that a native oxide IL forms before nucleation of the ALD TB 30-31,33-34,62-64 The
IL has a significant impact on the quality of the ALD TBs growth on top of it because it is typically
defective with oxygen vacancies and pinholes leading to the defective growth continue to ALD
TBs, which explains the significant increase in leakage with ex sitru ALD TBs at thickness below
2-5 nm 7. However, the control over the formation of a native oxide IL, which can even form in
an in situ ALD process have been optimized in our previous work 3337, The defective ALD TBs
obtained in ex situ ALD processes is illustrated in the low E, together with soft dielectric
breakdown. In the in situ ALD processes, the IL can be reduced to negligible level ~ 0.1-0.2 A° ¥,
which not only enables sub-nm think pin-hole free ALD TBs to be achieved, but also reduces the
defect concentration in ALD-Al,O; TBs as illustrated in the £}, of 1.31-1.47 eV that is significantly
higher than the previously reported E;,~0.3-0.6 eV for AlO, TBs > & 48, This work therefore
illustrates the critical importance in controlling the FM/ALD TB interface and the potential of the
in situ ALD process for fabrication of ultrathin, high quality TBs for MTJs !-6- 4%, Finally, it is
worth mentioning that the ALD-Al,O; TBs are highly uniform as reflected in the negligible TB
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thickness dependence of E}, values 33-37. This is in contrast to the strong TB thickness dependence

of the tunnel barrier height in the A0, TBs obtained via oxygen diffusion into the Al or Al-alloys

65

CONCLUSIONS

In summary, this work demonstrates the first success in the fabrication and characterization
of Fe/ALD-Al,0;5/Fe MTJs with sub-nm thick ALD-A1,0O3; TB using a newly developed in situ
ALD process. Differing fundamentally from the ex situ ALD processes, the in situ ALD allows a
control of the defective native oxide IL at the metal-insulator interface to a negligible level. This
enables sub-nm thick, pinhole-free, and low-defect ALD TBs to be achieved on FM metal
electrodes, such as Fe, for MTJs. The in situ STS study performed on the 0.55 nm thick ALD-
Al,O; TBs grown on Fe reveals a significantly higher £, ~ 1.33 + 0.06 e} that is 4.4-2.2 times
higher than that of their thermal AIO, TB counterparts obtained via oxygen diffusion in to the Al
films. Since the reduction of the £}, is attributed to the defect concentration of the dielectric TBs,
this enhanced Ej, in the ALD-A1,0O5; TBs confirms the significantly reduced defect concentration
in the ALD-A1,0O5; TBs as compared to their thermal AlO, TBs counterparts. Remarkably, TMR
values of ~77% at 300 K and 90 % at 100 K have been achieved in Fe/ALD-Al,0s/Fe MTlJs with
0.55 nm thick ALD-AI1,0; TBs, which are comparable the best reported on the MTJs with thermal
AlO4 TBs and can be further enhanced with optimization of the devices. This result therefore
demonstrates the feasibility of the ALD TBs that can potentially meet the requirements of sub-nm
thin, pinhole-free and defect-free for applications in spintronics and neuromorphic memory

devices.
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