4796 Chem. Mater2007,19, 4796-4803
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Thin films of praseodymium aluminate (PrAlDand neodymium aluminate (NdADhave been
deposited by liquid injection metalorganic chemical vapor deposition (MOCVD) and atomic layer
deposition (ALD) using the bimetallic alkoxide precursors [PrAl(Q#RrOH)], and [NdAI(OPe(Pr-
OH)].. Auger electron spectroscopy showed that all the films were high purity, with no carbon detectable
(est. detection limitz 0.5 at %). X-ray diffraction showed that the PrAl@nd NdAIQ, films remained
amorphous up to temperatures of 9. Films grown by ALD were all Pr- or Nd-deficient (Pr/Ak
0.54-0.71; Nd/Al= 0.30-0.42), but near-stoichiometric films of PrAJ@Pr/Al = 0.76) and NdAIQ
(Nd/Al = 0.87) were obtained by MOCVD at deposition temperatures of 500 and@5@spectively.

The electrical properties of the films were assessed u€iny and |-V on MOS capacitors. Post-
metalization annealing (PMA) in forming gas was effective in reducing charge levels in all films. Following
PMA, the dielectric properties of NdAlQOwere superior to those of PrAJOMOSCs fabricated with
NdAILOy (Nd/Al = 0.87) and PrAIQ(Pr/Al = 0.76) showed leakage current densities belows7 B)1°
Acm2(k ~ 14) and 1x 108 A cm2 (x ~ 12), respectively.

Introduction Although ZrG,, HfO, and their associated silicates and

_ o o _ _ aluminates have been the most intensively investigatedsigh-
The rapid shrinking, or scaling, in the dimensions of the materials? there has been much recent interest in the

field effect transistor (FET) in complementary metal-oxide |anthanide oxide&The oxides MOs (M = La, Pr, Gd, Nd)
semiconductor (CMOS) technology has also forced the are good insulators because of their large band gaps (3.9 eV
channel length and gate dielectric thickness to decreasefor pr,0,, 5.6 eV for GdOs). They also have high dielectric
rapidly! As the dimensions of the Si®ayer approach23 constants (NgDs k = 12.64, LaOs k = 30, PpOs k = 26—

nm, direct electron tunneling and high leakage currents 30), high symmetrical band offsets relative to Sil(eV for
present serious obstacles to future device reliatilithe Pr0s) and good thermodynamic stability on silicon, making
use of materials with a higher dielectric constant than;SiO them attractive candidates for highcMOS and DRAM

(x = 3.9) allows an equivalent capacitance to be achieved gpplications.

in a physically thicker insulating layer, which should provide  However, the binary lanthanide oxides suffer from various
reduced leakage currents. There has thus been much recerfrawbacks in their material properties, which have hindered
research aimed at replacing the conventional ;Sifate  their application in microelectronics. For instance;Qais
dielectric material with alternative highdielectric oxides Chemica”y unstable, read”y Converting toZ(-@Q%)S during

or silicates*® There has also been a corresponding effort to growth or upon storage or annealifig,and is easily

utilize high+« oxides as capacitor layers in next-generation converted to La(OH)on reaction with ambient watéf They

DRAM technologies' also undergo an amorphous to polycrystalline transition at
moderate temperatures (c400—-450 °C for G&O3z° and
* Corresponding author. E-mail: hca@liv.ac.uk (H.C.A.). Nd,O5%0). This can lead to a large increase in leakage current
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and the growth of a low- SiO, interfacial layer during
CMOS processing, which involves a high-temperature
(>800°C) annealing step.

The lanthanide aluminates, MAKOM = La, Pr, Gd, Nd,
etc.), are promising higk-materials, as they combine the
advantages of the high permittivity of the lanthanide oxide-
with the chemical and thermal stability of A)s;. Further-
more, they remain amorphous up to high temperatures (eg.
LaAlO, remains amorphous up to 83C), leading to a
large reduction in leakage current relative to polycrystalline
M,0; films and to inhibition of the growth of a SiO
interfacial layer during CMOS processing.

There are very few reports on the deposition of NdAIO
and PrAlQ by either PVD or CVD techniques. NdAlGhin
films have been deposited by pulsed laser depostfion,
e-beam evaporatiot, sol-gel depositiort? and ALD}®
whereas nanometer-sized NdAI@ystals have been grown
in an amorphous AD; matrix by MOCVD using the
heterometal alkoxide [NGAI(OPr)4} 3(PFOH)].2¢ The analo-
gous Pr/Al heterometal alkoxide has also been used in
MOCVD to deposit PrAIQ nanocrystals in an AO;
matrix,'® and the ALD of PrAlQ has recently been re-
ported?”

The ALD of NdAIO, was achieved using [Nd(thg)(thd
2,2,6,6-tetramethylheptane-3,5-dionato), [Al{leand
ozone or HO.*®> The NdAIQ, films deposited at 300C were
amorphous, but crystallized during annealing in nitrogen or
oxygen at 856-900 °C. [Pr(amd}] (amd = N,N-diisopro-
pylacetamidinato), [AIMg], and HO have been used for the
ALD of PrAlO,.r” A film with the stoichiometry PrrisAl g g:0s
had a permittivity of 18, and all annealed films demonstrated
low leakage currents~1.1 x 1074 A cm™?).

The use of these precursors in ALD requires careful control
of the alternating La, Al, and ¥ precursor pulses to deposit
the LaAIQ films, and the hazardous pyrophoric precursor
[AIMe 3] is required as the Al source. A simpler approach is
to utilize “single-source” precursors containing the lanthanide
and Al atoms in the required 1:1 stoichiometry.

“Single-source” precursors have seldom been used for the
ALD of multicomponent oxides, although the ALD of
SrTa0s by ALD using [S{Ta(OEt)(dmae},] (dmae =
2-dimethylaminoethanolate) has been demonstrdt&de
have recently reported the liquid injection ALDand
MOCVD19 of LaAlOy using [LaAl(OPi)s(PFOH)],. The
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stoichiometry of the MOCVD-grown films showed a marked
dependence on growth temperature, becoming La deficient
at high growth temperaturés!®probably because of thermal
decomposition of the precursor. The ALD-grown LaAlO
films were all La-deficient with La/Al ratios varying from
0.50 to 0.621' An ALD-grown film with a La/Al ratio of
0.54 showed good dielectric propertieS—<V) with a low
shift in the flatband voltageMgs) and a permittivityx of
~13. An ALD-grown LaAlQ film (La/Al = 0.54) had a
leakage current density of ¥ 108 A cm™2, whereas an
MOCVD-grown film (La/Al = 2.5) had a leakage current
density of 2x 1077 A cm 211

We now report an extension of these studies, and we
describe the use of [LnAI(OBg(PFOH)], (Ln = Pr, Nd)
for the growth of PrAIQ and NdAIQ, by liquid injection
ALD and MOCVD.

Experimental Section

All manipulations were carried out under an atmosphere of dry
nitrogen using standard Schlenk line or dry box techniques.
Anhydrous NdC{ and PrC} were prepared by dehydration of the
hydrated chlorides in the presence of M followed by removal
of NH4CI by sublimation. [AI(OP)3] was obtained from Aldrich
Chemical Co.

Auger electron spectroscopy (AES) was carried out on a Varian
scanning Auger spectrometer. The atomic compositions quoted are
from the bulk of the film (typically 76-80 nm depth), free from
surface contamination, and were obtained by combining AES with
sequential argon ion bombardment until comparable compositions
were obtained for consecutive data points. Compositions were based
on LnOs (Ln = Pr, Nd) and A}Os powder reference materials.

Thermogravimetric analysis (TGA) was carried out on a Shi-
madzu TG-51A thermogravimetric analyzer using a heating rate
of 10 °C/min. The masses of [LnAl(ORg(PFOH)], samples used
in the TGA were 41.7 mg (L Nd) and 33.8 mg (L= Pr) The
carrier gas was nitrogen and the TGA apparatus was housed in a
N -filled glove box, so that the analysis was carried out under fully
anaerobic conditions.

Precursor SynthesisThe [LnAI(OP#Hg(PfOH)], (Ln = Pr, Nd)
complexes were synthesized in an analogous manner to that
described for [LaAl(OP)g(PrOH)],.11

[PrAI(OPri)¢(PriOH)],. Anhydrous Pr(d (7.822 g, 0.032 mol)
was sonicated fol h with dry propan-2-ol (40 c8 in toluene
(200 cn?). To the PrC#3PIOH suspension was added Al®);
(6.461 g, 0.032 mol) and K metal (3.710, 0.095 mol)-&0 °C.

The mixture was then refluxed for 48 h. The solution was separated
from the precipitated KCI by filtration and volatiles were removed
in vacuo. The crude product was recrystallized from a pentane to
give a pale green crystals (9.110 g, 49.4%). Elemental anal. Calcd
for CaHi100Al014PR: C, 43.30; H, 8.65; Al, 4.63; Pr, 24.19.
Found: C, 42.85; H, 8.32; Al, 4.80; Pr, 23.99.

[NdAI(OPY)s(PriOH)],. [NdAI(OPr)e(PrOH)], was synthesized
as above from anhydrous NdG9.178 g, 0.037 mol), Al(PD);
(7.481 g, 0.037 mol), and K metal (4.296, 0.110 mol). The crude
product was recrystallized from a pentane to give pale lilac crystals
(10.677 g, 49.8%). Elemental anal. Calcd fapldigoAl 2014Ndy:

C, 43.05; H, 8.60; Al, 4.61; Nd, 24.62. Found: C, 42.82; H, 7.90;
Al, 4.68; Nd, 25.01.

(19) Manning, T. D.; Loo, Y. F.; Jones, A. C.; Aspinall, H. C.; Chalker, P.
R.; Bickley, J. F.; Smith, L. M.; Critchlow, G. WJ. Mater. Chem.
2005 15, 3384.
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Table 1. Growth Conditions Used for the Deposition of PrAIQ and 100 -
NdAIO by Liquid Injection MOCVD using [LnAI(OPr 7)g(PriOH)],
(Ln = Pr or Nd) 90 1 — weight loss (Pr)
PrAIOx NdAIO, 80 - == weight loss (Nd)
substrate temperaturéQ) 250-600 (Si 100)  306-600 (Si 100) 70 -
evaporator temperaturé®) 200 200
pressure (mbar) 5 5 n 60 1
injection rate (crih™?) 30 30 @ 50 4
solvent toluene toluene Eo
concentration (M) 0.05 0.05 40 4
argon flow (cn¥min=?1) 200 200
oxygen flow (cn¥min1) 100 100 30 4
run time (min) 10 10 20 -
Table 2. Growth Conditions Used for the Deposition of PrAlQ, and 10 -
NdAIO by Liquid Injection ALD using [LnAI(OPr ")g(Pr'OH)]»
(Ln = Pr or Nd) 0 T T T T 1
PrAlO NdAIOy 150 200 250 300 350 400
substrate temperaturéQ) 180-350 180-350 Temperature/°C
evaporator temperaturéd) 175 175 Figure 1. Thermogravimetric analysis of [PrAl(OR(PrOH)], and [[NdAI-
pressure (mbar) 5 5 (OPR)(POH)]»
injection rate gL/pulse) 2.5 (4 pulses/cycle) 2.5 (4 pulses/cycle) ’
solvent toluene toluene 3
concentration (M) 0.05 0.05
argon flow (cn¥min=1) 200 200 .
pulse sequence (precursor/ 2/2/0.5/3.5 2/2/0.5/3.5 '
purge/water/purge)
no. of cycles 400 400 2

MOCVD and ALD. Liquid injection MOCVD and ALD
experiments were carried out on an Aixtron AIX 200FE AVD
reactor fitted with the “Trijet” liquid injector syste®®.During the
MOCVD experiments, oxygen was introduced at the inlet of the
reactor. For the ALD experiments, the oxidant was replace by water
vapor, which was controlled by a pneumatic valve. The substrate 0

Growth Rate (pm/hr)
-
- w

o
n

was rotated throughout all experiments. Films of praseodymium 200 250 300 350 400 450 500 550 600 650
aluminate and neodymium aluminate were deposited on Si (100) Temperature (°C)
substrates using a 0.05 M solution of either [PrAREs(PFOH)], Figure 2. Variation of growth rate with substrate temperature for LnAIO

or [NdAl(O'Pr)g(PI‘OH)]z in toluene. Full MOCVD and ALD films grown by |IqU|d injection MOCVD using [NdAl(OFﬁ'@(P[’OH)]z (’)

growth conditions can be found in Tables 1 and 2 . and [PrAI(OPYe(PrOH)] ().

Growth rates were calculated from the weight gained by the at moderate temperatures. Thermogravimetric analysis (TGA)
substrate during the growth run. Film thicknesses were calculated P : g Y

by assuming the film has the same density as La&8%7 g cn3). data for [I_DrAl(OPIDG(Pr{OH)]Z and [NdAI(OPh(PrOH)]; are

Electrical AssessmentTo assess electronic properties of the ShOwn Figure 1. The data show that [PrAI(QRPrOH)],
gate dielectric, we fabricated MOS capacitors (MOSCs) by thermal €vaporates in the temperature range 2880 °C and that
evaporation of aluminum gates through a shadow mask with an [NdAI(OPr')s(PrOH)], is slightly more volatile, evaporating
effective area of 4.9x 1074 cn?. High-frequency capacitance- at 180-350°C. Both complexes leave relatively little residue
voltage (HFCV) measurements were conducted using a HP4192(~2.5%). Shoulders in the TGA curve at 26250 (Pr) and
impedance analyzer with a 30 mV rms probe signal. Measurements180—220 °C (Nd) can be attributed to loss of the weakly
were performed in parallel mode from a strong inversion toward a coordinating POH ligand from the complexes. (Theoretical
strong accumulation (vice versa), with a sweep rate of 0.01 V/s, at weight loss for loss of FOH from [NdAI(OP)s(PFOH)];
various frequencies (1 kHz to 1 MHz). The measured capacitance _ 10.26% and from [PrAI(OPk(PFOH)], = 10.32%.)
was also corrected for series resistance effect and leaky oxides _.

Figure 2 shows the effect of growth temperature on the

following the methodology presented elsewh&r€urrent-voltage L
measurements|{V) were performed using a Keithley K230 growth rate for both PrAiQand NdAIQ, by liquid injection

programmable voltage source and 617 type electrometer. The filmsMOCVD.
were then subsequently post-metalization annealed (PMA) in  The growth rate of PrAlQby MOCVD increases in the
forming gas (10% hydrogen and 90% nitrogen mixture gases) at temperature range of 25@150 °C. This corresponds to the
380°C for 15 min, and the effect of PMA on electronic properties region of kinetic control in which the film growth is
was investigated. dominated by thermal decomposition of the precursor onto
the substrate. The oxide growth rate reaches a maximum at
Results and Discussion 450°C before decreasing rapidly because of thermal deple-

For successful use in MOCVD and ALD, it is important tion of the precursor in the gas phase and on the reactor.

that the precursor evaporates cleanly, without decomposition 1 1€ growth curve of NdAIQ@by MOCVD is very similar
to that of PrAlIQ, showing a region of kinetic control

(20) Potter, R. J.; Chalker, P. R.; Manning, T. D.; Aspinall, H. C.; Loo, Y.
F.; Jones, A. C.; Smith, L. M.; Critchlow, G. W.; Schumacher, M.  (21) Kwa, K. S. K.; Chattopadhyay, S.; Jankovic, N. D.; Olsen, S. H,;
Chem. Vap. DepositioA005 11, 159. Driscoll, L. S.; O’Neill, A. G. Semicond. Sci. Techn@d003 18, 82.
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Figure 3. Variation of growth rate with substrate temperature for LnAIO  NdAIO films grown by liquid injection ALD using [NdAI(OP)s(PFOH)],.
films grown by liquid injection ALD using [NdAI(OP)s(PrOH)]. (®) and

[PrAl(OPr)s(PFOH)], (m). Table 3. Auger Electron Spectroscopy Data Showing the
Composition (at %) of PrAlO « Films Deposited by Liquid Injection
120 4 MOCVD and ALD Using [PrAl(OPr )s(PriOH)] 2
R T technique sample Pr Al (0] Pr/Al

—
o
o

250 MOCVD 880 21.2 12.5 66.3 1.70
300 MOCVD 875 24.6 111 64.4 2.22
350 MOCVD 874 231 13.2 63.8 1.75
450 MOCVD 877 20.3 10.4 69.3 1.95
500 MOCVD 878 22.7 29.9 47.3 0.76

@
o

. 180 ALD 883 15 26.8 58.2 0.56
40 250 ALD 884 12.3 17.3 70.4 0.71
300 ALD 885 14.5 25.2 60.4 0.58

Film Thickness (nm)
o
o

Table 4. Auger Electron Spectroscopy Data Showing the
Composition (at %) of NdAIO Films Deposited by Liquid Injection
MOCVD and ALD Using [NdAI(OPr ")¢(Pr'OH)] 2

N
o

0 100 200 300 400 500 600 T technique sample Nd Al (0] Nd/Al

No. of Cycles 300  MOCVD 910 161 144 695 = 1.12

Figure 4. Variation of film thickness with number of ALD cycles for 350 MOCVD 909 29.3 135 57.2 2.17
PrAlOy films grown by liquid injection ALD using [PrAI(OP)s(PfOH)].. 400 MOCVD 908 25.1 18.7 56.2 1.34
450 MOCVD 911 201 232 567 0.87

; 500 MOCVD 912 16 295 545 0.54

between 1_300 and 450C, a maximum at 4509, a_md a 180 ALD 916 103 345 553 030
decrease in growth rate due to thermal depletion in the gas 250 ALD 917 99 318 583 0.31
phase between 450 and 600. The maximum growth rate 350  ALD 919 129 307 56.4 0.42

of NdAIOy is approximately 60% greater than that of PralO

(2.56um/h compared to 1.8m/h), consistent with the higher  decreases over the temperature range—B%D °C, which
volatility of the [NdAI(OPf)g(PrOH)], precursor as indicated  can also be ascribed to desorption from the substrate surface.
by TGA. In turn, the maximum growth rates of these two This shows that the precursor is thermally stable up to
materials are greater than of the previously reported MOCVD 350 °C. The growth of NdAIQ by ALD was not self-

of LaAlOy at 450°C from the analogous precursor [LaAl-  limiting, with the growth rate increasing with injected volume
(OPr)(PrOH)]2 (0.924 um/h)!* The trend of increasing  of precursor/cycle. This is consistent with the lack of self-
growth rate across the lanthanide series is most likely duelimiting ALD previously observed for [La(Al(OPy(Pr-

to the extra volatility associated with the decreasing size of OH)],!! and can be attributed to precursor decomposition
the lanthanide metal. The temperature for the onset of growthvia 8-hydride elimination from the [OArligand !* or to the
increases across the series, indicating an increase in thermgbresence of trace residual water inside the modified MOCVD
stability as the size of the lanthanide decreases. reactor which had not been fully removed during the purge

Figure 3 shows the effect of growth temperature on the step. No growth was seen with either precursor at ZDth
growth rate for both PrAlQand NdAIQ by liquid injection the absence of water. The growth rate of both PrAd@d
ALD. The growth rates have been normalized with respect NdAIO, had a linear relationship with the number of ALD
to moles of injected precursor to allow a direct comparison cycles showing that the deposition of both materials was
between the growth curves of each material. highly controllable, as shown in Figure 4 and 5 .

The growth rate of PrAIQby ALD remains relatively The atomic compositions of the PrAl@nd NdAIQ, films
consistent over the temperature range-1800 °C (~0.23 were determined by Auger electron spectroscopy (AES) and
nm/cycle). The growth rate decreases at 36because of  the data are shown in Tables 3 and 4. All the films are of a
desorption from the substrate surface. This indicates that thehigh purity, with carbon not detected at an estimated
precursor is thermally stable up to 350. The growth rate  detection limit of 0.5 at %. The AES data show that the
of NdAIO, by ALD is higher than that seen for the ALD of  PrAIlO, and NdAIQ, films grown by ALD are all lanthanide-
PrAIO, over the same temperature range, with a maximum deficient. The Pr/Al ratio varies from 0.56 to 0.71, whereas
of 0.52 nm/cycle at 180°C. The growth rate steadily the Nd/Al ratio varies from 0.30 to 0.42. A similar
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Figure 6. X-ray diffraction data for a NdAIQfilm (Nd/Al = 1.34) grown by MOCVD at 400C and then annealed in air at 700 and 9@0

compositional effect was observed in LaAlfdms deposited
by liquid injection ALD'" in which La/Al ratios of 0.50 to
0.61 were observed. The reason for the lanthanide deficiency |
is not known, but at the relatively low growth temperatures |
used in ALD (180-350 °C), it is unlikely to be due to
thermal decomposition of the precursor. It is more likely that
the lanthanide deficiency is intrinsic to the deposition process
itself, and detailed mechanistic studies would be required
fully to elucidate this. In the NdAIQ films grown by
MOCVD, the Nd/Al ratio shows a marked variation with
deposition temperature. The NdAlims grown at 300 and
450 °C are closest to the target 1:1:3 stoichiometry of
NdAIOs. The films grown between these two temperatures
are neodymiume-rich, whereas the films grown at substrate
temperatures over 45 are aluminum rich. The composi-
tion data are similar to those seen previously with LaAIO
films grown by MOCVD?!! The trends seen may be due to
thermal decomposition of the precursor in the gas phase,
leading to partial separation of the Nd and Al components
and predeposition of involatile Nd-oxide. Figure 7. Scanning electron micrograph of a NdAI@®Im annealed at
The PrAIQ films grown by MOCVD do not follow such ~ °00°C in air for 15 min.
a pattern. All films grown below 500C are praseodymium  proad background feature devoid of any crystalline diffraction
rich, with an almost consistent Pr/Al ratio of 2:1. This is features (except for a peak at°38rising from the (200)

most likely due to the presence of both thé*Pand Pf* reflection from the Si(100) substrate). Even after subsequent
oxidation states in the deposited materials, & Brreadily annealing at 900°C, both films showed an amorphous
oxidized to Pt*. structure. Scanning electron microscopy (SEM) was also

To reduce leakage currents and inhibit the formation of a carried out on the PrAlQand NdAIQ, films. The as-grown
low-k interfacial layer during CMOS processing, it is films showed a featureless morphology. The PrAi€@ained
desirable for the dielectric film to remain amorphous up to a featureless morphology after annealing at 9Q0in air
relatively high temperature. To investigate this, we annealed for 15 min, but on annealing under the same conditions the
samples of PrAlQand NdAIQ, films grown by MOCVD at NdAIO film developed a uniformly spotted microstructure
500 and 400, respectively, in air over the temperature range with a feature size of~0.1 um (see Figure 7). Energy-
700-900 °C. The X-ray diffraction data of the as-grown dispersive X-ray analysis of these features showed no
samples (see data for NdAIGn Figure 6) exhibit only a  significant change in composition from the as-grown NdAIO
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Figure 8. Medium energy ion scattering spectrum of a Praflim as grown at 350°C and after annealing at 9GC in dry air for 15 min.

1.2

film. However all ALD films showed no micromorphology
when observed in the SEM. This is due to the thin nature of
the films.

Medium energy ion scattering (MEIS) has been used to
investigate the effect of annealing on the composition and
crystallinity of samples of the PrAlQand NdAIQ films.
lon scattering experiments were carried out using the
Daresbury MEIS facility. A 200 keV Heion beam was
employed with a current of up to 200 nA and a dose per
data set of 1Q«C. The angle and energy of the scattered
ions were determined using a toroidal electrostatic energy
analyzer with position-sensitive detector. This allows the I ! |
simultaneous collection of ions from a2énge of scattering £ 4 2 0 2 4 6
angles and with a range of energies equal to 2% of the pass

- - Voltage (V)
energy. The samples were aligned to the ion beam along _ _ _
the [100] channeling direction of the silicon substrate and g'é"r‘]rrfl)ga e“é%;’}lggzﬁs E';u(i:g/ iﬁ?gclgir?tlv}o'wcl-\l/zofot: eﬁgﬁ?;;"ds gguecrkgﬁﬂs: 0
the electrostatic energy analyzer was positioned to recordsorming gas.
data along the [111] blocking direction.

The mass of the rare earth element (Pr or Nd) within each is consistent with the X-ray diffraction observations described
of the films is sufficiently greater than the other constituent above. The resistance of the PrAlfdms to crystallization
elements to enable only the rare earth elemental depthis anticipated because of the relatively high content of glassy
distribution to be profiled without interference using the forming elements such as aluminum and silicon after
scattering geometry described above. Figure 8 shows theannealing. The effect of incorporating these elements within
scattered ion energy distribution from a PrAlfdm depos- the dielectric layer are clearly to suppress the electrical
ited by ALD at 350°C. The scattered Heions undergo permittivity, which is discussed below. Similar trends were
inelastic scattering processes as a function of depth belowobserved for the NdAIQthin films; however, annealing
the sample surface. Consequently, the energy distributionabove 900°C was accompanied by loss of rare earth atom
gives an effective depth profile of the target atoms. In this intensity, which can only be interpreted by evaporation of a
case, a depth profile of the rare earth atoms is obtained thatvolatile neodymium species from the film surface within the
indicates the effective thickness of the rare earth aluminateannealing furnace.
thin film. The thickness of the as-deposited layer in Figure  To investigate the dielectric behavior of the Praldms,

6 is estimated to be 7 nm. After annealing at 9@0for 15 we tested Al/PrAIQn-type Si(100) MOS capacitor (MOSC)
min in dry air the praseodymium distribution reduces in structures. Figure 9 shows a comparison of as-grown and
intensity but broadens in thickness. This is indicative of some post-metalization annealed (PMA) capacitaneeltage
interdiffusion with the silicon substrate, and the same trend (C—V) characteristics of the MOSCs. The samples were
is evident from the broadened aluminum distribution that deposited by liquid injection MOCVD at 50T, with a Pr/
occurs at lower scattering energies. Any crystallization of Al ratio of 0.76, yielding a physical thickness of 95 nm. The
the layer would usually be accompanied by the formation C—V curves prior to PMA exhibited a significant hysteresis
of an intense surface blocking feature because of registration(~2.66 V) in an anticlockwise direction, indicating significant
of the Pr atoms within an ordered phase. No evidence of positive charge trapping. Despite this, tBeV curves did
this is seen, even after annealing at above 1@0which show a steep transition from accumulation to inversion,
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Figure 11. Current density versus electric field for the PrAlfims.
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Figure 13. Normalized HFCV curves at 1 MHz for NdAlGilms (thickness

L . . . 109 nm) deposited by liquid injection ALD before and after PMA in forming
indicative of a low interface state density. After PMA, the gas.

hysteresis was reduced to a low leveD(04 V), but interface " d flatband volt f both s th
states may have been created as evidenced by a stretch oﬁqe tex racr:e a a;_ \t/r? a%}a (?[_ 0 | StheqSI,S "T’h

of theC—V curves. The relative permittivity calculated from electron charge, ané 1S Ine etiective electrode area. The
the accumulation capacitance wad2, assumig a 1 nm p03|t|ye oxide tragped 2charge in the as-grown samples
interlayer. In Figure 10, normalize@—V curves for the (density of 1x 10 cm %) was reduced in both cases to

liquid injected ALD PrAIQ, films with a Pr/Al ratio of 0.71 ~ negative 4x 10cm™ the currentvoltage characteristics
are shown. A significant anticlockwise hysteresis (30 V) of both as-grown films are depicted in Figure 11. The current

i 1 6 —2
was again observed in the as-grown sample. The relativedenSIty at1mvcmiwas 1x 107> A cm™= for the MOCVD

. ; . L, )
permittivity obtained from the accumulation capacitance was film dropping to 2x 1077 A cm for the ALD film. These_
~14 (assumig a 1 nminterlayer). After a subsequent PMA valugs 7were an order of mag’?'t“de h|gh'er than previous
in forming gas, the resulting capacitance data of these films StUd'ei blft aregfﬁgfgaﬂlimg (2)3'[!;6er hd|g|f_|1]fj|ell(<)a§tr|cs
indicated a reduction in dielectric constant te7. The (e.g., Pr-silicates; x 2220 and HIG®).

. ; ; Normalized high-frequencg—V characteristics for NdAI-
reduction in the measured capacitance and hysteresis after ; ; .
PMA may be due to a removal of some trapped hydroxyls Oy, deposited by MOCVD with an Nd/Al ratio of 0.87, were

(OH)™ in the dielectrics, which are reported to cause increases _ _
in the diel . | f . d (22) Lupina, G.; Schroeder, T.; Dabrowski, J.; Ch, W.; Mane, A. U.;
In the : e eCtrlC. Cons.ta.nt at lower requencies al-'] can act as Mussig, H. J.; Hoffmann, P.; Schmeisser,.DAppl. Phys2006 99,
potential trapping site¥. The as-grown PrAlQfilms re- ( )114109. A A
; ; ; 23) Kim, S.-H.; Rhee, S.-WChem. Vap. Depositio006 12, 125.

spondgd well to the fc_)rmmg gas treatment. It is evident t_hat (24) Niinists 3. Putkonen, M. NinistoL. Stoll, S. L.. Kukii K.:
both films also react in a similar manner, thereby reducing Sajavaara, T.; Ritala, M.; Leskeldl. J. Mater. Chem2005 15, 2271.
the hysteresis to a negligible level. The fixed oxide trap (25) Van Elshocht, S.; Lehnen, P.; Seitzinger, B.; Abrutis, A.; Adelmann,

y . 99 . P C.; Brijs, B.; Caymax, M.; Conard, T.; De Gendt, S.; Franquet, A.;
charge densityNor), assumed to be located near the oxide- Lohe, C.; Lukosius, M.; Moussa, A.; Richard, O.; Williams, P.; Witters,
semiconductor interface, can be evaluated considering that Télglmmerman. T. P.; Heyns, M. Electrochem. Soc2006 153

NO‘_ = (Cace X AVFB)/(qA_)' where Cace is_the_accumUIation (26) Lu, Y.; Buiu, O.; Hall, S.; Hurley, K. PMicroelectron. Reliab2005
oxide capacitance) Vs is the hysteresis width taken from 45, 965.
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Figure 14. Current density versus electric field for the NdAI@Ims.

depicted in Figure 12. Prior to PMA, the measui@dV
curves possessed a small hysteresi®.{5 V) in the
counterclockwise direction. However, the film possessed
large interface states evidenced by stretch out ofGhe&/
curves. The relative permittivity prior to PMA was14
(assumig a 1 nminterlayer). After PMA,x ~ 16 and the

oxide trapped charge associated with the hysteresis voltage

was below 1x 10*° cm2, Figure 13 shows the normalized
high-frequencyC—V characteristics of NdAIQfilm (thick-
ness 109 nm) deposited by liquid injection ALD with a Nd/
Al ratio of 0.42, before and after annealing treatment.
Excellent electrical characteristics were obtained after an-

nealing treatment, as seen by the low hysteresis, near-idea

flatband voltage{0.58V), and a low interface state density.
A positively directed flatband voltage shift was observed in
this figure, which corresponds to a reduction of fixed positive
charges in the oxide layer. Therefore, the PMA reduces both
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(k ~ 12.6) in this ALD film (see Table 4). Currenwvoltage
(J—Eoy) results (Figure 14) showed that the leakage current
density at 1 mV cm! was 7.5x 1071 A cm2for the ALD-
grown film and dropped to 2x 1071° A cm™2 for the
MOCVD-grown film. These leakage currents are more than
1 order of magnitude lower than those obtained for the
PrAlOy (above) and other high-previously reportedf-t
including a recent study on dysprosium scandatéhe
reduction in current density with increasing electric field for
Eox > 0.3 mV cmtis indicative of some electron trapping
in the MOCVD-grown films and remains to be investigated
further.

Conclusions

Praseodymium aluminate (PrAl0and neodymium alu-
minate (NdAIQ) thin films have been deposited by liquid
injection MOCVD over the temperature range 25800°C
and by liquid injection ALD over the temperature range
180-300 °C. The films were high purity with no carbon
detected by AES (est. detection limrit 0.5 at %). The
PrAlO, and NdAIQ, films remained amorphous during
annealing up to 90C°C; however, medium energy ion
scattering data indicates that the Pral&hd NdAIQ, films
interact at 900°C with the Si substrate. The dielectric
properties of the NdAIQfilms were superior to those of
PrAlO,. C—V andl—V data showed that post-metalized films
of NdAIO, had a permittivity £) of ~14 and leakage current

ensities below 7.5 1071° A cm~2, whereas the PrAlQ
ilms had ax value of ~12 with a leakage current density
of 1 x 108 Acm=2,
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