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Al,O; thin films were deposited on Si substrates by atomic layer deposaibB) using Al(CH;)5 (trimethylaluminum, TMA

as a metal source and (GHCHOH (isopropyl alcohol, IPAas an oxygen source at 250°C. The film growth rate is saturated at
0.8 Alcycle, and it is slightly lower than that for the procedure which uses water vapor instead of IPA. The as-deposited film has
a stoichiometry close to AD; (Al/O ratio ~2:3.1)and the residual carbon content of the films is below the detection limit of
secondary ion mass spectroscopy. An interface oxide between #@ Alm and Si-substrate was not detectable on the as-
deposited film by transmission electron microscopy. However, after annealing at 800°C for 5 min, an interface oxide is newly
formed even under the neutral ambient of Ar, and it grows thicker under the oxidizing ambiept @hé is, oxygen, which is
needed for forming the interface oxide during the annealing process is supplied from both of the ambient oxygen and the excess
oxygen in the films. Thus, although the loss of dielectric constant is inevitable during the annealing process, it can be minimized
by using IPA in ALO; ALD.
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As the size of microelectronic devices is scaled down, oxidewall and gas delivery line, which would generate particles and elon-
films with high dielectric constants are required for gate and capacigate the pulse time of inert gas to purge oyiOHvapor from the
tor dielectrics. Even though SiQs an excellent dielectric material reactor. It has been clearly shown that IPA is an efficient reactant for
in many features, the preparation of reliable Sfiims thinner than  trimethylaluminum (TMA) in forming aluminum oxide, and it
30 A is difficult, because of the quantum mechanical tunneling of should also be useful in ALD of other metal oxides.
electrons, which generates a large leakage current across thé films. )
Thus, an alternative oxide film with higher dielectric constant than Experimental

Si0, is neede.&. In this respect, AlO; has been considered as a  Al,0, films were grown on Si(100substrates at 250°C using
possible candidate for gate oxides as well agOFa HfO,, and  TMA and IPA under a deposition pressure of 133 Pa. The growth
Zr0,.35 Also, Al, O, is considered as a promising capacitor dielec- experiments were carried out using a hot-wall-type ALD reactor.
tric, which can replace silicon oxynitridé&iON) in future dynamic ~ The initial Si(100)wafer surface was treated in 50% HF solution for
random access memori¢BRAM).® In addition, ALO; has been 3 min, rinsed in deionizedDl) water, and blown with a nitrogen
recently regarded as a good passivation layer, which can prevergun. TMA and IPA were alternately supplied into the reaction cham-
hydrogen penetration into the active region of semiconductorber by the sequential injection of a TMA pulse, an Ar pulse, an IPA
devices’ pulse, and then another Ar pulse. This sequential injection is one

In preparing high-dielectric metal oxides with a thickness in the deposition cycle, and the growth of films is accomplished by repeat-
subhundred angstrom range, atomic layer deposi#D) attracts ~ ing a cycle. The Ar pulse isolates the reactants from each other.
considerable interest owing to its inherent merits in thin film depo- During ALD, the partial pressure and the pulse time of TMA were
sitions, such as a digital controllability of film thickness on an controlled in the range of 1.33-13.3 Pa and 0.3-5.0 s, respectively. In
atomic scale, a superior conformal deposition on three-dimensiona¢ase of IPA, the pulse time was also changed from 0.3 to 5 s, but the
structures, and no particle generation, &t€.In typical ALD of partial pressure was fixed at 13.3 Pa. . .
metal oxide thin films, KO has been most widely used as the oxy- ~ An annealing process was performed on the as-deposited films
gen sourcél e by a rapid thermal proceg®TP) at 800°C for 5 min at 40,000 Pa

However, by using KO an unwanted interface oxide may be under the neutral ambient of Ar or the oxidizing ambient of. O
formed between the metal oxides and Si substrates, and it is thougrtefore and after the annealing, the surface smoothness, stoichiom-
that the interface oxide is composed mainly of Si@s the result of etry, and crystallinity of the films were evaluated with atomic force
the reaction between J® and the Si substrates during the initial TNCrOSCopy(AFM), X-ray photoelectron spectroscogPS), and
stage of the ALD. Hence, the interfusion of the interface oxide <T@y diffraction (XRD), respectively. A single-crystal sapphire was
would be expected to reduce the dielectric constant of the depositepsed as a standard sample to correct the relative atomic sensitivity
thin films7-1% Therefore, the suppression of the formation of the 12ctor (RASF) of XPS for aluminum and oxygen. Carbon incorpo-
interface oxide is required in order to retain the dielectric constant of ation in the films V‘éas !nhvestlgz;'_[ed with SldMIS F?T thELf'llm Ith'Ck'
the metal oxide itself. Although Guset al. reported that no inter- €SS was measured with an ellipsomef@udolph AutoEL-1). In
face oxide was present between H-terminated Si ap@AP° Fuji- addtion, the interface between the depositegOAlfiims and the Si
nami et al. reported that rinsing in pure water for 30 min or more Substrate was investigated by TEM analysis. The current-voltage
after HF treatment initiated oxidation of the Si surface even at room(!-V) and the capacitance-voltagé-V at 1 MHz) characteristics of
temperaturé? the _fllms were measured on metal oxide seml_condL_(MmDS) ca-

In this study, isopropyl alcohdlPA) was used instead of J@ in pacitors of PUAJO;/p-type Si(100)structure, in which 1000 A
AlLO; ALD in order to prevent the interface oxide from being thick Pt dots with a diameter of 16Am were sputtered on the
formed during the film deposition. Moreover, the use of IPA avoids Al20s films.
problems caused by the condensation g®H/apor onto the reactor Results and Discussion
Figure 1 shows the growth kinetics of &A); ALD depending on
* Electrochemical Society Active Member. the pulse time and partial pressure of TMA and IPA at a deposition
Z E-mail: swkang@kaist.ac.kr temperature of 250°C. The deposition 0,85 shows typical char-
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Figure 1. Thickness/cycle of deposited A5 films on Si(100)vs. reactant
pulse times at 250°C(a) The dependence of growth thickness/cycle of Figure 2. XPS depth profile through 110 A 4D, films on Si(100), com-
Al,O; film on TMA pulse time, the partial pressure of TMA was 1.33 Pa, the paring(a) no anneas. (b) Ar, (c) O, anneal. The atomic percents of Al and
pulse time of IPA was 3 gb) The dependence of growth thickness/cycle of O were (a) 37.39 and 58.33%(b) 37.35 and 58.58%, antt) 37.34 and
Al,O; film on TMA pulse time, the partial pressure of TMA was 13.3 Pa, the 58.58%. The extent of carbon impurities were minimal.
pulse time of IPA was 3 4c) The dependence of growth thickness/cycle of
Al,O; film on IPA pulse time, the partial pressure of TMA was 1.33 Pa, the

pulse time of TMA was 3 . Before and after annealing at 800°C for 5 min under Ar gr O

ambient, the chemical composition of the films was analyzed by
XPS using a single-crystal sapphire as a reference. Figure 2 illus-
trates the XPS depth profiles for aluminum, oxygen, and carbon in
the films. The chemical composition of the films remains unchanged
cycle (thickness/cyclgis self-limited. From the deposition charac- pefore gnd after annea_llng ar_ld, regardless of_t_he ann_eallng amblent,
teristics, it is clear that IPA reacts with TMA and forms aluminum It iS slightly oxygen-rich with the composition ratio of AL:O
oxides at 250°C. When the pulse time of IPA exceeds 1 s, the= 1:1.56. The XPS analysis also shows that carbon impurities are
thickness/cycle is saturated at 0.8 A/cycle. In addition, the saturated€gligible in the bulk of AJO; film as well as at the AlO;/Si

pu|se time of TMA is shortened fro 2 sto 1 s as the partia] pres- interface. In order to confirm the carbon impurities in the films,
sure of TMA increases from 1.33 Pa to 13.3 Pa. However, theSIMS depth profiles of carbon were measured, and are shown in Fig.
thickness/cycle at the saturated condition is not affected by the par3- Except at the film surface, the carbon impurities in the films were
tial pressure of TMA. This implies that, under the saturated condi-about 16 counts/s, almost the detection limit of SIMS, before and
tion, the amount of TMA (the asterisk denotes all possible surface after the annealing, and are independent of the annealing conditions.
species remaining after the TMA pujsedsorbed on the film surface  That is, AbO; films deposited by ALD using IPA are nearly carbon-

is limited by its molecular size owing to steric hindrance. The satu-free. This extremely low carbon incorporation is significant, when
rated thickness/cycle of 0.8 Alcycle, which corresponds to 0.37compared to results previously reported in other ALBnd metall-
monolayer/cycle(ML/cycle), is lower than that of 1.0 A/cycle re- organic chemical vapor depositiofiIOCVD) of Al,0,.82%%8n
ported by Georget al., in which HO was used instead of IPA at their work, the carbon impurities were incorporated into the films up
the same deposition temperature of 2582The difference in the
saturated thickness/cycle between twg@J ALDs can be under-
stood by adopting the concept of secondary adsorption, which has
been proposed in our previous papers to explain the saturatec 10°+ Carbon counts
thickness/cycle exceeding 1 ML/cycle in AL#323 During IPA or kL As-deposited
H,O pulse, the oxygen sources will react with TKlA&dsorbed on A Ar annealed
the film surface and form AD;. The oxygen sources are then likely 1 O, annealed
to adsorb on both of the outermost surfaces of the newly formed 10“~E '
Al,O; and the newly exposed surface, which had been screene@
with TMA* before. This is referred to as the secondary adsorption.e’

As a result, the surface of the film will be covered with PAr ’g
H,O* after the pulse of the oxygen sources, and then these seconcS 10° 5
ary adsorbed oxygen sources will also react with TMA during the
following TMA pulse. However, at the saturation conditions in the

two Al,O5; ALDs, where the adsorption and desorption rates are at

the steady-state condition, the quantity of the secondary adsorbei 10’
chemical groups would be much less in case of*IRAan H,O*, ]
because IPA has a much larger molecular size. As a result, the total s 10 200 a0 a0  s00
amount of TMA that will be involved inAZIO3 formation during a Sputtering time (sec.)

cycle will be reduced. Thus, when IPA is used as an oxygen source

in Al,O3 ALD, the saturated thickness/cycle will be reduced as com-rigure 3. SIMS depth profiles of carbon in 4D; films. Except at the films
pared to the situation, where,8 is used as an oxygen source. surface, the films were nearly carbon-free before and after annealing.

acteristics of ALD, in which the film thickness deposited during one

S
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Figure 5. TEM cross-sectional images of A5 film using TMA and HO
as-deposited at 250°C. Interlayers were present at the interfacial regions of
Al,05/Si in as-deposited films.

roughness of the films analyzed by AFM is a few angstroms in root
mean square values and shows no difference between before and
after the annealing.

It is well known that the AJO; films formed by conventional
MOCVD vyield SiO, at the interfacial region of the AD;/Si sub-
strate before annealin§:'°In order to study the formation of inter-
face oxide in A}O; ALD, cross-sectional TEM images were inves-
tigated before and after the annealings. Figures 4a and 5 illustrate
the formation of an interfacial layer on the as-depositegdDAlfilms
depending on the oxygen sources used. When IPA is used, no inter-
facial layer is detectable. However, an interfacial layer with a thick-
ness of 12 A, as shown in Fig. 5, is generated on the as-deposited
film that is grown by ALD using HO instead of IPA. The interfacial
layer should be formed during an early stage of@y ALD, be-
cause the surface of the Si substrate will be directly exposed@ H
until it is completely covered with an AD; layer, and the exposed
surface will almost certainly be oxidized at a temperature of 250°C,
which is the deposition temperature of the film. Hence, the interfa-
cial layer should be an oxide having a composition of 30},
even though it is not pure SO On the other hand, the data herein
show that IPA does not thermally oxidize Si at a temperature of
250°C, and thus, although the surface of the Si substrate is also
exposed to IPA during an early stage of,@ ALD, there is no
chance to form silicon oxides at the interface. It would be helpful to
obtain a higher effective dielectric constant in the films by suppress-
ing the formation of SiAlO, , which should have a lower dielectric
constant than AlO;. However, as shown in Fig. 4b and c, the in-
terface oxide is newly generated during the annealing processes, and
is inevitable, even though the annealing process is performed under
the neutral ambient of Ar. The thickness of the interface oxide ap-
(a. top)as-deposited at 250°Ch, centerafter annealing at 800°C for 5 min pears to be about 10 and 25 A after annealing under the ambient of

in Ar, and (c, bottom)after annealing at 800°C for 5 min in,OInterlayers Ar and O, respectively. This implies that the interface oxide is

were present at the interfacial regions ob®4/Si after annealing. grown by the self-reaction between excess oxygen in th@Alilm
and the Si substrate at the annealing temperature of 800°C, and

further by the thermal oxidation of the Si substrate due to the diffu-

sion of the ambient oxygen through the film. Therefore, the film
to the order of atomic percent, and were piled up especially at theannealed in @ ambient has a thicker interface oxide. But, surpris-
Al,0O3/Si interface. This suggests that IPA is very efficient reactantingly, before and after annealing the increment of the film thickness
for TMA without leaving a hydrocarbon residue. From the XRD including the interface oxide, is almost negligible. From this, it
analysis, not shown here, it is revealed that thgQjlfilms have an  would be expected that the annealing process would make t@ Al
amorphous structures before and after the annealing process, whilayer become dense, leading to reduction in the thickness of the
the AL O; films as-deposited by MOCVD using TMA and,® at Al,O3 layer. In order to clarify the existence of silicon oxides at the
720-1050°C havey-Al,0; structure?®?’ This difference in crystal interface, XPS depth profiles were performed on the films which
structure may be due to the deposition temperature. The surfaceere deposited using IPA, and the results for Si 2p near the interface

Figure 4. TEM cross-sectional images of AD; films using TMA and IPA
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Figure 6. XPS analysis for Si 2p peak near the interfacial regions of

Al,O3/Si for (a, top) as-deposited at 250°Ch, center)after annealing at
800°C for 5 min in Ar, andc, bottom)after annealing at 800°C for 5 min in
0O,.

are illustrated in Fig. 6. As shown in Fig. 6a, on the as-deposited
film, which has no interface oxide, there is only one Si 2p peak 7.

emitted from the Si substrate at the interfacial regions oAVl Si.

However for the film annealed in Cambient, two Si 2p peaks are
found at 97.2 and 101.4 eV, which correspond to peaks emitted fromsg,
the Si substrate and SjQrespectively. This indicates that the inter-

face oxide is partly composed of silicon oxides. From the results of
TEM and XPS analyses, it is clear that the growth of the interface;’

oxide can be prevented by the use of IPA instead @Iduring film

C309

deposition, and that the interface oxide which is newly generated
during annealing is inevitable owing to the self-reaction between
Al, O3 and the Si substrates.

The |-V and C-V characteristics were measured on the MOS
capacitor with Pt/80 A thick AJO,;/Si substrate structure before and
after annealing. The leakage current density measured at 1 MV/cm
decreases from-10"® Alcm? to 5 X 108 A/lcm? and 1x 1078
Alcm? after annealing under Ar and,@mbients, respectively. The
reduction in the leakage current after annealing can be partly attrib-
uted to the densification of AD;, as previously mentioned in Fig.

4. Regardless of the annealing ambient, the time zero dielectric
breakdown(TZDB) of the annealed films is=7 MV/cm. However,

as expected from the growth of the interface oxide, which is depen-
dent on the annealing ambient, the film, which has a bilayer struc-
ture with the AbO; layer and the interfacial layer of SiD,,
shows differences in its effective dielectric constant after annealing.
For the case of the Ar-annealed film, the effective dielectric constant
is about 11, while that of the film annealed ip @mbient is about 9.
The film thickness equivalent to SjQt,,, was 30 A for the Ar
annealed AIO; film. The trend in effective dielectric constants, as
measured by the C-V method is qualitatively in good agreement
with the analysis obtained from the cross-sectional TEM imagines in
Fig. 4; the thicker the interface layer, the lower the effective dielec-
tric constant. Further studies are needed to develop a quantitative
approach to this issue, however.

Conclusions

Amorphous A}Os thin films were deposited by ALD using TMA
and IPA at 250°C. The fully saturated deposition thickness/cycle of
0.8 Alcycle was determined using optimum precursor pulse times.
AFM images revealed exceptionally flat and conformal@yl films
with a surface roughness of only 3.5 (Ams) after a deposition of
~80 A film. In spite of the use of carbon-based oxygen precursor,
the films were nearly carbon-free and the stoichiometry of the films
was close to AIO;. Thet,, was about 30 A. As evidenced by TEM
and XPS analyses, the Sj&), was formed at the interfacial regions
of the Al,O3/Si after the annealing treatments. This had an effect on
thet,, . However, the as-deposited film has no interfacial layer at the
interfacial regions. Contrary to 4, IPA does not thermally react
with Si at a temperature of 250°C. The,@8); film prepared by ALD
using TMA and IPA appears to be an excellent candidate material
for sub-0.2,um design rule applications.
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