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Evaluation of a Praseodymium Precursor for Atomic
Layer Deposition of Oxide Dielectric Films
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Amorphous PrO, based films were grown by atomic layer deposition in the temperature
range 200—400 °C from Pr[N(SiMes)q2]s and H2O on n-Si(100) and borosilicate glass substrates.
The films contained considerable amounts of residual hydrogen and residual or diffused
silicon. The refractive indexes of the films varied between 1.76 and 1.87. Crystallization
took place after annealing at 900—1000 °C, and X-ray diffraction data indicated that the
films were Prg33(Si04)60s. The effective permittivity of 70—100 nm thick films was in the
range of 14—16. Annealing at 800 °C in nitrogen increased the effective permittivity to 15.6—
21.0 and decreased the rechargeable trap density. Praseodymium silicate films may be

applied after annealing as dielectric layers in capacitive structures.

Introduction

Praseodymium oxide has been studied for different
applications, such as components of varistor ceramic
materials,1? as photocatalytically active material,® as
anode coatings for organic light-emitting diodes,* or as
interface layers for improving Al/GaAs Schottky junc-
tion characteristics.? Praseodymium oxide has also been
used to modify electronic and structural characteristics
of mixed oxides such as HfO;—YO;5—PrO;5,% ZrOy,—
PrO, mixtures,” or PrTiO,.38 In addition, praseodymium
oxide is a high-permittivity (high %) dielectric oxide and
is a promising alternative for SiOg in complementary
metal-oxide-semiconductor (MOS) devices.?
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It has been reported that stoichiometric ProO3'%11 and
PrO; films!2 can be grown epitaxially by molecular beam
epitaxy (MBE) on single-crystal silicon, providing an
electronically high-quality interface with low defect
density and absence of interface reactions. Otherwise,
praseodymium possesses a variable oxidation state with
accompanying variable oxide stoichiometry, PrOg_s.13
Variations in the stoichiometry of PrO, thin films, in
particular the oxygen deficiency in relation to PrOs,
induce large variations in conductivity, allowing the
recognition of space-charge limited and/or Schottky
conduction mechanisms.!4"17 The energy gap of PrO,
films is lower (2—3.6 eV)!819 than that of another
prospective high % oxide candidate, HfOs (5—6 eV),
which usually would allow higher conductivity. More-
over, PrO, films have a rather small conduction band
offset (1 eV) that should serve as a charge barrier
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between Si and the oxide. Nevertheless, the electrons
in the narrow f-type conduction band of PrOs have large
effective masses and thus, in the case of appropriate
stoichiometry, provide low leakage despite the small
band offset.1® Epitaxially grown PryOs on silicon has
provided ultralow leakage and good reliability of dielec-
tric properties.? For this reason, the formation of PrO,
films, as well as their dielectric properties and interfaces
with silicon, has recently been investigated in great
detail .11,20-22

There are a number of different routes to praseody-
mium oxide layers. Since the early physical vacuum
evaporation methods and oxidation of the Pr metal
layer,1416.18 gdvanced methods for the fabrication of
stoichiometric ProO3 films have been introduced, com-
prising pulsed laser deposition (PLD)21-22 and MBE10-24
techniques. Such methods provide high-purity films,
especially at high substrate temperatures on the order
of 800 °C.102¢ Pr,O3 films have also been grown by
metal—organic chemical vapor deposition (MOCVD).11
The metal $-diketonate precursors used have been Pr-
(hfa)s-diglyme (H-hfa = 1,1,1,5,5,5-hexafluoro-2,4-pen-
tadione, diglyme = CH3O(CHy;CH20);CH3) and Pr-
(tmhd); (H-tmhd = 2,2,6,6,-tetramethyl-3,5-heptandione),
resulting, respectively, in the growth of strongly fluori-
nated oxide and the pure oxide. The phase of MOCVD
PrO, was found to be critically dependent on the partial
pressure of oxygen, with the ProO3 phase being formed
in the absence of oxygen (Po, = 1073 Torr) at a high
substrate temperature of 750 °C.25 The use of Pr(thmd)s
led to amorphous films below 650 °C, while mixtures of
crystallized PrgO;; and ProO3 were obtained at higher
temperatures.26

Recently, praseodymium oxide has been deposited by
liquid injection MOCVD at substrate temperatures
between 400 and 600 °C.27 In that study, a novel
praseodymium complex, Pr(mmp)s (mmp = OC(CHjs)o-
CH;0(CHjy)), was used with Og as the oxygen precursor.
In this case, the films were polycrystalline over the
complete range of deposition temperatures with the
PrgO;; phase predomination.

Besides chemical vapor deposition, atomic layer depo-
sition (ALD) of rare-earth metal oxides has also gained
attention,?® although little has been reported to date in
the scientific literature. Lanthanide -diketonates have
been used for the ALD of rare-earth oxides, such as
Scp03,2930 Lay03,31 and Ce02.32 The S-diketonate pre-
cursors are generally not reactive with water, and, when
using ozone as an ALD reactant,3°732 no ALD growth
window can be found. The organometallic precursor
(CsHs5)3Sc (cyclopentadienyl) has also been investigated
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when using water as the oxidant, and this led to the
deposition of SceOs films of acceptable quality and
crystallinity.?? Further, although alkylamides such as
Hf(NRy); have been successfully used in ALD,33 the
simple lanthanide alylamides Ln(NRgy)s are unstable
and not volatile. However, the monomeric lanthanide
tris-silylamides Ln[N(SiMegs)s]s are volatile and rela-
tively stable.3* Although these precursors deposit Ln-
silicates by MOCVD,?5 it was hoped that surface ex-
change reactions would predominate over thermal
decomposition at the lower temperatures typically
employed by ALD, so that the [N(SiMes)qs] group would
be cleanly eliminated as the stable (MesSi):NH species
via the reaction between Ln[N(SiMes)s]s and [OH].

In the present study, the ALD of PrO, based films
has been studied using the precursors Pr[N(SiMes)qls
and HyO. Thin PrO, based films were deposited in the
temperature range of 200—400 °C to investigate the
features of film growth, formation of crystalline struc-
ture, and some effects of annealing on dielectric behavior
of the films.

Experimental Section

The film growth experiments were carried out in a flow-
type hot-wall ALD reactor F120.36 To examine the changes in
film properties upon changes in substrate temperature, PrO,
based films were deposited at 200, 250, 300, 350, and 400 °C
from Pr[N(SiMe;)qls and HoO on 5 x 5 e¢m? n-Si(100) and
borosilicate substrates. The Pr[N(SiMes)s]s was transferred
into the reactor under an inert atmosphere from a glovebox
by means of a special transfer device held under an argon
atmosphere. Inside the ALD reactor, Pr[N(SiMes)]s was
evaporated from an open boat at 140 °C. The duration of the
Pr[N(SiMe;)q2]s pulse was, for the sample series fabricated at
different substrate temperatures, held constant at 0.4 s while
the HyO pulse and purge times were all 0.5 s. To examine the
ability of the Pr[N(SiMes)2]3 adsorption process to self-saturate,
the Pr[N(SiMes)qls pulse length was varied between 0.2 and
0.8 s at 300 °C. Further, a series of films with variable
thickness was deposited at 300 °C, using 150, 250, and 750
ALD cycles. Part of the films was grown on silicon substrates
etched prior to deposition in 1% HF aqueous solution for ca.
30 s, without further rinsing in deionized water. Reference
films were grown on silicon substrates that were RCA cleaned,
being thus covered with a chemically grown 0.9—1.8 nm thick
SiOq layer.

The refractive indexes and thicknesses of the films in the
thickness range of 50—470 nm were evaluated from the
transmission spectra measured by a Hitachi U2000 spectro-
photometer.” The thicknesses of the films in the range of 9—50
nm were evaluated from X-ray reflection patterns measured
with a Bruker D8 Advance X-ray diffractometer. The film
structure was studied by means of a Philips MPD 1880 powder
X-ray diffractometer using Cu Ko radiation and Bragg—
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Brentano geometry. Transmission electron microscopy (TEM)
was applied for imaging the cross-section of selected samples.
Film composition was determined by time-of-flight elastic
recoil detection analysis (TOF-ERDA),® using a 48 MeV °Br*
projectile ion beam. In addition, secondary ion mass spectrom-
etry (SIMS) was applied for selected samples to determine the
uniformity of elemental composition.

Dielectric properties were measured after e-beam evapora-
tion of aluminum shadow masked electrodes with the effective
electrode area of 0.204 mm?. After film deposition, the back-
sides of the silicon substrates were etched in hydrofluoric acid
and metallized by evaporating a 100—150 nm thick Al layer.
Thus, the electrical measurements were carried out on Al/
HfOy/n-Si(100)/Al or AI/HfO./SiOy/n-Si(100)/Al capacitor struc-
tures. Capacitance—voltage curves were recorded using a HP
4284A precision LCR meter in a two-element series circuit
mode. The stair sweep voltage step was 0.05 V. The period
between voltage steps was 0.5 s. The AC voltage applied to
the capacitor was 0.05 V, while the frequency of the ac signal
was held at 500 kHz. The current—voltage curves were
measured with a Keithley 2400 Source Meter in the stair
sweep voltage mode while the voltage step used was 0.02—
0.05 V. All measurements were carried out at room temper-
ature.

Results and Discussion

Film Growth and Structure. The adsorption of Pr-
[N(SiMes3)q2]ls was not entirely self-limiting. At 300 °C,
the growth rate was increasing along with the increase
in the Pr[N(SiMes)2]s pulse length. In the case of a Pr-
[N(SiMes3)qls pulse length of 0.2, 0.4, and 0.8 s, the
average film growth rate was 0.015, 0.026, and 0.034
nm/cycle. At 200 °C, the film growth rate was as high
as 0.26 + 0.02, 0.29 + 0.10, and 0.30 + 0.12 nm/cycle,
when the Pr[N(SiMejs)q]s pulse length was 0.4, 0.8, and
1.2 s. Thus, some decomposition takes place, but the
process is still rather slow even at 300 °C. A higher
growth temperature, 350 °C, caused considerably stron-
ger decomposition and strongly affected the film thick-
ness profile. At 400 °C, virtually no film could be
deposited; all the precursor was decomposed in the
source tube before reaching the substrate.

In a series of the samples grown at variable substrate
temperatures with 0.4 s Pr precursor pulse length, 466,
99, and 78 nm thick films were obtained at 200, 250,
and 300 °C, using 4070, 3000, and 3000 growth cycles
and thus growing with the rates of 0.11, 0.033, and
0.026 nm/cycle, respectively. At 250—300 °C, the film
thickness varied not more than 1-2.5% along the gas
flow direction, measured at 1.5—3.5 cm distances from
the leading edge of the substrate. The refractive indexes
of the films grown at 200, 250, and 300 °C were 1.85 +
0.03, 1.85 + 0.03, and 1.78 + 0.02, respectively, being
comparable with the values characterizing thermally
evaporated films.!®

All the films were amorphous in the as-deposited
state. Annealing at 800 °C did not suffice for crystal-
lization. The peaks at 25.37, 27.60, and 31.44° in the
XRD pattern (Figure 1) of the film grown at 350 °C and
annealed at 1000 °C in Ny for 1 min could be assigned
as 400, —210, and 012 reflections of monoclinic Prs03.32
However, impurities and other phases complicate the
phase assignments. The peak visible at 42.9° does not

(38) Jokinen, J.; Haussalo, P.; Keinonen, J.; Ritala, M.; Riihel4, D.;
Leskeld, M. Thin Solid Films 1996, 289, 159.
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880.
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Figure 1. X-ray diffraction patterns of PrO, films deposited
at 350 °C and annealed at 1000 °C in Ny for 1 min (a), as
deposited at 350 °C (b), deposited at 200 °C, and annealed at
1000 °C in Ny for 5 min (c). Labels denote interplanar distances
corresponding to the apparent diffraction peaks. For the phase
description, see text.
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Figure 2. FTIR spectra of 360—370 nm thick PrO, film grown
at 200 °C with Pr precursor pulse length of 0.4 s using 1400

growth cycles. Annealing was carried out at 900 °C in a
vacuum under nitrogen flow during 5 min.

match with the PreO3 phase, although the next, the
smallest, peak at 48.47° corresponds to the interplanar
distance 1.88 A and can thus be assigned as the 31-4 or
413 reflection of monoclinic PryO3 with a slight shift
possibly caused by impurity-induced strains. PrOs and
PrgO11 can be excluded on the basis of XRD resultsoof
the annealed films. The peaks at 42.9° (d = 2.11 A),
25.37° (d = 3.51 A), 27.7° (d = 3.23 A), 31.44° (d = 2.84
A), and 48.47° belong, instead of PreOs, to 113, 002, 102,
112, and 213 reflections of Prg33(Si04)s0s,%%4! respec-
tively. In the highly impure films grown at 200 °C and
annealed at 1000 °C (Figure 1), phase determination
was not possible. Possibly, these films could contain also
some amounts of carbonates.

FTIR analysis carried out on the films grown at the
lowest temperature examined, 200 °C, (Figure 2) con-
firmed the existence of carbon contributing to the
elemental composition of low-temperature films. Car-
bonate formation in such a kind of high-permittivity
rare-earth oxides has earlier been reported by Gougousi
et al.,*2 Kosola et al.,*> and Nieminen et al.3! In the

(40) Kolitsch, U.; Seifert, H. J.; Aldinger, F. J. Solid State Chem.
1995, 120, 38.

(41) Joint Committee of Powder Diffraction Data, PDF Card 23—
1389.
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Figure 3. FTIR spectra of 100—150 nm thick PrO, film grown
at 250 (a) and 300 °C (b) with Pr precursor pulse length of 0.4
s. Annealing was carried out at 900 °C in a vacuum under
nitrogen flow during 5 min.

present study, the C—H vibration bands apparent in the
wavenumber range 1400—2000 cm~! (Figure 2) disap-
peared upon annealing, along with the appearance of
carbonate bands centered at 1363 and 1498 cm™l.
Hydrogen was annealed out, since, besides C—H, the
OH band ranging between 3300 and 3600 cm™! also
obviously vanished due to the annealing procedure. In
addition, the FTIR peak at 900 cm ™!, attributable to Si-
O—Pr bonds,** increased upon annealing. The peak at
1270 cm™! (Figure 2) might refer to the Si—C bonds,*®
but other peaks characteristic of Si—C oscillations,*5:46
such as 781 or 825—898 cm ™!, either did not appear or
overlapped with compositionally more feasible Si—O—
Pr peaks. Thus, the crystal structure is rather a mixture
of silicates and carbonates. In the films grown at higher
temperatures, 250 and 300 °C, the carbonate peak did
not appear as prominently as in the films grown at 200
°C. This might refer to the somewhat higher purity, but
also to the possibility that these films may not contain
that much excess oxygen (as OH groups or in water) to
form carbonates. In some of the films, the growth of
interfacial SiOs upon annealing was detected as the
formation and increase of the FTIR signal between 1000
and 1100 cm™! (Figure 3). The growth of interfacial
oxide was still of minor importance according to FTIR.

Figure 4 demonstrates the TEM images of a PrO, film
grown at 300 °C on HF-etched silicon. The TEM studies
revealed the growth of a uniform, amorphous film. No
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Figure 4. Transmission electron microscope images of a PrO,
film grown at 300 °C on HF-etched Si(100).

pronounced formation of interfacial SiOy or a Si-rich
PrO, layer was detected by TEM. This can also mean
that silicon is quite evenly distributed throughout the
film thickness and visual distinction of the interfacial
layer becomes complicated. However, the TEM supports
the FTIR results, according to which the interfacial
layer silicon oxide growth is not as pronounced nor of
considerable thickness in as-deposited films.

Film Composition. The elemental composition of the
PrO, based films grown at 200, 250, and 300 °C was
determined by TOF-ERDA (Table 1). In these films, the
analysis revealed O/Pr ratios of 2.6:1, 2.3:1, and 2.5:1,
respectively, in the as-deposited state. Thus, the films
contained considerable amounts of excess oxygen. In
addition, the films contained 36, 21, and 12 at. %
hydrogen and 4, 6, and 10 at. % silicon, respectively,
averaged throughout the film thickness. Nitrogen con-
tent was below any detection limit of TOF-ERDA and
could not be observed, in practice. Both silicon and
hydrogen are constituents of the precursors, and their
residual content can thus vary with the deposition
temperature. It is interesting to note that the amount
of hydrogen in the films decreased with increasing
deposition temperature, whereas the amount of silicon
increased. This suggests that some thermal decomposi-
tion of [—N(SiMes)s] is occurring. There is also a
possibility that [-N(SiMes)s] may hydrolyze to form
silanol species such as Me3SiOH, and silanols have been
shown to be effective precursors to metal silicates in
both MOCVD%? and ALD.*® Furthermore, silicon can
diffuse out of the substrate into the metal oxide film,
especially after the annealing procedure, and signifi-
cantly increase the amount of silicon concentration in
the film bulk. The increased hydrogen contents at
lowered substrate temperatures are characteristics of
other metal oxides also grown by atomic layer deposi-
tion, being observed in the case of HfO9*? and ZrQy5°
grown from alkoxide or halide precursors. Thus, since
high hydrogen contents have been observed in the case
of hydrogen-free metal precursors with H2O reactants,
it appears quite reasonable to connect hydrogen to
hydroxyl residues. The carbon content detected was
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Table 1. TOF-ERDA Results (elemental composition) of Selected PrO, Films Grown by ALD

growth
temp (°C) status 0, at. % Pr, at. % H, at. % Si, at. % C, at. % Pr/Si/O
200 as deposited 414+ 2 16 +2 36 +4 4+1 2.8+0.3 1:0.3:2.6
250 as deposited 49+ 4 21+3 21+5 6+ 2 26+£05 1:0.3:2.3
250 annealed in Ny at 800 °C for 3-4 min 63+ 4 26 + 3 <0.5 7+2 25+0.5 1:0.3:2.4
300 as deposited 5445 22 + 3 12+ 3 10+ 4 28+1.0 1:0.5:2.5
300 annealed in air at 800 °C for 3-4 min 62+ 4 22 4+ 3 2+1 12+4 254+0.5 1:0.5:2.8

relatively low (2.5—2.8 at. %) and did not change after
annealing.

The SIMS analysis revealed quite uniform oxygen and
praseodymium concentration in 50 and 80 nm thick
samples grown at 250 and 300 °C (Figure 5). The
distribution of carbon was less uniform and generally
decreased toward the film surface at both growth
temperatures. However, the carbon content increased
at the film/substrate interface, leading to a peak in the
SIMS profile. Although SIMS peaks at interfaces can
also be due to matrix effects when sputtering across
different materials, comparing the 250 and 300 °C SIMS
carbon profiles indicates that the 300 °C deposition
temperature leads to greater amounts of carbon near
the Si substrate interface. It is worth noting that the
residual concentration peaks observed at the film/
substrate interface as well as at the film surface are a
rather general problem and have been observed in ALD-
grown® and MOCVD oxide films.?2 At solid—solid
interfaces, this could be connected to the larger struc-
tural disorder naturally present at the incommensurate
(nonepitaxial) junctions. Larger structural disorder
could possibly accommodate larger amounts of substi-
tutional and interstitial impurities. The impurity con-
tent further diminishes upon the growth in the oxide
layer thickness and densification of the material. The
surface carbon can arise from species adsorbing during
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Figure 5. Secondary ion mass spectrometry composition
profiles of PrO, films as deposited at 250 (a) and 300 °C (b) on
Si(100) substrates.

storage in the ambient air. Also, there were nonunifor-
mities in the silicon concentration profile. In a manner
similar to the carbon level, the amount of Si decreased
toward the film surface but gave a concentration peak
at the film surface. This peak might be caused by the
incomplete surface reactions and unreacted precursor
ligands, in addition to the diffusion and collection of
silicon at the interface or surfaces as defective bound-
aries.

The heat treatment changed the film composition to
a certain extent. Annealing at 800 °C in ambient
nitrogen and ambient air for 3—4 min reduced the
amount of residual hydrogen (Table 1). The O/Pr atomic
ratios after annealing were 2.4:1 and 2.8:1, remaining
rather far from the PrOg or PryOs stoichiometry. This
allows the conclusion that the excess oxygen is bound
to silicon, and the relative content of silicon was not
reduced, but actually increased upon annealing. The
films are thus praseodymium-rich mixtures of PrO, and
Si0,. It is worth noting that according to literature the
Prq0s/Si interface is very reactive and Si—O—Pr bonds
easily form and/or the SiO; layer grows.12:53 Moreover,
substrate silicon diffuses eagerly into PryOs, especially
upon heat treatments.?455 Pr3* is characterized by a
large ionic radius, causing a less dense PrqOg3 lattice
favoring the (silicon) diffusion and more pronounced Si—
O—Pr or Si—0O—Si bond formation when compared to
Ta,05 and ZrOs.** Furthermore, the structures of mono-
clinic PryO3 and Prg33(Si04)sO2 are identical,*® which
relates to the ability or probability of forming solid
solutions, or mixtures, as described above (Figure 1). It
has actually been suggested that there hardly exists any
monoclinic praseodymium oxide polymorph and that
praseodymium silicate is formed during the synthesis
in the quartz-walled reaction zones and susceptors,
instead.*0

One can estimate the phase composition on the basis
of elemental concentration data represented by Table
1, complemented by XRD and FTIR results indicating
the presence (formation) of silicate and carbonates. One
can assume here that the film essentially consists of a
mixture of of Prg33(Si04)602 and the carbonate com-
pound Pry03COs. If the amount (12%) of silicon mea-
sured in annealed film grown at 300 °C is taken as the
reference value, then the relative elemental composition
of Prg 33(Si04)¢02 comprises 12% Si, 18.66% Pr, and 52%
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Figure 6. Capacitance—voltage curves of Al/PrO,/Si capaci-
tors based on 100 and 78 nm thick PrO, films grown on HF-
etched Si(100) at 250 and 300 °C, respectively, in as-deposited
and annealing states. Labels denote the growth temperature
and annealing ambient. Annealing was carried out at 800 °C
for 1 min in N and 3—4 min in air.

O, while the corresponding composition of ProsO2COs is
2.5% C (measured), 5% Pr, and 12.5% O. When sum-
marized, the total relative composition of the mixture
is then 23.6% Pr, 12% Si, 2.5% C, and 64.5% O; these
values indeed overlap with the elemental composition
of the films grown at 300 °C and annealed at 800 °C
(Table 1). The Pre02COg3 could, in principle, be an
intermediate formed after temperature-enhanced re-
lease of COq from the initially formed Pro(COs3)e. The
Pro02CO3 might further release COg2 and thus be a
precursor for PryOs. However, the carbon can obviously
not be completely annealed out at 800 °C, and the
carbonate contribution is retained. Nevertheless, some
PrO; might be expected in the annealed films initially
grown at 250 °C. In these films, namely, the measured
silicon and carbon contents allow 7% Si, 10.89% Pr, and
30.39% O for Prg33(Si04)02 and 2.5% C, 5% Pr, and
12. 5% O for additive ProO2COs. Together, it makes
15.89% Pr and 42.8% O in the mixture of silicate and
carbonate, leaving 10.1% Pr and 20.2% O; these two
values match well with PrOs stoichiometry. It is to be
noted that this is valid for the annealed films, and
analogous calculations for as-deposited films do not
result in the stoichiometry of defined compounds.
Dielectric Properties. The dielectric behavior was
first evaluated for the relatively thick (99 and 78 nm)
films grown at 250 and 300 °C. Figure 6 demonstrates
the Capacitance—voltage (C—V) curves of these films.
The effective permittivity calculated from accumulation
capacitance, using a simple parallel-plate capacitor
model, was 13.7 and 15.9, respectively. Multiple back-
and-forth bias voltage sweeps caused some shifts in flat-
band voltage, referring to some development of recharge-
able and/or oxide trap density; in particular, this
referred to an increase in the density of negative charge
in the films. Electron trapping upon multiple voltage
sweeps is thus very likely. The hysteresis direction was
counterclockwise, also referring to the dominance of
electron trapping instead of mobile ion conduction.56-58
Annealing at 800 °C in nitrogen did not lead to the
crystallization of the films but, at the same time, clearly
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increased the capacitance. The effective permittivity of
the films grown at 250 and 300 °C was increased up to
15.6 and 21.0, respectively. Essential effects of nitrogen
annealing also were the narrowing of the hysteresis in
C—V curve of the film grown at 250 °C and a change in
the hysteresis direction from counterclockwise to clock-
wise in both films. A change in hysteresis direction
refers to a change in dominant conduction mechanism,
for example, from electron injection/conduction and
trapping to mobile ion conduction.’® It is quite interest-
ing that annealing in air did not change the hysteresis
direction. Annealing in an air atmosphere shifted the
flat-band voltage strongly (by 2—3 V) toward positive
bias voltage and more close to the predicted flat-band
voltage value (—0.3—0.4 V),57 but decreased the capaci-
tance. Capacitance could decrease for two reasons:
growth of an interfacial SiOq layer and diffusion of Si
into the metal oxide followed by the oxidation of the
diffused Si. The differences observed electrically after
nitrogen and air (oxygen-assisted) annealings could be
connected to the differences in the microstructures
formed. For instance, for slightly oxygen-deficient
praseodymium oxide, the influence of the annealing
atmosphere on phase transitions has been studied, and
the restructuring of PrO; proceeds differently.?® In the
case of composite and/or Prg33(Si0O4)sO2 films such as
those obtained in the present study, interdependence
between structure, annealing effect, and conduction
mechanisms should be characterized in more detail, but
this remains beyond the scope of this work.

It is to be noted that the dielectric permittivity values
achieved in the present study remained lower compared
to the characteristic values of ProO3 grown by MBE in
the temperature range 800—1000 °C.2* For the latter
films, effective dielectric permittivities as high as 30
were measured. Also, the permittivity of MOCVD PryO3
films grown at temperatures exceeding 650 °C11:26 hag
been higher (25) than that obtained in the present
study. On the other hand, the permittivity of the films
in this study exceeds that obtained by physical vapor
deposition.* As noted above, the lower permittivity may
also be due to the increased silicon content or even the
formation of films with structure and composition
corresponding to Prg 33(Si04)s0s.

Some thinner PrO, based films were also prepared
for the dielectric measurements at 300 °C, using 750,
250, and 150 growth cycles. The thicknesses of the films
were 53, 18, and 9 nm, respectively. This temperature
was chosen due to its consistency with the most com-
monly used ALD regimes,50~62 keeping in mind further
possibilities to create multilayered structures with other
materials such as HfOs. Figure 7 depicts some selected
C—V curves of Al/PrO,/Si and Al/PrO,/SiOs/Si capacitor
structures with PrO, layers of variable thickness. The
accumulation capacitance was naturally correlated to
the film thickness. It can be seen that the C—V curves
demonstrated rather considerable hysteresis in the case
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Figure 7. Capacitance—voltage curves of Al/PrO,/Si capaci-

tors based on 18 and 9 nm thick PrO; films grown on etched

or RCA-cleaned Si(100) at 300 °C in as-deposited and anneal-

ing states. Annealing was carried out at 900 °C for 1 min in
No.

of both HF-etched Si substrate and Si substrate covered
with SiOg. The hysteresis width can be regarded as a
measure of the electron and hole trapping in the oxide
due to high defect density.%3 In addition, rather pro-
nounced kinks, or “shoulders”, became observable in the
depletion regions of the C—V curves, that is, during the
transition of voltage sweeps from the minimum capaci-
tance values to the plateau of maximum (accumulation)
capacitances. This kink can be regarded as a sign of
increased density of interface traps.6* The 9 nm thick
film possessed the capacitance equivalent oxide thick-
ness value of 4.4—4.5 nm, which is quite close to the
value obtained in the films grown by PLD?! at rather
low substrate temperatures compared to those used for
MBE. Similarly to the 78—100 nm thick films, the 9—53
nm thick films also demonstrated changes in the C—V
hysteresis direction upon nitrogen annealing, this time
at 900 °C, indicating that the structural modifications
and dielectric performance observed in thick films are
relevant in the thin films, too. At the same time,
“shoulder”-like features disappeared. Essential differ-
ences were not observed between the films as deposited
on HF-etched and RCA-cleaned silicon (SiO9/Si)). In the
case of annealed films, hysteresis vanished more easily
in the films grown on HF-etched silicon. On the other
hand, this effect may also be related to the faster
detrapping of charge carriers from the disorder-induced
interface and fixed charge traps, responsible for the
hysteresis phenomenon, which are of much higher
density compared to the films grown on SiOy/Si. In this
case, the hysteresis reduction can be accompanied by a
decrease in the film resistivity.

Figures 8 and 9 describe the leakage properties of
selected relatively thick and thin films, respectively. In
the film grown at 250 °C, the leakage currents generally
decreased after annealing (Figure 8), while in the film
grown at 300 °C the leakage current was increased or
the breakdown resistance decreased (Figures 8 and 9).
This is valid for both kinds of substrates, HF-etched Si
and SiOy/Si. Typical breakdown fields varied between
0.6 and 1.2 MV/cm. It is possible that annealing mainly
reduces the relatively high hydrogen concentration in
the films grown at 250 °C (Table 1), densifies the films
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Figure 8. Leakage current density vs electric field curves of
Al/PrO,/Si capacitors based on 100 and 78 nm thick PrO, films
grown on HF-etched Si(100) at 250 and 300 °C, respectively,
in as-deposited and annealing states. Labels denote the growth
temperature and annealing ambient. Annealing was carried
out at 800 °C for 1 min in Ny and 3—4 min in air. Electrons
were injected from substrate.
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Figure 9. Leakage current density vs electric field curves of
Al/PrO,/Si capacitors based on 9 nm thick PrO, films grown
on HF-etched and RCA-cleaned Si(100) at 300 °C. Labels
denote the growth temperature and annealing ambient. An-
nealing was carried out at 900 °C for 1 min in Ny. Electrons
were injected from substrate.

not affecting the compositional homogeneity, and de-
creases the leakage current density. At the same time,
in the films grown at 300 °C the hydrogen content is
lower and the silicon content is higher than in the films
grown at 250 °C (Table 1, Figure 5), possibly enabling
phase separation upon annealing, accompanied by
higher defect density and higher leakage. The leakage
behavior for 300 °C films is similar regardless of the
film thickness, since a similar increase of the leakage
current upon anneal was also observed in the 9—18 nm
thick films (Figure 9) and 52 nm thick films (not shown).
In conclusion, PrO, based films, grown by ALD from
Pr[N(SiMes)q]3 and HoO, contained considerable amounts
of both residual hydrogen and residual or diffused
silicon. Crystallization of these films took place after
annealing at 900—1000 °C, and X-ray diffraction data
indicated that the films were Prg 33(Si04)¢0s. The effec-
tive permittivity of as-deposited films was in the range
of 14—16.0. Annealing the films at 800 °C in nitrogen
increased the effective permittivity to 15.6—21.0 and
decreased the rechargeable trap density. The praseody-
mium silicate films deposited from Pr[N(SiMes)s]s may
be applied after annealing as dielectric layers in capaci-
tive structures due to their relatively high permittivity,
low leakage, and high crystallization temperature.
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