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Excellent insulating behavior Al,O; thin films grown by
atomic layer deposition efficiently at room temperature
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Al>,O3 thin films were deposited at room temperature by atomic layer deposition (ALD) method with trimethylaluminum and
ozone. The deposition velocity can be improved two orders of magnitude with the using of Oz instead of H,O. The Al,O3 films
surface are atomically smooth. It was found that there are much less defects density in the Os-based Al,Os film than
H,0-based one. The Osz-based Al,Os film shows excellent insulating behavior and the breakdown field is about 7 MV/cm.
These results prove the superior quality of the Os-based film, which is suitable for microelectronic devices.
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1. Introduction

Al,O3 attracts much interest because of its unique
properties, such as wide band gap (-9 eV), high
breakdown electric field (5-10MV/cm), high permittivity,
excellent dielectric properties, strong adhesion to various
materials, high thermal and chemical stabilities, which
make it widely used as insulating material for gate
dielectric, tunneling barrier, and protective coating [1-3].
Compared to the conventional process, i.e., sputtering,
electron-beam evaporation, chemical vapor deposition, or
oxidation of pure Al films, the Al,Os film deposited by
Atomic layer deposition (ALD) method has a much higher
quality [4]. ALD has become an effective solution for
preparation of thin films because of its precise control in
the film thickness and composition with excellent
uniformity, and near perfect conformal step coverage. In
general, under proper ALD conditions the growth rate per
cycle (GPC) is constant and independent of process
parameters (e.g., temperature, pressure and flow rate). The
corresponding temperature range is the so-called ALD
window. The self-limiting growth mechanism facilitates
the growth of a film with thickness control on atomic scale
on large areas. Al,O3 coatings prepared by ALD on organic
can be used as gas diffusion barriers or passive layer for
flexible electronic devices, organic light emitting diodes
(OLEDs), and dye-sensitised solar cells (DSSCs)[5-8].
However, desired properties of Al,Oz; films have been
found to be optimized in excess of a ALD growth
temperature of 350 °C[9-11]. Such high temperature
would degrade organic, polymeric, and biological

materials. It is necessary to explore the low-temperature
ALD process of Al,Os.

Using of catalyst or employing of plasma-enhanced
ALD (PE-ALD) can reduce the deposition temperature [12,
13]. However, catalyst often introduces foreign impurities.
For example, nitrogen impurities occurred in the SiO; film
that deposited using SiCl, and H,O with an NH; catalyst
[12]. The using of PE-ALD will result in more difficult
process control, limited 3-dimensional coating capability,
and the equipment becomes more complex and expensive
[14]. For example, Ké&4ridinen et al. prepared Al,O3 films
by PE-ALD with trimethylaluminum (TMA) and O, [15].
In their process, the by-product H,O produced by the
plasma led to additional chemical vapor deposition (CVD)
type growth of Al,O3, and the GPC of the Al,O; films was
dependent on the growth conditions (such as the plasma
power, O, plasma pulse length and the distance between
plasma source and substrate). Additionally, significant
nitrogen impurities in the film were observed [15]. All
these drawbacks weaken the advantage of ALD process.
An exploration for the deposition of Al,O3 films at lower
temperature with a conventional ALD process had been
reported by Groner et al [16]. They accomplished the
Al,O3 with TMA and H.,0O reactants at temperatures as low
as 33 °C without the use of any catalyst. Because of the
large dipole momentum of H,O molecule, H,O has a high
surface affinity, slow desorption rate of H,O at low
temperature requires extremely longer purge times to
avoid the CVD-type growth [16]. Additionally, the
breakdown field is only 3.7 MV/cm for the Al,O; films
due to the excessive hydrogen purities. The extremely low
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growth velocity and low breakdown field limit its
applications.

In this letter, we report the growth of Al,O; films by
ALD method at room temperature (RT), Os instead of H,O
was employed as oxygen precursor. This study explored
the growth parameters for low-temperature deposition of
Al,O; films and examined the properties of the resulting
films. The growth velocity greatly increased due to the
using of Oj instead of H,0. The excellent insulating
behavior of the Os-based films was observed.

2. Experiment

The Al,O; films were synthesized on silicon
substrates via ALD (Sunale R-75, Picosun Oy.). TMA and
ozone were employed as aluminum and oxygen sources,
respectively. High purity nitrogen (99.9995%) was used as
the carrier and purging gas. Prior to deposition, the Si(100)
substrates were pre-cleaned by de-ionized water and
alcohol and dried with pure nitrogen flow. During the
deposition process, the reaction chamber was kept at room
temperature (RT). TMA and ozone was alternately
introduced into the reaction chamber with N,, and N,
purge flow was inserted between the two precursors pulse.
The carrier and purging gas flow rate for both TMA and

O3 were 150 sccm (standard cubic centimeters per minute).

The O3 flow was fixed as 250 sccm and pulse 3s, purge 6s
based on our previous study. For comparison of the
electrical properties of the Os-based and H,0-based Al,O;
films, H,O was also employed as oxygen source to
synthesize Al,O; films at room temperature and 300 °C,
respectively. The corresponding H,O purge times were 8 s
and 4 s, respectively. In all deposition processes, the pulse
time of TMA and H,O were 0.1s.

The thicknesses of Al,Oz films were measured by
spectroscopic ellipsometry (SE). The morphology of the
samples was observed by a field emission scanning
electron microscope (FE-SEM, Philips XL30FEG) and an
atomic force microscope (AFM; Dimension 3100). The
topper Al electrodes were fabricated via thermal
evaporation through a shadow mask. The dielectric
properties of the Al/Al,O3/Pt metal-insulator-metal (MIM)
capacitors and capacitance-voltage (C-V) measurement for
Al/AIOs/n-Si metal-insulator-semiconductor ~ (MIS)
structure were measured using a dielectric analyzer
(BDS40, Novocontrol Tech.). The sweep rate of voltage
for the C-V measurement is about 0.1V/s, and the voltage
dependence of capacitance is recorded with a 1MHz small
ac signal of 50mV. The leakage current and breakdown
electric field of Al,O; films were measured by an
electrometer (Kethley 6517A).

3. Results and discussions

The topographic information of the Al,Oz films was
studied. The Ogs-based Al,O; film exhibited excellent

smoothness, as shown in Fig. 1(a). While the H,0-based
Al,O; film was rather rough and abundant particles
presented, as shown in Fig. 1(b). It may due to that the
residual H,O reacts with the precursors and form small
particles [17]. The root mean square (RMS) of the
Os;-based as-deposited films (TMA purge time 2 s,1000
ALD cycles) is 0.245 nm over a scanned area of 0.5 x 0.5
um? measured by AFM, and it approximates to that of Si
substrate. The samples with different film thickness all
possess such atomically smooth surface. It implies that the
growth possibly follows 2D layer-by-layer growth mode.

Fig. 1. The SEM images of (a) Os-based and (b)

H,0-based Al,O; films deposited at room temperature.

Note that the purge times after TMA exposure were 2 s

and 8s for the Os-based and H,O-based films,
respectively.

The pulse time of TMA was fixed as 0.1s. It is
sufficient to ensure the surface of substrate be fully
covered with TMA [18]. Fig. 2(a) shows the effect of TMA
purge times on the GPC at room temperature. The GPC
(about 1.25 A/cycle) is almost independent of TMA purge
time range from 2 to 12s. This indicates that excessive
TMA can be very easily purged, and the minimum of the
purge time 2 s is long enough to eliminate multilayer
adsorption and prevent subsequent CVD-type growth. In
the TMA/H,O process, the GPC of Al,O; film decreased
with the purge time of H,O increased, only if extremely
long time was chosen, the GPC approached a constant
value [16]. In our studies, effect of shorter TMA purge
time on GPC was not investigated because of the
requirement for complete separation of the TMA/O; pulse.
Therefore, the declining segment of the curve like the
TMA/H,0 process can not be observed. The film thickness
as function of deposition cycles was investigated. Figure
2(b) reveals the thickness of films as a function of the
number of ALD cycles. The linearity indicates that the
thickness of Al,O; films can be precisely controlled by the
number of ALD cycles.
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Fig. 2. (@) The dependence of the Os-based Al,O3 growth

rate on the purge time at room temperature. (b) Al,O;

films thickness versus number of ALD cycles at room
temperature with the purge time 4s.

It is well known that monolayer forms on the surface
of substrate per cycle in the ALD window [19]. The
condensation will occur at low temperature and multilayer
forms due to physisorption, which may result in the
uncontrollable growth [19]. A deliberately chosen long
purge time may transfer multilayer adsorption to
monolayer adsorption, and the ALD process may realize at
lower temperature, which had accomplished by Groner et.
al [16]. Both in TMA/H,O and TMA/O3; ALD process, the
high volatility of TMA ensures the short purge time for
TMA. On the other hand, in low temperature TMA/H,O
ALD process, it is very difficult to purge H,O because of
its high surface affinity. Although the extremely long
purge time for H,O can realize the ALD process and lead
to the smoothness of the Al,O3 films, the minimum purge
times reached 180 s at 33 °C to realize the true ALD
growth [16]. The extremely low deposition velocity is
insufferable. As a gas oxygen source, 0zone can be purged
more efficiently than water and does not require a special
surface preparation. The purge time reduced two orders of
magnitude due to the using of Os instead of H,O in our
studies. Therefore, the amelioration of the process can
greatly improve the throughput and provide more
flexibility [20, 21].

The investigation of electrical properties of the Al,O5
films deposited at low temperature by PE-ALD was absent
[15]. Herein, we compared the electrical properties of
Os-based film with H,O-based film deposited at room
temperature. The C-V measurements were performed on
the low-temperature as-deposited Al,O3 ALD films. The
C-V curve for Os-base Al,O; shows a saturation behavior
in the accumulation region due to the low leakage current
[22]. as shown in Fig. 3(a). The shift of flatband voltage
[23] (AVgg) for the Os-base Al,Os is about 0.02V, which is
even less than that (0.196V) of the H,0-based Al,O; films
deposited at 350 °C [9]. While a rather lager AVgg (2.25V)
for the H,O-base Al,O5 deposited at room temperature can

be observed, as shown in Fig. 3(b). The defects like
unoxidized Al or -OH radicals may result in the lager AVeg
for H,0O-base Al,O; film [16, 24] The Al-Al bond was
observed in the case of TMA/H,0O ALD process with n-Si
substrate [16, 24] At lower temperatures, the H,O in
TMA/H,O ALD process can remain on the surface, and
the hydroxyl surface coverage on Al,O; surfaces is higher
[25]. In addition, the reaction of TMA with the AI-OH
surface species groups is not complete at low temperatures
[25]. The window of C-V for H,O-based MIS capacitor
may due to the -OH radicals. It is well known that the
hysteresis voltage (AVgg) of the C-V curve can be used to
estimate the “slow”” interfacial state density (Ng) using the
following equation [26]:

N = ColVes 1)
SI qs
Where C,, is the capacitance of the oxide layer, q is the
electron charge; S is the area of capacitance. The Ng of
H,0O-based sample was estimated to be 1.9 x 10" cm?,
which is much higher than that of the Oj-based sample
(about 4.2 x 10 cm?). The -OH radical acts as an
impurity at the interface and degrades the quality of the
Al,O5 films, and using of O; is helpful to prevent the
formation of -OH radical [23]. On the other hand, in
TMA/O3; ALD process, O; acts as an active oxidant and
the following reaction takes place [24]:
2A|(CH3)3+O3—>A1203+3C2H5 (2)
It implies that using of O3 for the Al,O; film can suppress
the presence of -OH radicals compares to H,O-based
process; the by-product ethane can be efficiently purged.
Therefore, much lower defects density in the Os-based
films facilitates the improvement of the insulating
behavior and C-V characteristics.
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Fig. 3. The C-V characteristics of Al/Al,Os/n-Si MIS

capacitors were measured at 1MHz. (a) Os-based and (b)

H,O-based Al,O; were deposited at room temperature by
ALD with 1000 cycles.
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The capacitance-frequency (C-F) measurements were
performed to investigate the dielectric property of the
Os-based Al,O; films. The dielectric constant is
independent of frequency in the range of 10% - 10° Hz, as
shown in Fig. 4. The excellent dielectric properties of
Al,O; film prepared at room temperature may well be
utilized as capacitor dielectrics.

The inset of Fig. 4 shows the dependence of
capacitance on the Al,O; thickness at 100 kHz. The good
linearity confirms that the thickness of Al,O; films can be
precisely controlled by number of ALD cycles. The 1/C
axis offset in the relative cycles is about 4.8 x10™ pF™. It
may attribute to an interfacial layer. Therefore, the overall
measured capacitance (Cia) Can be expressed by

1 1 d,
=—+ ®3)
C, &S

total i

C

Where C; is the capacitance of interfacial layer, d is the
thickness of Al,Oj3 film, g is the vacuum permittivity, &, is
the relative dielectric constant of the Al,O; film, S is the
area of the electrode. The dielectric constant ¢ can be
calculated from the slope of line and the value is about 8,
which is identical to that of H,O-based Al,O; films (~8)
deposited at 350 °C [10].
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Fig. 4. The C-F characteristics of different thickness
Al,O3 capacitors. The inset shows the dependence of
capacitance on ALD cycles at 100 KHz.

We also compared the leakage of Os-based Al,O3 film
(deposited at room temperature) with the H,O-based Al,O;
film (deposited at 300 °C). Fig. 5 shows the current density
vs. electric field (J-E) plots of them. The two kinds of
films show different leakage behaviors. According to the
post-breakdown resistance, the breakdown events for
H,0O-based and Os-based films can be regarded as “soft”
breakdown and “hard” breakdown, respectively [27]. For
the H,0-based film, the rise of current from approximately
4 MV/cm can be identified as Fowler—Nordheim (FN)

tunneling [28], as shown in the inset of Figure 5. The
rising segment in the range of 5.8 to 7MV/cm may
attribute to the dissociation of -OH radicals at a higher
electrical field [29]. The Os-based film demonstrates a
very low leakage current density, and the excellent
insulating behavior of films (before catastrophic
breakdown) corresponds to resistivity higher than 10%
Q-cm. It has a higher breakdown field (E,q) of about 7
MV/cm compare to that of H,O-based Al,O; film (3.7
MV/cm) [16]. For the Os-based film, no any noticeable
gradual rising present even though the minimum voltage
step (0.005V for Kethley 6517A) was chosen. The leakage
current increased 7-8 orders of magnitude suddenly and
damaged the film and electrode. It implies that the
Os-based Al,O; film has an excellent insulating
performance, and the breakdown occurred perhaps due to
its intrinsic property but not impurities. The Eyq is roughly
twice that of H,O-based film (deposited at 33 °C). The low
breakdown field of H,O-based Al,O3 film may result from
the 22% hydrogen impurities in the Al,O5 films [16].
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Fig. 5. The J-E plots of H,0O-based and Os-based Al,O5

films, which are deposited at 300 °C and room

temperature, respectively. The inset indicates the
In(J/E?)-1/E plot of the H,O-based film.

4. Conclusions

In conclusion, the high quality Al,O; films were
prepared via ALD process without any assistance at room
temperature. TMA and ozone were used as Al and O
source, respectively. The deposition velocity almost
improved two orders of magnitude with the using of Os
instead of H,O. It has been found that the Oz-based Al,O5
film has much low defects density and excellent insulating
performance compares to the H,O-based Al,O; film. The
rather short purge time facilitates the improvement of
throughout. The fabrication method without any heat
process is helpful for the reduction of thermal
consumption in manufacturing process and supplies the
compatibility with kinds of flexible electronic devices,
OLEDs, DSSCs, etc.
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