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A hybrid thin ﬁlm deposition system was built by combining physical vapor deposition (PVD) with atomic layer
deposition (ALD) without breaking high vacuum, which was achieved by a chamber-in-chamber design. The
vacuum is better than 1 × 10−5 Pa during the entire sample transfer process between the ALD and PVD
chambers. The Al-Al2O3 multilayers synthesized by the PVD-ALD integrated system consist of ALD Al2O3 sublayers between pure PVD Al sublayers. The Al2O3 sublayers, with incremental thickness of 1 nm from 1 to 10 nm,
eﬀectively interrupted the grain growth of the ~250 nm thick Al sublayers. Native surface oxide formation on
the PVD deposited pure Al sublayers was circumvented by keeping the substrate in high vacuum between
processing steps. The pure Al sublayers are constituted of equiaxed grains with no epitaxial or texture relationship with the neighboring layers. The Al grain boundaries are parallel to the ﬁlm growth direction and
extend the height of each Al sublayer, to form a brick-and-mortar type microstructure. In this system, ALD allows
precise control of the thickness of each ultrathin Al2O3 layer, to thicknesses below the native surface oxide
thickness of pure Al, and avoids further natural oxidation through the low-oxygen environment of the PVD-ALD
system.

1. Introduction
Aluminum and its alloys are widely used in our daily life due to
their abundance and desirable properties. The surface passivation layer
of aluminum that spontaneously forms at ambient pressures and low
temperatures protects the aluminum from corroding further. Initially,
the amorphous native aluminum oxide ﬁlm grows rapidly, but the
growth rate drastically decreases to near zero after a few minutes. The
low growth rate and uncontrollable nature of the oxide ﬁlm limits their
thickness (4–10 nm) [1-7]. Control over the oxide ﬁlm can be achieved
in a vacuum chamber; Zhou et al. reported that the thickness of the
aluminum oxide can be changed by varying the oxygen concentration.
They observed that the thickness of the oxide layer increases with increasing oxygen pressure up to 133.3 Pa, beyond which it remains
constant at a thickness of 12.4 Å [8]. However, it is a challenge to
precisely control the oxidation rate, and the total ﬁlm thickness is
limited to less than 5 nm.
To obtain precise dimensional control at the angstrom level, atomic
⁎

layer deposition (ALD) provides an excellent method due to the sequential and self-limiting surface chemical reactions characteristic to
the process. ALD is based on the surface-chemical reactions between
diﬀerent gaseous precursors with the substrate in order to form uniform, dense, continuous, and substrate-conformal alumina thin ﬁlms
[9-13]. Amorphous alumina layers are synthesized using Al(CH3)3 and
H2O precursors is one of the most commonly studied ALD systems due
to its numerous technological applications, such as encapsulation/
protection/diﬀusion barrier layers (for organic light emitting diodes,
solar cells, batteries, polymer-based transistors), wear-resistant coatings, adsorbents, catalyst and corrosion science, etc. [14-22]. The reaction mechanisms of ALD Al2O3 have been deeply investigated,
nevertheless, eﬀorts to understand the growth of Al2O3 on the surface of
pure metals (such as aluminum) are still ongoing. This particularly
applies when the deposited thickness is less than 5 nm, due to the inevitable self-oxidation that interferes with the actual thickness of an
alumina layer deposited by ALD [12,13].
Physical vapor deposition (PVD) is the most common technique to
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prepare thin ﬁlms and coatings, oﬀering a variable growth proﬁle and
the ability to deposit high purity aluminum in a low oxygen environment. Thin ﬁlms are deposited by sputtering of a solid target onto a
substrate with thicknesses ranging from nanometers to millimeters in
an ultrahigh vacuum chamber. However, due to nucleation and island
coalescence in the initial stage of Volmer-Weber growth, it is diﬃcult to
obtain uniform and continuous ﬁlms when the total thickness is less
than 5 nm. Additionally, the surface of thin ﬁlms deposited by PVD is
rougher than ALD [23-27]. One of the main advantages of PVD for Al
thin ﬁlms is the low oxygen concentration, providing an ideal environment for pure metals with negligible self-oxidation.
The multilayers of dissimilar materials have been intensively investigated over the years due to their unusual electronic [28-29], optical [30], magnetic [31], corrosion resistance [32] and mechanical
properties [33-36] compared to monolayer coatings. These particular
properties are attributed to the presence of interfaces between consecutive layers. Both of the ALD and PVD methods are able to prepare
multilayers eﬃciently, but until now multilayers prepared by combining ALD with PVD methods were actually performed in separate
vacuum chambers [37-40]. Thus, the thin ﬁlm quality can be deteriorated due to the contamination introduced by transferring samples in
between the PVD and ALD chambers and exposing samples to relatively
high pressure during the chemical reaction process in the ALD chamber
[41].
Combining the advantages of ALD (precise control of the alumina
thickness at the angstrom level) and PVD (providing a pure Al surface
without passivation), an Al-Al2O3 multilayer structure was synthesized.
In the ultrahigh vacuum chamber, we precisely controlled the thickness
of the Al2O3 layers deposited on pure Al layers and report the Al2O3
layers breaking the grain growth of pure Al. The detailed microstructures of these multilayer structures were characterized by
Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM) and Transmission Kikuchi Diﬀraction (TKD).

(bottom stage) with adjustable vertical height is located in the loadlock
chamber. A chamber-in-chamber arrangement is achieved by this setup
within the loadlock chamber, which allows the ALD chamber to be
sealed when the bottom stage reaches its maximum height. Thus, when
the sample holder is lifted to its endpoint, a dedicated ALD chamber is
formed.
The loadlock and PVD chambers are pumped by turbo-molecular
pumps backed by rotary pumps, and the chambers can be evacuated to
a base pressure lower than 1 × 10−5 Pa. The ALD chamber is evacuated
by an oil pump, with the base pressure reaching a minimum of
1.5 × 10−1 Pa. Both the bottom stage (sample holder) and the top of
the ALD chamber are heatable from room temperature (RT) up to
250 °C, which can improve the reaction rate of the ALD process. The
loadlock and PVD chambers are connected with a gate valve, and the
sample transfer from PVD to loadlock chamber is accomplished by an
automated transfer arm through the gate valve. The sample transfer
from the loadlock to the ALD chamber is performed by changing the
vertical position of the bottom stage of the ALD chamber. Additionally,
to reduce side-eﬀects of contaminants in the system, a special poppet
valve acts as the ALD exhaust valve and a chemical-resistant vacuum
gauge monitors the process pressure within the ALD chamber.

2.2. Sample preparation
In this study, the pure Al sublayers of the Al-Al2O3 multilayers were
deposited in the PVD chamber by DC (direct current) magnetron
sputtering (300 mA, 440 V) at RT. The 4-inch N-type silicon (100) wafer
(Siegert Wafer, Germany) is the substrate for the multilayers. The
substrate was cleaned in an ultrasonic bath by immersion in acetone
(99.5%) followed by isopropanol (99.7%) for 10 min and dried with
compressed air. The base pressure before sputtering in the vacuum
chamber was less than 2 × 10−5 Pa, and the process pressure during
sputtering was 4×10−1 Pa with 10 sccm argon (99.9995%) ﬂow. The
Al target (99.99% purity, 76.2 mm diameter × 3 mm thick) was presputtered for 5 min in order to remove surface oxide and contaminants
before the Al was directly deposited onto the substrate. The deposition
rate of Al was 0.058 nm/s and the thickness of each Al layer was targeted at 250 nm.
Following the Al layer deposition in the PVD chamber, the sample
was transferred to the loadlock chamber, (base pressure is better than
5×10−5 Pa) under high vacuum, by using the transfer arm in order to
avoid the surface oxidation of the pure Al layer. Then, the sample was
placed on the bottom stage and moved upwards to seal the ALD

2. Experimental details
2.1. Description of the integrated PVD-ALD deposition system
Deposition was carried out in a custom-built PVD-ALD system
(Mantis Deposition Ltd., base model: QPrep500, UK), see Fig. 1. Three
confocal magnetron sources are mounted in the PVD chamber. The
sample holder stage is located on the top of the PVD chamber, with
adjustable rotation speed and vertical height. A second sample holder

Fig. 1. Custom-built PVD-ALD deposition system.
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Fig. 2. Simpliﬁed schematic diagram of the hybrid PVD-ALD system.

Fig. 3. Diagram of the Al-Al2O3 multilayers and pure Al thin ﬁlm.

sealed with the top cap (position 4); the ALD chamber was formed and
the ALD procedure started depositing the ﬁrst Al2O3 layer onto the PVD
Al layer immediately. After the deposition of the Al2O3 sublayer, the
substrate was sent back from position 4 to position 1 step by step in
reverse. The Al-Al2O3 multilayers in our study were prepared by 10
reversible transfers in between the hybrid PVD-ALD chambers.
The Al2O3 sublayers were synthesized on the Al sublayers by the
ALD technique using alternating precursor exposures of trimethyl-aluminium Al (CH3)3 (TMA, Strem 98%) and water (H2O, optima grade).
The sample stage and the chamber were heated up to 120 °C for 1 h
before deposition, to ensure the uniform temperature distribution in the
ALD chamber. The ALD process consisted of the following cycles: precursor pulse / exposure / argon purge / evacuation / argon purge. The
duration of steps were: 0.05 s / 1 s / 30 s / 40 s / 10 s for TMA, and 0.05
s / 1 s / 60 s / 80 s / 10 s for H2O, respectively. The pulse, exposure and
the purge steps were carried out with a 50 sccm dry argon ﬂow. The
time for every segment was chosen conservatively to ensure saturation
of the ALD surface reactions and to prevent inadvertent mixing of the
precursors. To obtain a nominal 1 nm Al2O3 ﬁlm, 8 cycles were performed. The nominal thickness of the Al2O3 layers increases from 1 nm
to 10 nm layers with 1 nm size increments along the direction of thin
ﬁlm growth, while the thickness of the Al sublayers is constant at
~250 nm. The diagram of the Al-Al2O3 multilayers is shown in Fig. 3a.
The multilayers consist of alternating 11 layers of pure Al and 10 layers
of Al2O3.
For comparison with the Al-Al2O3 multilayers, 11 pure Al sublayers
with the same 250 nm thickness were successively deposited only in the
PVD chamber using the same magnetron sputtering parameters without

chamber. The ALD chamber was immediately evacuated by the oil
pump after the transfer ﬁnished, and the deposition was initiated.
Subsequently, the ALD chamber was opened after the ALD procedure
ﬁnished, then the sample was transferred back to the PVD chamber and
the process was repeated. The entire transfer procedure from PVD to
loadlock to ALD chamber can be completed within 5 min. Throughout
the process, the sample was continuously in a high vacuum environment (less than 1×10−4 Pa) to avoid self-oxidation of the Al layers.
Fig. 2 presents us the simpliﬁed schematic diagram of the hybrid
PVD-ALD system and the transportation procedure between the two
chambers. The PVD chamber is on the right side where the pure Al
sublayers were deposited. The loadlock chamber is located in the blue
rectangle, while the ALD chamber (red transparent rectangle) can be
formed in the upper part of the loadlock chamber when the bottom
stage is lifted up and sealed with the top cap of the loadlock chamber.
The loadlock chamber and PVD chamber are separated by a normally
closed gate valve. The detailed preparation process of the Al-Al2O3
multilayers is as follows: the Si substrate was initially placed on the
sample holder in the PVD chamber (position 1) and a pure Al layer with
250 nm thickness was deposited onto the substrate by magnetron
sputtering; following the Al sublayer deposition, the transfer arm
moved from the loadlock chamber to directly below the sample holder
of the PVD chamber with the gate open; the sample holder lowered and
placed the substrate onto the transfer arm (position 2); the transfer arm
pulled back to the loadlock chamber meanwhile the bottom stage raised
up to make the substrate lay down on it (position 3); the transfer arm
moved away from the loadlock chamber to the leftmost position and the
bottom stage with the substrate raised up to its maximum height and
3
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Fig. 4. The cross-sectional images of the Al-Al2O3 multilayers and the pure Al thin ﬁlm. a), b) SEM cross-section and TEM lamella of Al- Al2O3 multilayers. c), d) SEM
and TEM cross-sectional images of pure Al ﬁlm.

ALD deposition processes. The pause/interval times between each Al
sublayer deposition varied from 0.5 h to 5 h with 0.5 h increments in
order to imitate the entire deposition processes of the Al-Al2O3 multilayers fabricated by combining PVD and ALD. Every pause/interval
time is equivalent to the corresponding ALD deposition time. The diagram of the pure Al thin ﬁlm is shown in Fig. 3b. Also, to measure the
average GPC (growth per cycle) of the Al2O3 layer in our system, 100
cycles of ALD were deposited onto a separate silicon substrate.

Kikuchi diﬀraction (TKD) crystal orientation maps were acquired using
an Electron Backscattered Diﬀraction detector (DigiView, EDAX, USA)
located within a dual beam FIB/SEM (Lyra, Tescan, Czech Republic)
with a 20 nm step size. SEM beam conditions of 30 kV and 10 nA were
used. The samples were tilted by −20° to the incident beam with a
working distance of 3 mm. The total thickness of the 100-cycle alumina
monolayer was measured by an ellipsometer (M2000x-210, J.A.
Woollam, M2000x-210, USA).

2.3. Microstructure characterization

3. Results and discussions

The cross-sectional microstructures of the samples were investigated
in a scanning electron microscope (S-4800, Hitachi, Japan). Further
analyses of the cross-sectional microstructures were characterized using
a transmission electron microscope (JEM2200fs, JEOL, Japan) with a
200 kV accelerating voltage. Cross-sectional lamella for TEM were
prepared using a FIB lift-out technique with a dual-beam microscope
(Vela, Tescan, Czech Republic), and thinned within a dual beam FIB/
SEM system (Lyra-Tescan, Czech Republic). The details are as follows:
First, a rectangle Pt coating (10 μm (X)×3 μm (Y)) with 2 μm thick was
deposited on the sample surface by electron beam and ion beam in
succession. Then, a trench around the lamella was dug using 30 keV and
17 nA until a lamella thickness of about 4 μm was obtained. Then, a
thinning process was performed at 30 keV and 1.1 nA until a lamella
thickness of 2 μm was achieved. Finally, the lamella was cut, welded on
a Cu grid and transferred from Vela to Lyra, where the lamella was
further thinned at 30 keV, 300 pA, followed by polishing at 30 keV,
100 pA, and at 5 keV, 50 pA and cleaned at 2 keV, 30 pA. The thickness
of the cross-sectional TEM sample is less than 100 nm. Transmission

3.1. Microstructures of Al-Al2O3 multilayers
Fig. 4a and b show the cross-sectional images of the Al-Al2O3 multilayers and the pure Al ﬁlm respectively. The total thickness of the
multilayers is approximately 2.7 µm, which is exactly what we expected. All of the interfaces among pure Al and Al2O3 sublayers are
distinct and the Al2O3 sublayers visibly interrupt the Al grain growth
(even for the thinnest one with nominal 1 nm thickness). Fig. 4c and d
are the cross-sectional images of the pure Al reference sample. The Al
grains grow up continuously along the direction of thin ﬁlm growth
although there are 10 diﬀerent interruptions during the entire deposition process. The structure of the columnar grains extends through the
whole cross-section of the ﬁlm, which indicates that the native oxidation of pure Al can be eﬃciently suppressed in the PVD chamber.
3.2. Al2O3 thin ﬁlm prepared by atomic layer deposition (ALD)
The total thickness of the single Al2O3 layer deposited in 100 cycles
4
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Fig. 5. TEM lift-out interfacial images of the Al-Al2O3 multilayers. a) the ﬁrst, b) 4th, c) 8th and d) 10th interface.

Fig 6. TKD images of the pure Al thin ﬁlm cross-section. a) TKD orientation map (inverse pole ﬁgure z-direction colouring), with high-angle boundaries (≥15°) in
black, low-angle boundaries in red). b) the corresponding inverse pole ﬁgure.

resulted in an average thin ﬁlm growth per cycle (GPC) of 1.4 Å measured by ellipsometry. For comparison, TEM measurement of the ALD
interfaces, see Fig. 5, indicates a GPC of 1.4 ± 0.2 Å, which is well in
accordance with the value obtained by the ellipsometer, and tthe GPC
reported at 120 °C [12]. At this temperature, the Al2O3 fabricated by
ALD on a Si substrate is always amorphous with the density of 3.0 g/
cm3 [12]. The thinnest Al2O3 layer still interrupted the grain growth of
Al, as seen on Fig 5a. The amorphous Al2O3 sublayers interrupted the
grain growth of each Al sublayer, and forced the next Al sublayer to renucleate. As a result, the Al sublayers presented a nanocolumnar grain

structure where the vertical, columnar grain size was equal to the Al
sublayer thickness. This ﬁrst and thinnest Al2O3 layer with a nominal
thickness of 1 nm appears uniform in the TEM images, and the layer
follows the surface roughness of the bottom Al sublayer. The rough
surface is resulted from the competitive columnar grain growth process
during deposition of each Al layer. The nanometer-scale continuity (or
the compact nature) of the ALD ﬁlm is diﬃcult to judge from TEM
images. However, from the visible change in the columnar structure
among neighboring Al multilayers separated by a nominal 1 nm-thick
Al2O3 ﬁlm, we can conclude that the ﬁlm grows with good lateral
5
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Fig 7. TKD results of Al-Al2O3 multilayers cross-section. a) TKD orientation map (inverse pole ﬁgure z-direction colouring), with high-angle boundaries (≥ 15°) in
black, low-angle boundaries in red. b) the grain size distribution histogram of Al sublayers. c) the corresponding inverse pole ﬁgure.

<111>, shown in Fig. 7c. It is worth noticing that the bottom Al layer
was annealed at 120 °C for a total of 10 times in the ALD chamber
during depositions (~30 h in total), while the top Al layer was not
exposed. However, the interfaces and grain sizes are very similar among
diﬀerent Al layers despite diﬀerent thermal exposure durations.
Further analysis of the Al grain growth shows that the width of the
Al grains remains the same within each Al sublayer from bottom to top,
and the grain boundaries (GBs) are vertical, indicating that the Al thin
ﬁlm growth occurs within Zone Ⅱ, according to the typical structure
zone models as reviewed by Petrov et al. [25], Thornton [42,43], and
Barna and Adamik [44]. In Zone Ⅱ, the ratio between the substrate
temperatures Ts and target melting point Tm (933 K for pure Al) is
higher than 0.4. In our case, the deposition temperature of the multilayers is still around 393 K due to the high-vacuum insulation following
the ALD procedures, indicating that the Ts/Tm is about 0.42, meeting
the conditions of Zone Ⅱ regime for Al thin ﬁlm growth. However, for
the pure Al monolayer deposition in the PVD chamber, the deposition
temperature is around RT (293 K), indicating that the Ts/Tm is around
0.3, which is located in Zone T (0.2<Ts/Tm<0.4). In Zone T, the surface diﬀusion is signiﬁcant, but the GB migration is negligible [25]. The
competitive grain growth and the limited migration of GBs in Zone T
result in V-shaped columns as seen in Fig. 4d and Fig. 6a. In Zone Ⅱ, the
GB migration becomes remarkable and large grains with low surface
and interface energy grow at the expense of smaller or unfavorably
oriented grains. In the end, the degree of texture of the Al grains was
further enhanced and a homogeneous structure along the ﬁlm thickness
was formed, composed of columns extended the height of Al sublayers.
The width of the columnar grains is almost a constant (~250 nm) and
the GBs are nearly perpendicular to the ﬁlm plane, as shown in Fig. 4b
and Fig. 7 [25,42-44]. Besides the deposition temperature, the oxygen

continuity on the freshly PVD deposited Al grains. Furthermore, the
thickness of the Al2O3 ﬁlms linearly increased from bottom to top with
the increase of ALD cycles, which suggests that the custom-built ALDPVD deposition system can eﬀectively inhibit the native oxidation of
aluminum and precisely control the thickness of ALD Al2O3 layers.
3.3. Al layer structures
The Al sublayers in the multilayer structure are isolated by Al2O3
layers, and the thickness is approximately 250 nm, whereas the Vshaped columnar grains are dominant in the pure Al monolayer ﬁlm, as
shown in Fig. 4d. The continuous and columnar structure of the pure Al
thin ﬁlm prepared only in the PVD chamber is further veriﬁed by the
TKD results, as shown in Fig 6. As the thickness of the pure Al thin ﬁlm
increased, the columnar grains experienced some lateral grain growth
resulting that the lateral grain size is larger than the nanocolumnar Al
grains within the Al-Al2O3 multilayer sample. Most of the columnar
grain boundaries are high angle grain boundaries and the inverse pole
ﬁgure along the rolling direction shown in Fig. 6b indicates that the
grains are in a preferred <101> texture.
The cross-sectional TEM (Fig. 5) and TKD results (Fig. 7) of the
multilayers show that almost all of the Al grains grow upwards in a
continuous and columnar manner throughout the layers. The grain size
distribution histogram shows that the height of the Al grains is nearly
equal to the thickness of the Al layer, and the grain size is isotropically
distributed (equiaxed Al grains on a 2D slice). The TKD orientation map
and grain boundary fraction results indicate that more than 90% of the
Al grain boundaries are high angle grain boundaries and are perpendicular to the interface. In addition, the ultrathin Al2O3 sublayers also
change the dominant texture of the Al sublayers from <101> to
6
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concentration in the vacuum chamber is also a crucial factor for the
deposition of Al ﬁlms [25,44]. Oxygen has a low solubility in aluminum
and segregates to the surface and grain boundaries, which can otherwise suppress the coalescence of the grains, and reﬁne the grain
structure during the deposition process. According to the resultant
microstructure of the pure Al ﬁlm and the multilayers, the oxygen
concentration in our vacuum chamber is negligible for aﬀecting the Al
grain growth and the grain size can easily grow above 200 nm.
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4. Conclusions
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The Al-Al2O3 multilayers were prepared in a custom built PVD-ALD
deposition system. The pure Al sublayers were deposited by PVD while
the Al2O3 sublayers were prepared by ALD. The achievable base pressure of each processing step within the deposition system can eﬃciently
suppress the surface native oxidation of pure Al by maintaining a high
vacuum throughout the deposition processes. We found that the
thickness of the ultrathin Al2O3 layers can be precisely controlled by
ALD. The thinnest Al2O3 layer has uniformly and conformally coated
the pure Al sublayer, and it demonstrates full interruption of the Al
grain growth. The grain growth model of each Al layer of the multilayers was located in Zone II due to the residual heat from ALD procedure. Within each Al layer, the grains are equiaxial grains, among
which most of the grain boundaries are high angle and are vertical to
the interface.
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