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The optical, electrical, and structural characteristics of lanthanum-aluminum oxide thin films deposited by ultrasonic spray pyrolysis
are presented. The films were deposited using a lanthanum nitrate and aluminum acetylacetonate solution in N, N-dimethylformamide
on (100) Si substrates. The substrate temperature during deposition was in the 500-650°C range. The deposition activation energy was
in the range of 17.4-20 kJ mol~!, depending on the relative concentration of lanthanum to aluminum in the precursor solution. The
films were amorphous even at 650°C and they were given no further temperature annealing. The refractive index at 630 nm was in the
range of 1.70-1.755 depending on the amount of lanthanum in the films. The electrical characteristics of the films were determined
from capacitance and current versus voltage measurements of metal-oxide-semiconductor (MOS) structures incorporating them. A

dielectric constant in the range of 5.2-10, and interface states density of the order of 10'1-10'2 eV~! cm™~

2 were measured. Their

electrical breakdown field was in the range of 4.5-7.6 MVcm™! for films deposited at 500 and 550°C and a thickness under 43 nm.
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Dielectric oxides such as Al O3, HfO,, ZrO,, La,O; among others,
have received considerable attention over the years for metal oxide
semiconductor field effect transistors (MOSFET) and metal insula-
tor metal capacitors (MIM) applications due to their high band gaps
and high dielectric constants (k).! Lanthanum oxide (La,03) has been
considered as candidate for gate dielectrics applications because its
high dielectric constant (k & 27), low leakage current, relative large
bandgap (E; = 5.8 V), and high band offset with respect to silicon.?
However, it is well known that La,O3 is hygroscopic, and has poor
thermal stability and poor interface properties which deteriorates its
dielectric properties reducing the k value, generating positive fixed
charges, increasing the leakage current density and the flatband volt-
age shift,>* leading to undesirable electrical characteristic. A solution
for this problem is modifying the material properties of La,O3; by
introducing foreign atoms such as silicon, aluminum and nitrogen
into the bonding networks.> Aluminum oxide (Al,O;) has also been
considered for gate dielectric applications because it has a large E,
=5.6¢eV, ak value of 9 to 10, and good thermal stability.>® Another
important characteristic of aluminum oxide films is that they remain
amorphous even at high deposition temperatures with excellent elec-
trical characteristics.’ A possible solution would be to combine it with
La, 05 to improve the chemical and electrical characteristics of both
oxides.? Lanthanum aluminum oxide (hereafter referred as LA) films
have been deposited previously by atomic layer deposition (ALD),
pulsed laser deposition (PLD), and molecular beam epitaxy (MBE),
among other techniques.>>’ In this work, LA films have been syn-
thesized by the ultrasonic spray pyrolysis technique, a very simple
and relatively cost-effective processing method because it does not
require expensive vacuum techniques and still yields excellent elec-
tronic quality films, as in the case of aluminum and yttrium oxide thin
films.%%° The spray pyrolysis technique has several on site reaction
regimes, depending on the type of precursors, the speed at which they
arrive to hot substrate and the temperature of substrate.'®™'! One of
these regimes mimics CVD process in which the radiation heat from
the substrate evaporate the solvent in the droplet and also evaporates
the precursor, in such way that vapors of the precursor arrive to the
substrate surface and react pretty much as in the case of CVD process.
Under this condition, the advantages of CVD technique are extrapo-
lated to the spray pyrolysis technique. This is case for the precursors
using in this work in which under the condition chosen for deposition
of the films we fall within this deposition regime.®® There are possi-
bilities to be explored, for reducing the final thickness of the deposited
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films as well to have a better control of the interface with the substrate
that will open the applicability of this technique on device manufac-
turing. It should be pointed out that to the best authors knowledge
there are scarce reports on LA films deposited by ultrasonic spray
pyrolysis in the literature.'?

Experimental

The LA thin films were deposited by the ultrasonic spray pyrolysis
technique using a spraying solution made with aluminum acetylacet-
onate (Al(acac);) and lanthanum(III) nitrate hydrate La(NO3);xH,O
dissolved in N,N-Dimethylformamide. The experimental arrangement
includes two ultrasonic generators operated at 1.2 MHz for the for-
mation of an aerosol from the spraying solution; compressed air was
used as carrier gas with a flow rate of 10 1 min~! for each ultra-
sonic generator. In order to investigate the effect of the precursors
on the deposition process, two different solutions with lanthanum ni-
trate/aluminum acetylacetonate molarity ratios of 0.025/0.0025 and
0.02625/0.00125 (hereafter referred as LA1 and LA2, respectively)
were used. The incorporation of aluminum and lanthanum into the
film depends on the precursor concentration rate and on the deposi-
tion temperature as well, the concentration ratios used in this work
were chosen to obtain an incorporation of La higher than 10 at% by
EDS (line M) which were also the ones to obtain the best results
in terms of the electrical characterization. The films were deposited
on n-type (100) silicon substrates with a resistivity of 0.1Q2-cm and
1000 2-cm for electrical and structural characterization, respectively.
The silicon substrates were given the standard RCA cleaning proce-
dure before the deposition process. Substrate temperatures during de-
position were in the range of 500-650°C. The thickness and refractive
index of the films were measured with a single wavelength ellipsome-
ter (Gaertner, L117, . = 632.8 nm). The X-ray diffraction (XRD)
patterns were recorded using Cu Ko (a = 1.541 A) radiation with 26
values ranging from 20° to 90° in a SIEMENS D-500 X-ray diffrac-
tometer. Cross section samples were prepared by the Focused Ion
Beam technique (FIB). The cross section structures were analyzed by
Scanning Electron Microscope operated in STEM mode. The chem-
ical composition analysis was performed by energy dispersion spec-
troscopy (EDS) with a scanning electron microscope (JEOL, JMS-
7800F). The surface roughness was measured with a Park Scientific
Instruments atomic force microscope. Elemental depth profiles studies
were carried out by secondary ion mass spectroscopy (SIMS) employ-
ing a CAMECA 6F using cesium for primary beam. The capacitance
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Figure 1. Arrhenius plot of deposition rate vs. T~ for the two types of sam-
ples deposited.

performed in an automated equipment by Keithley instruments. For
this purpose the films were integrated into MOS structures. Aluminum
metal contacts were thermally evaporated on top of the films with an
area of 1.5 and 2.2 x 1072 cm~2 for this purpose.

Results and Discussion

The activation energy of the deposition process for the LA films
was obtained plotting the deposition rate (D) as function of the re-
ciprocal substrate temperature (T~!) in a semilogarithmic scale and
fitting a line to the data. Figure 1 shows this type of plot for films
LA1 and LA2, it is observed in both cases that the deposition rate
follows an exponential relation D ~ exp(-E,/RT). The dependence of
the thickness on deposition temperature indicates that the process of
deposition of the films on Si is surface reaction controlled.'* From the
slope of the line fitted activation energies of 20 and 17.4 kJ mol~! for
LA1 and LA2, respectively, were determined. The activation energies
calculated for both solutions are similar which indicate that the type
of deposition process is limited by the reaction at the substrate surface
of the arriving precursors. These values are in the range of activation
energies reported for aluminum and lanthanum oxide films deposited
by spray pyrolysis and liquid injection MOCVD, respectively.®!'*

Figure 2 shows a typical view of the surface topography for LA1
(a) and LA2 (b) films deposited at 550°C. The average roughness,
calculated on a 1 um? area, was in all cases less than 8 A without any
dependence on deposition temperature. The low roughness suggests
that the deposited films follow the topography of silicon which has
a low roughness (~8 A) to start with. It should be pointed out that
smooth films are desirable for dielectric applications because its low
roughness leads to an excellent interface with the metallic contact
when they are incorporated into an MOS structure, due to the fact that
thermal evaporation is capable to planarizing by filling the gaps on
the film surface roughness. However, if these gaps are filled, once an
electric field is applied they will appear as spikes which will produce
a non-uniform electric field across the films which could result on a
low electrical field breakdown.

Figure 3 shows the SIMS elemental profiles for LAl and LA2
deposited at 500 and 650°C. In all cases, it is observed the presence
of Si atoms on the surface which are likely diffused out of the silicon
substrate to the surface during the deposition process. The increment
of the relative counts of Si atoms on the film surface with tempera-
ture suggests that the diffusion of Si atoms could be related, at least
in part, with a temperature related process. The actual mechanism
that gives rise to this diffusion is not clear, however, we suppose that
during the first stage of the deposition process the silicon atoms start

(a)
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Figure 2. Typical AFM image for films deposited at 550°C.

to move gradually as the films is growing without binding with La
and/or Al to accommodate finally on the films surface. This type of
behavior has been observed previously in Al;O3 and La,O5 thin films
deposited by pulsed spray pyrolysis and cyclic chemical vapor deposi-
tion, respectively.'>!® The possibility that silicon detected on the film
surface could be related to pinholes or porosity reaching down to the
substrate has been ruled out since in this case a constant distribution of
silicon across the film thickness would be expected. It is also observed
that the content of lanthanum through the films is not uniform, after
a spike at the film surface, the lanthanum content goes to a low value
and recovers to a slightly higher value. The explanation for such spike
on the surface films could be associated to an instrumental transient
due to preferential sputtering, where heavier elements (La) stay on
the surface by a longer time than lighter ones (Al, O). The oxygen
has a fairly constant presence throughout the film thickness for films
deposited at 650°C, but films deposited at 500°C show a higher con-
centration near the film surface and a gradual decrease toward the
interface with the substrate. Also, higher deposition temperature in-
creases the signal associated with lanthanum content indicating a more
efficient incorporation of lanthanum in the film; this could be due to
a better decomposition of the lanthanum precursor (La(NO;); XH,0)
which is completely decomposed into La,O; at temperatures higher
than 650°C.!” The content of carbon was not quantified in this work
but its presence has been documented in previous work related with
the use of acetylacetonate precursors for metal oxides deposition.'
It has been determined that the amount of carbon remaining in the
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Figure 3. Elemental depth profile for films deposited at 500 and 650°C.

post-deposition contamination. Regarding, the presence of nitrogen,
it was not detected by either EDS or SIMS. Therefore, it is likely that
the lanthanum nitrate that was not decomposed during the deposition
do not remain into the films. At the interface with the Si substrate,
there is a transitional interface layer in which an inter-diffusion of
La and Al into the Si substrate as well as an out-diffusion of Si
are observed. This interfacial layer might be composed by SiOy and
(Al, La)-Silicates species. The formation of (Al, La)-Silicate species
could originate during the deposition process by oxidation of the sil-
icon surface and/or a reaction between silicon and the LA film.!® In
the presence it was not possible to determine the bound state of the
elements detected but in previous work using XPS on similar type of
structures, it has been observed the formation of (Al, La)-Silicates.
Therefore, it is assumed that in the present case is similar situation
occurs; the formation of the (Al, La)-Silicate layer has been observed
in LaAlOs, Al,O5 and La, O; films deposited by laser molecular beam
epitaxy, atomic layer deposition, metal organic vapor deposition and
pyrolysis method.'*3 SIMS measurement can be used to determine
the interface thickness in term of sputter time. The sputter time in
the interface layer for LA1 films deposited at 500 and 650°C was 61
and 89 seconds, respectively, while for LA2 films deposited at 500
and 650°C was 61 and 91 seconds, respectively. If we assume that
the deposition rate changes at 500 and 650°C are negligible, the films
deposited at 650°C have an interfacial layer thicker than those de-
posited at 500°C regardless of the solution composition. The presence
of an interfacial layer is not desirable for MOS applications due to
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reduction of the dielectric constant effective value; however, in some
cases this layer reduces the interfacial density states leading to better
interface characteristics.” The films were amorphous at temperatures
up to 650°C, within the resolution of the X-ray diffractometer (data
not shown), this behavior is similar to that previously observed for
AL O3, LayAl,O and La,0;.%%*% This structural characteristic is de-
sirable for CMOS applications because the leakage current tends to
increase along the grain boundaries of crystallized films. Besides, it is
easier to deposit amorphous films by low cost methods like spray py-
rolysis than more expensive ones like atomic layer deposition (ALD)
and molecular beam epitaxy (MBE).

Figure 4 shows the refractive index at 630 nm as function of the
thickness for films deposited at 500 and 650°C, from this figure, it is
observed that the refractive index increases with thickness and with
deposition temperature in the range of 1.55-1.75 in all cases. This
behavior is most likely associated with the formation of an interfacial
layer of silicate species and/or silicon oxide during the deposition
process which has a low refractive index, thus the effective refractive
index of the whole layer is lowered, especially for the thinner films.
Figure 5 shows the refractive index for films with thicknesses in the
range of 29-33 nm, as a function of deposition temperature. It is ob-
served that the refractive indexes are in the range of 1.700-1.755 for
these thicknesses, being consistently higher for the LA2 samples and
for large deposition temperatures. These values are within the range of
1.66 and 1.836, which are the refraction indexes for aluminum oxide
and lanthanum oxide respectivell]v__.;*26 Also the behavior of the refrac-
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Figure 4. Refractive index as a function of the thickness for films deposited
at 500 and 650°C.

tion index is consistent with the SIMS results (Fig. 3) which show that
incorporation of lanthanum in the films is favored by larger deposition
temperatures. More specifically, the refractive index values obtained
are consistent with those reported for LagsAl; 505 and LaggAl; ;O3
films with a refractive index of 1.73 and 1.8, respectively.?

Figure 6 show cross section STEM micrographs in brightfield for
LA1 and LA2 films deposited at 650°C. The films have a smooth
surface in agreement with the AFM measurements. In both cases, the
films remain amorphous at 650°C. The films present an interfacial
layer (IL) with the silicon substrate of clear contrast, which suggests
a silica rich composition. The thickness of the IL seems to be larger
for LA2 (Fig. 6b) compared with LA1 (Fig. 6a). SIMS measurement
suggests that the IL layer is composed by (Al, La)-Silicate species
(see Fig. 3). The upper layer, with higher density, is composed by La
and Al oxides according with the SIMS measurement. The presence
of an IL in La related oxide thin films have been observed for LaScOs,
LaXZrl_xO 2_5.27’28

Electrical characteristics such as capacitance vs. voltage and cur-
rent density vs. applied electric field were carried out on MOS struc-
tures incorporating the LA films. Figure 7 shows typical 1 MHz and
quasi-static capacitance vs. voltage characteristics for LA1 and LA2
films deposited at 500°C. The dielectric constant, obtained from the
accumulation capacitance value, was in the range of 5.2 — 10 for
films with a thickness in the 30 — 43 nm range. These values are
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Figure 5. Refractive index as a function of the deposition temperature.
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Figure 8. Typical curve of the interface trap density as a function energy
measured from the silicon midgap for films deposited at 500°C.

low in comparison with those reported in Lanthanum aluminate and
La,Al,O, films deposited by molecular-beam deposition and ALD,
respectively,”?? and close with the reported in Lanthanum-aluminum
oxide and LasAl,O films deposited by ALD and MOCVD?*** which
showed the formation of an interfacial layer. The smallest dielec-
tric constant value was obtained for LA2 at the highest deposition
temperature (650°C). The low dielectric constant is correlated with
the formation of an interface layer with a lower dielectric constant.
In general, the LA films present negligible flatband voltage shift in
comparison with those Al,Oj3 thin films deposited by ultrasonic spray
pyrolysis,® this behavior could be attributed to the presence of La,
which reduce the presence of positive charge inside the dielectric
films. Figure 8 shows a typical curve of the interface trap density for
LA films deposited at 500°C obtained from the 1 MHz and quasistatic
capacitance curves (Fig. 7). The interface trap density at midgap was
found to be of the order of 10''-10'? ev=! cm~? for films deposited
at 500°C. The interface trap density increases for larger deposition
temperatures in both cases, this behavior could be related with the
reactivity on the Si substrate since the formation of (Al, La)-silicates
at the interface could be origin of these interface traps. This is con-
firmed by SIMS measurement of the interface thickness in which has
been determined that higher temperature results in thicker interface
layers. The typical ramp I-V curves for all deposition temperatures
studied are shown in Figure 9. It is observed that for electric fields
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Figure 9. Current density vs electric field as function of the deposition
temperature.

below of 2 MVem™! the current density value is of the order of 10~8-
1077 Acm™2 and it is due to a displacement current associated with
the voltage ramp applied to the MOS structure in order to obtain the
current versus voltage characteristics. At electric fields higher than
2 MVcem™! a real electron current (Fowler-Nordheim tunneling cur-
rent) across of dielectric films of the order of 1077-107% Acm™2 is
observed, and a destructive breakdown of the films is observed for
electric fields higher than 2.4 MVcem™'. In general, it is observed that
films deposited at the lowest temperatures (500 and 550°C) show the
best insulating characteristics with a breakdown field in the range of
4.5-7.6 MVcm™!. The reduction of the breakdown field observed for
films deposited at higher temperatures (600 and 650°C) is not clearly
understood and further experimentation is required to be able to ad-
dress this point properly. In general these films show better insulating
characteristics than La,O; and Al,O;, deposited by reactive radio-
frequency sputtering and pulsed ultrasonic spray pyrolysis'>3! and
similar to those reported for lanthanum-aluminum oxide synthetized
by atomic layer deposition.>? It should be mention that the films
in the current paper are much thicker than typical ALD films, since
thicker films could be expected to show lower current leakage and di-
rect comparison between the results for these two techniques should
be taken with the caution.

Conclusions

The optical, structural and electrical characteristics of lanthanum-
aluminum oxide thin films deposited by ultrasonic spray pyrolysis on
silicon (100) substrates from lanthanum nitrate and aluminum acety-
lacetonate have been reported. It was observed that the incorporation
of lanthanum in the films is favored by high deposition temperature
as the refractive index behavior and the EDS studies indicate. The
STEM studies on cross section structures showed the formation of a
interfacial layer formed during the deposition process. SIMS measure-
ments suggest that this layer is formed by (Al, La)-Silicate species.
In general, high density films as reflected by the high refractive in-
dex values (in the 1.7 to 1.755 range, at the 633 nm wavelength),
have been obtained with a low cost technique such as ultrasonic spray
pyrolysis. The films were amorphous up to the highest deposition tem-
perature studied 650°C, this characteristic together with the smooth
(low roughness) surface led to films with high breakdown fields. The
highest dielectric constant of the films, obtained from CV measure-
ment was 10, the formation of an interface layer is responsible for
the reduced value. The interface trap density was in the range of
101-10"2 ev=! cm~2.
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