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ABSTRACT: Metal/insulator/metal (M/I/M) trilayers of Al/MgO/Al with
ultrathin MgO in the thickness range of 2.20—4.40 nm were fabricated using in
vacuo sputtering and atomic layer deposition (ALD). In order to achieve a high-
quality metal/insulator (M/I) interface and hence high-quality dielectric ALD-MgO
films, a S cycles (~0.55 nm) thick ALD-Al, Oy seed layer (SL) was employed to
demonstrate the dielectric constant (&,) is ~8.82—9.38 in 3.30—4.95 nm thick
ALD-MgO/SL films, which is close to that of single-crystal MgO ¢, ~ 9.80. In
contrast, a low &, of 3.55—4.66 for the ALD-MgO films of a similar thickness
without a SL was observed. The effective oxide thickness (EOT) of ~1.40 nm has
therefore been achieved in the ultrathin ALD-MgO films, which are comparable to
the EOTs of high-K dielectrics such as HfO,. In addition, the leakage current
through the M/I/M structure is reduced by more than 1 order of magnitude with
implementation of the SL. The high leakage current in the samples without a SL can
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be attributed to the nonuniform nucleation of the ALD-MgO on the Al surface with a significant portion of the Al surface
remaining conductive as confirmed using in vacuo scanning tunneling spectroscopy (STS). With the SL, the STS study has
confirmed a tunnel barrier height of 1.50 eV on 0.55 nm MgO with 0.55 nm Al,O; SL with almost 100% coverage. In addition,
molecular dynamics simulations point out the importance of deposition of ultrathin SL that has a significant effect on the initial
nucleation of the Mg precursor. This result not only illustrates the critical importance of controlling the M/I interface to obtain
high-quality dielectric properties of ultrathin ALD films but also provides an approach to engineering incompatible M/I
interfaces using a SL for a high-quality dielectric required for applications in M/I/M tunnel junctions and complementary metal

oxide semiconductors.

KEYWORDS: in situ atomic layer deposition, ultrathin film, dielectric properties, metal/insulator interface, seed layer, capacitors,

in vacuo

B INTRODUCTION

Following Moore’s law, the further advancement of micro-
electronics toward reduced dimensions demands leak-free and
defect-free ultrathin dielectric films with thickness in the range
comparable or less than S nm dielectric films. Applications
requiring such ultrathin dielectrics include metal/insulator/
metal (M/I/M) tunnel junctions' ® and gate dielectrics in
complementary metal-oxide-semiconductor (CMOS) technol-
ogy.”~” Both physical vapor deposition such as magnetron
sputtering,'”"" molecular beam epitaxy,” and chemical vapor
deposition (CVD) including atomic layer deposition
(ALD)"***'" are used for deposition of ultrathin dielectrics
such as Al,O;, HfO,, ZrO,, MgO, etc. Among others, ALD is
particularly suitable due to several unique advantages including
low defect density through a well-controlled ligand-exchange
mechanism on the sample surface with high conformality over
surfaces with large aspect ratios and atomic-scale thickness
control.” 31171 However, dielectric properties of ALD films
are often considerably degraded with respect to their single-
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crystal bulk counterparts.”'*™'® For example, in the M/I/M
trilayers, the defective interfacial layer at the M/I interface,
which may form during either ex situ growth of the “I” layers or
in vacuo growth of the “M/I” bilayer under nonoptimal
conditions, has been found to be detrimental to their dielectric
properties.'”"*  Consequently, significantly lower dielectric
constants (&,) than the single-crystal bulk values were reported
on ALD dielectric ultrathin films.*"*™"® Specifically, a
monotonic decreasing of &, with decreasing the film thickness
from tens of nanometers to the ultrathin regime has been
observed.'”"® These results indicate that the defective insulator
layer (IL) must be eliminated in order to achieve high-quality
films.

Magnesium oxide (MgO), with its wide band gap of 7.80 eV,
€, of 9.80,'”*° low refractive index, and high stability, is an
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interesting dielectric for (M/I/M) tunnel junctions and other
devices.'”™>® Specifically, MgO is the best tunnel barrier
material for magnetic tunnel junctions (MTJs) to allow
coherent tunneling of the spin current, which leads to
significantly higher tunneling magnetoresistance up to 200%”
in contrast to 70% in MTJs with Al,O; as the tunnel barrier.”*
MgO has been deposited using CVD,”” pulsed laser
deposition,*® homogeneous precipitation, sol—gel processes,*
and ALD.*"** This has further motivated research in the
growth of ultrathin ALD-MgO films. However, the inves-
tigation of the interface for ultrathin ALD-MgO films directly
on the metal show formation of an interfacial layer with
oxidation of the electrode.”” A systematic study on the
dielectric properties of ALD-MgO for MIM devices is lacking,
which is possibly due to the difficulties to obtain leak-free
ultrathin ALD-MgO films. However, the study of ALD-MgO in
the thickness range of 4.6—11 nm on Si for metal oxide
semiconductor capacitors shows an &, close to single-crystal
bulk MgO.”” Previously reported results suggest that the MgO
dielectric is expected to have more defects and pinholes
compared to Al,O; characterized using scanning tunneling
spectroscopy (STS) and structural analysis.”* "> In order to
prevent the formation of an IL between the metal/insulator
(M/1) interface, a recent approach employs a Mg interlayer or
graphene.‘“_33 Despite this effort, the oxidation of the
electrode is still a potential cause for IL formation, resulting
in defective dielectric films.****

It is therefore imperative to address the issue with the IL
formation in the development of high-quality ALD ultrathin
dielectric films. In a recent work, we have developed a dynamic
heating process to reduce the exposure of the metal surface (in
high vacuum) before deposition of ALD-AL,O5 ultrathin films
on Al and Fe using an in vacuo ultrahigh vacuum (UHV)
sputtering sputtering/ALD process.” The M/I IL layer has
been found to be effectively suppressed in both in vacuo STS
studies of the 0.10—1.10 nm thickness ALD-AlL,O; layer and ex
situ studies of the M/I/M devices.' It is particularly worth
mentioning that an &, within 3% of the Al,O; single-crystal
bulk value has been demonstrated in 3.30—4.40 nm thick
ALD-ALO; films by reducing the Al/ALD-ALO;IL effect to a
negligible level.">" Unfortunately, direct growth of ultrathin
ALD-MgO films on Al or Fe using similar in vacuo sputtering/
ALD processes failed to generate high-quality dielectric films,
which is attributed to different nucleation mechanisms of ALD-
MgO and ALD-ALO,; on metals.”®**** This problem
represents a general problem in the growth of ALD-dielectric
on metals with an incompatible M/I interface that prevents
uniform nucleation of an atomically thin ALD-dielectric film.

It should be pointed out that the incubation process in ALD
of dielectric films is primarily generating oxides on the surface
of metals to assist in a more efficient ligand exchange between
precursors on the sample surface. This means the first ALD
cycles are used for incubation of native oxides on the metal
surface for nucleation of ALD-MgO.”*™** Unfortunately, the
native oxides are typically defective as shown in a recent study
by our group.” ALD dielectric films grown on native oxides
can have much degraded electronic and dielectric proper-
ties.”! "33 This means that the defective ALD-MgO films
will not be suitable as tunnel barriers for MT] applications. In
order to resolve this issue, this work explores a novel seed-layer
approach by in situ growth of a subnanometer thick ALD-
Al,O; seed layer (SL). SL is a high-quality dielectric and hence
will have a negligible negative impact on the ALD-MgO

growing on top as compared to the native oxide IL. We show a
0.55 nm thick ALD-AL,O; SL enables high-quality ALD-MgO
ultrathin (<5 nm) film growth. Remarkably, an ¢, up to 8.82—
9.38 was achieved in ultrathin ALD-MgO dielectric films of
thicknesses ~3.30—4.95 nm, which is in contrast to the leaky
ALD-MgO counterpart with significantly lower &, of ~3.55—
4.60 without the SL. These results are supported with a higher
barrier height ~1.50 eV for MgO/SL and dense nucleation
with 100% coverage. However, a barrier height reduced to 0.80
eV for ALD-MgO without SL and ALD coverage reduced to
less than 80%. The molecular dynamics simulation suggests
that the SL layer allows for more regularly distributed Al and
OH ligands leading to growth of denser and high-quality ALD-
MgO dielectric as compared to the case on Al films, which is
by its nature not self-terminating and is anticipated to have a
relatively rougher terrain for subsequent growth of dielectric
films. Thus, the SL approach may be applied to engineering the
M/I interface for growth of high-quality ALD-dielectric
ultrathin films on metals that would be otherwise incompatible.

B METHODS

Fabrication of the M/I/M trilayers was carried out using an in vacuo
in-house integrated UHV-ALD system.’ First, a bilayer bottom
electrode with 20 nm thick Nb covered with 7 nm thick Al was
deposited using dc magnetron sputtering on a Si/SiO, substrate
through a shadow mask for definition of an array of three capacitors.
The deposition rate for the Nb was 1.70 nm/s and that for the Al was
0.50 nm/s. After the bottom metal electrode deposition, the sample
was in situ transferred to the ALD chamber for growth of the ALD-
ALO; SL and an ultrathin ALD-MgO dielectric (referred to as ALD-
MgO/SL). The thickness of the SL was varied from 0.22 nm (2 ALD
cycles) to 0.55 nm (5 ALD cycles), and the latter was found to be
optimal based on the measurement of tunnel barrier height and the
dielectric constant of the ALD-MgO/SL in the M/I/M trilayers.
Figure SI discuss in detail about the dielectric properties of ALD-
MgO with different SL thickness. For a comparison, samples without
a SL were fabricated in the same growth conditions. The optimal
parameters for ALD preheating and substrate temperature based on
our previous work were employed to prevent formation of a defective
M/I IL, and the details can be found in our previous papers.”* The
trimethylaluminum (TMA, Sigma-Aldrich) was used as the Al
precursor, which was maintained at room temperature during the
ALD-ALO; growth. The optimal substrate temperature for the ALD-
AlLO; films is in the range of 200—220 °C based on our prior
work.”** For the ALD-MgO film growth, both substrates and
bis(cyclopentadienyl)magnesium (MgCP,, Sigma-Aldrich) Mg pre-
cursor were heated. The former was tested in the range of 200—-255
°C, and the latter was in the range of 50—100 °C. The optimal
substrate temperature has been found to be ~200 °C for ALD-MgO
growth, while the optimal MgCp, precursor temperature was found to
be at 100 °C, which agrees well with prior reports.’*® In the
following, all samples were fabricated using the optimal fabrication
condition unless otherwise indicated. H,0 (Ultima grade, Fischer
Scientific) was used as the oxygen precursor. The growth of the ALD-
dielectric films occurs with alternating precursor pulses via a ligand
exchange at the heated sample surface.” To ensure the formation of
monolayer Al,O; (or MgO) on the sample surface, a purge of the
ALD system with N, gas (S SCCM) between consecutive ALD
precursor pulses was employed."® The thickness of ALD-ALO; (or
ALD-MgO) per cycle is well calibrated to be ~1.10—1.20 A.>%*"3%3¢
The thickness of the SL is hence approximately 0.55—0.60 nm, while
that of the ALD-MgO films is in the range of 2.20—4.40 nm (or 20—
40 ALD cycles). Fourier transform infrared spectroscopy (FTIR) was
used to characterize the ALD-MgO films grown on the SiO, substrate.
To obtain M/I/M capacitors, the top Al electrode ~100 nm in
thickness was sputtered after the ALD-MgO growth. Capacitance—
voltage (C—V) and the leakage current vs voltage (I—V) measure-
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Figure 1. (a) Schematic of MIM trilayers fabricated with a SL for engineering the M/I interface and (b) FTIR absorbance spectrum taken on an
ALD-MgO (20 C) film on the Si/SiO, substrate deposited at optimal conditions with a substrate temperature of 200 °C and source heated to 100

°C. The peaks are indexed to ALD-MgO.
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Figure 2. Variation of (a) specific capacitance and (b) dielectric constant with frequency for Al/MgO(2.20—3.85 nm)/SL(0.55 nm)/Al and Al/
MgO(4.40) nm/Al MIM capacitor and three different junction areas, 400 X 100, 300 X 100, and 200 X 100 um? fabricated using the previous

method of a shadow mask."

ments were carried out on the M/I/M devices using tungsten probes
(25 pm in diameter, Lakeshore) in a probe station and an Agilent
semiconductor analyzer." In vacuo scanning tunneling spectroscopy
(STS) spectra were taken on three half-cell (M/I) samples with the
“I” layer of a total of 10 ALD cycles (10 C) of ALLO, (10 C), ALO;(S
C) + MgO (5 C), and MgO (10 C) to extract the effect of the SL on
the dielectric properties and uniformity of the “I” layer.">**” A
mechanically cleaved Pt—Ir tip was used for all STS studies at room
temperature. IV and dI/dV spectra were taken simultaneously using a
lock-in amplifier with a voltage modulation of 30 mV at 5 kHz, with a
set point bias of 2.00 V and current of 200 pA to ensure the tip would
not crash. The CBM, denoted as barrier height E;, was estimated by
the intersection of two bisquare-method linear fits to In(dI/dV),
similar to the method previously reported.*® One line fits the band
gap regime and the other the conduction band. These two regions are
roughly linear in log scale. This In(dI/dV) linear fit method was
chosen over I-V or (dI/dV)/(I/V) fit methods for its insensitivity to
high noise in the STS spectra.””~*' Spectra were recorded in constant
height mode, and the bias was sequentially ramped up and down 20
times, but no spectra averaging was used due to hysteresis from high
local fields causing dielectric breakdown occasionally in later spectra
of the set of 20. In order to shed light on the role of the SL, reactive
molecular dynamics simulations were carried out using the ReaxFF
interatomic potentials developed by Van Duin’s group® as
implemented in the LAMMPS MD code.**** The use of ReaxFF
interatomic potentials as the reactive force field approach®™* is
necessary, as it gives an accurate depiction of the bond order and
bond distance relationship and the dependency of the 3- and 4-body
interactions toward the bond-order. This gives the capability to assess

the bond breaking and bond forming mechanisms on the sample
surface at the level of accuracy comparable to that from the density
function theory (DFT) calculations™ and is critical for the surface
analysis.

223
224
225
226

B RESULTS AND DISCUSSION

Figure la illustrates schematically the fabricated M/I/M
trilayers. Figure 1b exhibits the FTIR spectrum taken on
ALD-MgO (20 C) films deposited at optimal conditions with a
substrate temperature of 200 °C and source heated to 100 °C.
The appearance of absorption peaks at 495, 640, 750, and 960
em ™! are indexed to MgO.*>*” The intensity of peaks is low in 233
our case as compared to previously reported results, which is 234
most probably due to the fact that ZrO, nanoparticles in a 235
photoetched tungsten screen were used for an enhancement of 236
MgO peaks in prior studies.’ 237

Figure 2a shows variation of specific capacitance (C,) with 235 2
frequency in the range from 1 kHz to 1 MHz measured on M/ 239
I/M capacitors with different “I” layers of ALD-MgO of 240
thickness of 2.20, 2.75, 3.30, and 3.85 nm on the SL (colored 241
curves). In addition, a device with 44 nm thick ALD-MgO 242
without a SL is also included for comparison (black). The 243
specific capacitance C, is defined from C, = C/A = gy¢,/t for 244
different M/I/M devices and the dielectric thickness (t) in 245
regards to the total thickness of the SL and the ALD-MgO 246
thickness. The error bars were calculated using the three 247
devices fabricated on the same sample with different capacitor 248
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Figure 3. Variation of (a) dielectric constant for ALD-MgO/SL with ALD cycle numbers at different frequencies (1, 10, and 100 kHz) and (b)
comparison of ALD-ALOj; previously reported ALD-AL,O; dielectric' (black) with ALD-MgO with SL (ALD-MgO/SL) (blue) and ALD-MgO
without SL (ALD-MgO/Wo-SL) (cyan) deposited at substrate temperatures 200 and 255 °C

areas of 400 X 100, 300 X 100, and 200 X 100 pum?
respectively. The M/I/M devices with the ALD-MgO/SL
show an almost constant C, in the frequency range from 1 to
100 kHz (within 4—6% variation). With a further increase in
the frequency, C, decreases due to dielectric loss."**
Additionally, an almost constant C, was observed on the
composite devices with the ALD-MgO/SL in the thickness
range of 3.30—4.95 nm. At a smaller ALD-MgO/SL thickness
of 2.75 nm, C, decreases considerably by 35—50% possibly due
to the effect of electron tunneling, which will be discussed
later. In contrast, the M/I/M ALD-MgO/WoSL devices show
an overall lowering of C; by a factor >2 and more significant
frequency dependence possibly due to defects initiated at the
defective M/I interface.” Figure 2b shows variation of &, with
frequency calculated using &, = Cyt/g, from the data in Figure
2a. The &, shows a similar frequency dependence to that of C,,
which is almost constant in the frequency range of 1-100 kHz
with a small decrease of 4—5%. With further increasing
frequencies, &, shows a larger decrease and this decrease is
significantly larger on samples with lower ALD cycles. This
larger variation of both C, and &, at higher frequencies can be
explained by capacitive response and dielectric loss of the MIM
capacitor with fast charging and discharging, since at large
frequency all charges or dipoles cannot respond with fast
polarity switching.***’ Our results indicate that these ALD-
MgO capacitors are well suited for application in the frequency
range up to 100 kHz but are less suitable for applications which
requires higher frequency application. It should be noted that
the independent measurement of the dielectric constant for the
0.55 nm seed layer of ALD-AL,O; cannot be accomplished
using the M/I/M structure since electron tunneling becomes
possible as the thickness of the ALD-AL,O; is comparable or
below 2 nm and increases exponentially with decreasing ALD-
AL, O, thickness reported earlier." Considering the comparable
single-crystal bulk dielectric constants of ALO; (~9.2) and
MgO (~9.8), negligible electron tunneling would occur at the
dielectric thickness exceeding 2 nm and the dielectric constant
of the composite ALD-MgO/SL film was calculated using the
total thickness of the ALD-MgO and the ALD-AL,O; seed
layer.

Figure 3a shows the variation of &, with the ALD cycle
number for ALD-MgO/SL at 1, 10, and 100 kHz. In the
frequency range of 1—100 kHz, the ¢, values are comparable
with 4—6% variation and they increase monotonically with the

cycle number (or thickness) of the ALD-MgO. At 30—4S °C

293

(or thickness of 3.30—4.95 nm including the SL), ¢, values of 294

~8.82—9.38 have been obtained on the ALD-MgO/SL. To the
best of our knowledge, this is the first time such a high &,
approaching the single-crystal MgO’s value is obtained in
ultrathin ALD-MgO films. The effective oxide thickness or
EOT = tyx-3.90/&p used for evaluating high-K dielectric
materials, where t;x and &y are the thickness and &, of the
high-K dielectric materials, for the ALD-MgO/SL is estimated
to be ~1.45—2.05S nm. This suggest that the EOT of the
ultrathin ALD-MgO/SL films are around 1.1—0.95 nm that is
comparable to that for high-K HfO, of 3—4.5 nm in thickness
and &y, in the range of 10—18.5.%"*°"

Figure 3b shows a direct comparison of the &, values of the
ALD-AL,O;, ALD-MgO/SL, and ALD-MgO/WoSL ultrathin
films, illustrating a similar monotonic increasing trend with
increasing ALD cycle numbers. At the optimal fabrication
conditions reducing IL to a negligible thickness, &, remains
constant around 8.90—9.00 for 3.30—4.40 nm thick ALD-
Al,O; films, which is comparable to the value for the Al,O,
single crystal'® and is more than double of the best (¢, ~ 4.0)
previously reported on 3.00 nm thick Al,O; films."” The
reduced €, values at smaller thicknesses are ascribed to the
electron tunneling through the ALD-AL,O; as reported in our
previous work." The similar thickness dependent trend on
ALD-MgO/SL with &, values ~8.82—9.38 for 3.30—4.95 nm
and reduced ¢, values at smaller thicknesses have been
observed. In addition, the &, values measured on two ALD-
MgO/WoSL samples of 440 nm (cyan) are also included for
comparison. However, 440 nm ALD-MgO/WoSL show a
significantly lower &, of ~3.55—4.60, which is indicative of the
formation of a defective dielectric IL between the M/I
interface with a possibility of nonuniform nucleation, which
agrees with our detailed discussion later with STS. This
argument agrees with previously reported results that MgO
dielectric is expected to have more defects and pinholes
compared to Al,O;,”**” suggesting the possibility of a different
growth mechanism for MgO. A similar trend is shown in the €,
of the ALD-MgO/SL samples (blue) indicating that the defect
concentration has been significantly reduced with the adoption
of the SL.

It should be mentioned that the ALD-MgO and ALD-AlL,O;
films deposited at low temperatures of ~200—220 °C are
amorphous,m which means that no transmission electron
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Figure 4. (a) Diagram of in situ deposited seed layer and tunnel barrier for STS analysis, (b) comparison of barrier heights for tunnel barriers of a
total thickness of 10 C using different amounts of Al,O; in their compositions, (c) representative dI/dV spectrum taken on a S C AL,O;/5 C MgO
tunnel barrier, and (d) representative dI/dV spectrum taken on a 10 C MgO tunnel barrier.
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Figure S. (a) Growth mechanism for ALD-MgO with the ALD-ALO; seed layer (dielectric with dense —OH nucleation); (b and c) side view of
the atomic trajectories for the case of “orderly placed” (representing part a) —OH on the Al(111) surface after 0 and 25 000 fs, respectively; and
(d) growth mechanism for ALD-MgO directly on Al(111) wetting layer (defective dielectric with poor —OH nucleation); (e and f) side view of the
atomic trajectories for the case of “randomly-placed” (representing part d) —OH on the Al(111) wetting layer after 0 and 25 000 fs, respectively.

337 microscopy (TEM) diffraction can be obtained on them and
333 on their interfaces with the metal electrode with an atomic
330 resolution. To address this challenge, we recently implemented
340 ultrahigh-vacuum scanning tunneling spectroscopy (STS) to

study in vacuo the morphology and the electronic structure of 3,
the ultrathin ALD dielectric films with the thickness in the 4,
range of 0.1-1.0 nm. To complement the in vacuo STS ;43
measurement, devices of tunnel junctions and M/I/M trilayers 344

DOI: 10.1021/acsami.9b05601
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acsami.9b05601

f4

£S

ACS Applied Materials & Interfaces

Research Article

345 (like the ones reported in this work) have also been fabricated
346 to characterize the ALD dielectric films using electric transport
347 measurement. The agreement between the in vacuo STS and
348 transport measurements on these devices can be found in our
349 previous work.'

350 In an attempt to further understand the role of Al,O; SL,
351 Figure 4a shows a schematic of in vacuo STS analysis carried
352 out on tunnel barriers with a combination of 10 ALD cycles
353 (10 C) of ALO; (10 C), ALO;(5 C) + MgO (5 C), and MgO
354 (10 C). The SC AL,0,/5C MgO and 10 C Al,O; were found
3ss to have nearly identical barrier heights of ~1.50 eV as in Figure
356 4b representing tunnel barriers with excellent quality on both
357 samples. This is in drastic contrast to the 10 C MgO grown
358 directly on the Al wetting layer resulting in a poor barrier
359 height of ~0.80 eV. These results illustrate the importance of
360 SL to obtain a high-quality MgO dielectric. This difference
361 may be observed by viewing Figure 4c,d, which illustrate the
362 difference in the dI/dV spectra between the higher quality
363 Al;03/MgO and lower quality MgO barriers. The lower barrier
364 height is due to defects present in the tunnel barrier, and these
36s defects became more obvious while probing the surface since
366 approximately 20% of the spectra were conductive or defective
367 and the rest showed relatively low barrier heights. Further-
368 more, at other locations on the surface, there was too much
369 noise for the scanning tip to even settle in order to take dI/dV
370 spectra. Meaning that during ALD MgO growth without a SL,
371 a complete layer of MgO is not grown and what is grown is of
372 lower quality due to defects.

373 The transport and STS studies illustrate that the SL has a
374 critical impact on the quality of the ultrathin ALD-MgO. In
375 order to shed light on the effect of the SL, reactive MD
376 simulations were carried out to compare the ALD-MgO
377 growth on two surfaces with different configurations of OH
378 groups distribution: OH groups distributed in a regular pattern
379 on top of the Al(111) surface, which represents the case of
380 MgO/SL as shown schematically in Figure Sa—c; and OH
381 groups distributed disorderly on an Al(111) wetting layer,
382 which represents the case of MgO/WoSL as shown in Figure
383 Sd—f. The simulation results suggest that the OH pattern and
384 density on the sample surface have a direct impact on the
38s number of Mg—O bonds in the subsequent Mg precursor
386 pulse. Figure Sb,c corresponds to the side view of atomic
387 trajectories for “orderly placed” OH deposition after 0 and
388 25000 fs, respectively. In this case, we barely see any
389 occurrence of water vapor release implying the retention of
390 OH molecules through the OH—OH lateral bonding
391 formation of oxide clusters on the surface, presumably creating
392 a denser dielectric film. Figure 5d shows a schematic of the
393 proposed growth of MgO directly on an Al (111) surface,
394 resulting in OH not self-terminating and consequently a
395 defective IL in series with MgO dielectric. To support our
396 argument, Figure Sef depicts the side view trajectories with
397 “randomly-placed” OH groups on the Al(111) surface after 0
398 and 25000 fs, respectively. Instead of forming a continuous
399 OH layer as a result of the reaction between the adsorbed
400 water molecules, some are deprotonated, releasing hydrogen
401 and leaving oxygen on the Al surface. This leads to a low
402 surface density and coverage of adsorbed OH on the Al surface
403 and hence defective ALD-MgO in subsequent ALD growth.
404 Therefore, the SL allows for dense and ordered OH ligands to
40s assist ALD-MgO dielectric growth (see more simulation details
406 in the Supporting Information).

—

—
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The proposed ALD-MgO nucleation mechanism enabled by 407
the SL is supported by comparison of leakage current density 408
(J) measured on M/I/M capacitors with an “I” layer of 4.40 409
nm thick ALD-AL,O;, ALD-MgO/SL, and ALD-MgO/WOoSL, 410
respectively (Figure 6). This result indicates that the J ~ 1077 411 f6
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Figure 6. Comparison of leakage current for a total 4.40 nm ultrathin
ALD dielectric films with ALD-AL,O;, ALD-MgO/SL, and ALD-
MgO/WoSL for MIM capacitors using a log plot.

A/cm? for the 4.40 nm ALD-ALO; sample is the lowest among 412
the three samples. The higher ] values in the two ALD-MgO 413
samples may be ascribed to the higher defect concentrations in 414
these samples as compared to that of ALD-Al,O;. However, 415
the implementation of a SL can effectively reduce the leakage 416
by more than 1 order of magnitude compared to the ALD- 417
MgO/WoSL. The detailed direct comparison of the I-V 418
curves between ALD-AlL,O; and ALD-MgO/SL for the M/I/M 419
capacitors is shown in the Supporting Information. However, 420
direct ALD growth of MgO ultrathin films on Al and Fe has 421
been found difficult. The ALD-MgO growth on metals shows 422
that a large incubation period is necessary for complete 423
hydroxylation that gromotes the formation of native oxides on 424
the metal surface.”*° We have attempted in situ ALD-MgO 425
growth on Al and Fe but found the M/I/M structures are leaky 426
even when the MgO film thickness is 4.4 nm. This is in 427
contrast to high-quality ALD-Al,Oj; ultrathin films of thickness 428
as small as 0.1 nm on Al and Fe.”* In order to resolve this issue 429
in ALD growth of MgO on metals, this work develops a seed- 430
layer approach to bypass the difficulty of ALD-MgO directly 431
on metals. It should be pointed out that the ALD-AL,O; seed 432
layer differs fundamentally from native oxides on metal 433
surfaces. As we have shown in our previous work with a direct 434
comparison between ALD-AL,O; and native AlO, on an Al 435
surface,” the former has a significantly reduced defect 436
concentration. 437

B CONCLUSIONS 438

In summary, an ALD-ALO; SL of 0.55 nm thickness has been 439
employed to grow M/I/M devices with ultrathin ALD-MgO 440
dielectric films with thicknesses of 2.20—4.40 nm. The goal is 441
to address critical issues in the nucleation of ALD-MgO 442
directly on incompatible metals to form a sharp M/I interface. 443
Our results indicate that the SL can convert such an 444
incompatible metal surface to compatible by regulating the 445
surface OH density/pattern and hence facilitating high-quality 446
ALD-MgO growth. The ALD-MgO/SL films at 3.30—4.95 nm 447
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448 thickness exhibit &, ~ 8.82—9.40, approaching the &, ~ 9.80 of
449 the single-crystal MgO. STS demonstrates the ALD-MgO/SL
450 with a barrier height of 1.50 eV with almost 100% coverage. In
451 addition, our MD simulations indicate that the ALD-MgO/SL
452 layer allows regularly distributed Al and OH ligands leading to
453 growth of denser and high-quality MgO dielectric. In contrast,
454 the ALD-MgO/WoSL of comparable thickness is defective
455 with a low ¢, of 3.55—4.66 along with nonuniform nucleation
456 on the Al surface with a significant portion of the Al surface
457 remaining conductive as confirmed using the in vacuo STS.
458 The reactive MD simulations on MgO growth directly on Al
459 provide insights showing a nonself-terminating surface with
460 rougher terrain for subsequent growth of a defective dielectric
461 film. These results illustrate that the SL approach is promising
462 to engineer otherwise incompatible M/I interfaces to enable in
463 vacuo growth of M/I/M trilayers of an ultrathin leak-free
464 dielectric with a low defect concentration required in a large
465 variety of microelectronic and memory applications.
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