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ABSTRACT. An atomic layer deposition (ALD) process is reported for the growth of nanoscale
PrAlO;s thin films for two-dimensional electronics and memory device applications using
tris(isopropylcyclopentadienyl)praseodymium (Pr(CsH4iPr)3), trimethylaluminum (AlMes), and
water. Pr(CsH4iPr); was first evaluated as a precursor for the formation of thin films of the binary
oxide Pr,O3 using water as the co-reactant. Self-limited growth of Pr,O3 was demonstrated for
pulse lengths of >3 s, with a growth rate of ~0.85 A/cycle. The ALD growth of PrAlOs films was
examined on Si, thermal SiO,, and (001)-oriented SrTiO3 substrates. Self-limited growth was
demonstrated for Pr(CsHaiPr)s, AlMes, and water at 300 °C using a 1:1 ratio of the number of
Pr(CsHa4iPr); and AlMe; pulses. An ALD window was observed from 275 to 325 °C with a growth
rate of ~1.7 A/cycle. The as-deposited PrAlOs films on all substrates were amorphous, had smooth
surfaces, and contained <0.5% carbon, as analyzed by grazing incidence wide-angle X-ray
scattering, X-ray reflectivity, and X-ray photoelectron spectroscopy, respectively. Films grown
with a 1:1 ratio of Pr(CsHaiPr); and AIMes pulses were aluminum-rich (Pr:Al ~1:1.2-1.4). Heating
PrAlOs layers deposited on SrTiOs to 800 °C for 3 h resulted in fully crystallized PrAlO; films.
The crystallized PrAlOs films were highly (001)-oriented. The PrAlO; O0OL and SrTiOs OOL
reflections appeared on the same rod of reciprocal space, further indicating that the amorphous
PrAlO; film transforms into an epitaxial layer. The rocking curve width of the PrAlO; (001)
reflection was 7°. By contrast, PrAlOs films deposited on Si substrates with native oxide remained
amorphous after annealing at 1000 °C for 8 h. The difference in the crystallization between PrAlO3
layers deposited on crystalline SrTiO3 and amorphous native SiO» substrates indicates that PrA1O;
on SrTiOs crystallized by solid phase epitaxy, in which the nucleation and orientation of the

crystallized layer are set by the atomic configuration at the substrate-film interface.



INTRODUCTION

Binary early lanthanide oxides and ternary analogs containing aluminum and other metals
are of significant interest for applications as future high-dielectric-constant materials in transistors
and memory devices.!”” Ternary oxides such as LaAlOs, PrAlOs, and NdA1Os deposited on SrTiOs
substrates are also important because of their interfacial two-dimensional electron gas properties.®
14 Use of lanthanide oxides in practical applications requires their controlled growth as thin films,
which has largely been accomplished to date using methods that allow the creation of planar two-
dimensional thin films, but which are in fact also limited to these geometries. The development of
novel deposition and crystallization methods has the potential to expand the scope of electronic
applications of lanthanide aluminate materials by increasing the range of available substrates
beyond those available with deposition techniques such as pulsed-laser deposition, molecular
beam epitaxy, metalorganic chemical vapor deposition, and others.!>!7 Additional applications
will arise if lanthanide aluminates can be crystallized in three-dimensional geometries beyond

planar thin films.8

The lanthanide aluminates are significantly more stable chemically than the lanthanide
oxides. Early lanthanide oxides react with water to form lanthanide hydroxide phases and ambient
COz to form carbonates.'!*?! These reactions create problems for applications of early lanthanide
oxide films, since water and CO» can complicate depositions and the resulting films are unstable
in air. However, incorporation of aluminum oxides stabilizes the resulting LnAlO; (Ln =
lanthanide) phases against reaction with water and CO;, since the alumina-based layers are inert

to reaction with water."?!



Among the wide range of thin film growth techniques, atomic layer deposition (ALD) has
the unique ability to deposit films with Angstrom-level thickness control and perfect conformality
in high aspect ratio nanoscale features because of its self-limited growth mechanism.??>?> An ALD
process for Pr.Os; has been reported using tris(bis(trimethylsilylamido)praseodymium and
water.%?” This process was not self-limiting in tris(bis(trimethylsilylamido)praseodymium, and
the films were contaminated with Si, C, and H impurities. Another ALD process for Pr.O3 used
tris(NV,N -diisopropylacetaminidato)praseodymium and water, but did not afford self-limited
growth behavior, apparently because of reaction of the Pr.O3 layer with additional water to form
hydroxides.! When tris(tetramethyl-3,5-heptanedionato)praseodymium was used, ozone was
required as the co-reactant due to the low reactivity of the B-diketonate ligands with water.?%3% X-
ray diffraction showed that the film was composed of the Pr(IV)-containing phases PrsO11 and
PrO,, which arise from the strong oxidizing nature of ozone.>* Moreover, the ALD PrOx films
showed large thickness gradients along the gas flow direction and very rough surfaces.*® A process
employing tris(ethylcyclopentadienyl)praseodymium (Pr(CsH4Et);) and water afforded self-
limited growth in both precursors at 130 °C, and gave a growth rate of 0.7 A/cycle. The resulting
Pr,0Os films grown on Si had a randomly oriented polycrystalline microstructure.’! Growth of
Pr,03 films was achieved with Pr(iPrCsHas)>(iPrNC(Me)NiPr) and water, with a growth rate of
~1.05 A/cycle at 200 °C.3? However, the growth rate increased with increasing pulse length at 200
°C, which was attributed to the hygroscopic nature of ProO3. The thermogravimetric analysis
(TGA) of Pr(CsH4iPr); indicated that it is more volatile than Pr(CsHsEt); and PrCps.** The ALD
growth of Pr.O3; was reported using Pr(CsHaiPr); and ozone at 200 to 250 °C.3* The growth rate
was 0.4 A/cycle between 200 and 250 °C.>* Recently, volatile lanthanide complexes containing
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N,N-dimethylaminodiboranate ligands, donor functionalized alkoxide ligands,*® and



guanidinate ligands®’ have been reported and several were used to deposit selected lanthanide
oxides by ALD. However, the deposition of PrOx films from any of these precursors has not been

reported.

LnAlO; (Ln = La, Pr) films have been grown by ALD using a lanthanide precursor, an Al
precursor, and an oxidant.!?!*%-3% La precursors for LaAlO; have included La amidinates and
formamidinates, La((NSiMes)2)3, La(thd)s, and La(iPrCsHs);. Each of these precursors has
limitations, including lack of self-limited growth, impurity incorporation, and variable reactivity
toward water. Al precursors were either AlMes or Al(thd)s. Processes employing AlMes used water
as the co-reactant, whereas B-diketonate precursors required ozone. PrAlOs films have been grown
by ALD using Pr(iPrNCMeNiPr);, AlMes, and water.'?! Because of the lack of self-limited growth

in the La or Pr precursors, it is difficult to control the Ln:Al ratio and most films were Al rich.

The exploration of solid phase epitaxy (SPE) of PrAlO; and other LnAlO; films grown by
ALD on single-crystal SrTiO3 substrates facilitates the discovery of potentially valuable electronic
properties, including the 2-dimensional electron gas properties of the resulting heterostructures.
SPE requires growth of amorphous films on a crystalline substrate that serves as the nucleation
site for the crystallization process. The film crystallization occurs in a second, separate step,
following the deposition of the amorphous layer.’! The low temperatures at which ALD is typically
achieved promotes the formation of amorphous LnAlO3 films and make it favorable for the
development of SPE processes. However, the lack of self-limited growth in the Ln precursor
creates potential issues with controlling the Ln:Al ratios in the LnAlOs films. Herein, we describe
the ALD growth of PrAlOs films using the precursors Pr(CsHaiPr)s;, AlMes,*? and water (Chart 1).
Importantly, self-limited growth occurs with all precursors, and Al-rich PrAlO; films with Pr:Al

ratios of 1.2 to 1.4 are obtained within the ALD window. PrAlOs films grown on single-crystal



SrTi0O; substrates undergo SPE upon annealing at ~800 °C to yield epitaxial PrAlOs, through a

process in which the SrTiO3 layer serves as a template for the crystallization.

CHMe,
\Pr@CHM92+ H,O + AlMe; + Hy,O
S
CHe, Al,O5 cycle
—
Pr,O5 cycle

Chart 1. Precursors and chemistry used for the growth of PrAlO; films.

RESULTS AND DISCUSSION

Pr Precursor Selection. Since LaAlOs films generally have La: Al ratios of <1, we sought
to identify a Pr precursor with ProO3 growth rate that is as high as possible, to afford close to
stoichiometric Pr:Al atomic ratios in a process employing a 1:1 pulsing ratio of the Pr and Al
precursors. A Pr,O3 ALD process comprising tris(V,N -diisopropylacetaminidato)praseodymium
and water did not show self-limited growth in the Pr precursor,! and amidinate-based precursors
were therefore not pursued. The ProO3 ALD process with Pr(CsH4Et); and water afforded self-
limited growth in both precursors at 130 °C.3! The Pr,O3 growth rate was 0.7 A/cycle, which is
considerably lower than the 1.0 A/cycle value for Al,Os. However, Pr(CsH4Et); was reported to
decompose at 330 °C, which indicates that the compound has very high thermal stability. Early
lanthanide cyclopentadienyl complexes with the formula Ln(CsHsR); (R = H, alkyl) exist as
polymeric or oligomeric species in the solid state, with bridging cyclopentadienyl ligands.>*’

Such aggregated structures should exhibit lower vapor pressures than monomeric species. The

inclusion of larger groups on the cyclopentadienyl ligand carbon atoms leads to monomeric



tris(cyclopentadienyl)lanthanide complexes, apparently by steric blocking of bridging carbon
atoms.>* Tris(isopropylcyclopentadienyl)lanthanum (La(CsH4iPr);) was employed as a precursor
for the growth of LaAlOs films, using AIMes and water as the other co-reactants.** However, the
deposition process was not self-limiting in La(CsH4iPr)3, the growth rate increased rapidly with
precursor dose, and a La/Al pulse ratio of around 5:1 was required to approach 1:1 stoichiometry
of La and AL* Since the Pr’" ion is smaller than the La*" ion, we hypothesized that Pr(CsHaiPr)s
should be more stable thermally than La(CsH4iPr); because of better encapsulation of the Pr** ion.
Moreover, the smaller Pr** ion may enforce a monomeric solid-state structure in the solid and

liquid states, which should maximize the volatility of Pr(CsHaiPr)s.

Pr(CsHa4iPr)3; melts at 53-54 °C and thermally decomposes in the liquid state at around 353
°C. The solid-state decomposition temperature of Pr(CsH4iPr); observed here is higher than that
reported previously (250 °C),* and is higher than the ~330 °C value reported for Pr(CsH4Et);.’!
The TGA trace conducted under a nitrogen atmosphere showed a single step weight loss (Figure
S1), with <10% non-volatile residue at 500 °C, consistent with the earlier report.>* Pr(CsH4iPr); is
a liquid at the delivery temperature in the ALD reactor (150 °C), which provides a constant vapor
pressure to the deposition chamber during the film deposition. A synthesis procedure has been
reported for Pr(CsHaiPr)s;,>® and the compound is also commercially available. Given the
potentially useful precursor properties of Pr(CsH4iPr)s3, we sought to evaluate it as a precursor in

the ALD of PrAlOs; films.

ALD Growth of Pr:03 Films. PrO3; ALD growth behavior was studied using
Pr(CsH4iPr); and water by varying precursor pulse length, deposition temperature, and number of
deposition cycles. The Pr2O3 films were grown on Si with a native oxide layer (2—2.5 nm) and on

a layer of thermal SiO; (90-100 nm thick) on Si. Film thicknesses were determined immediately



after deposition, before possible atmospheric degradation of the Pr.Os layers, using cross sectional
scanning electron microscopy (SEM) and ellipsometry, as described in the experimental section.
Identical film thicknesses were obtained on both substrates for films grown under the same
conditions. Self-limiting deposition using Pr(CsH4iPr); was assessed at 300 °C using the following
pulse sequence for 250 cycles: Pr(CsHa4iPr)3 (varied), N> purge (10.0 s), water (0.1 s), and N> purge
(10.0 s). Pr(CsHa4iPr); demonstrated saturative growth after pulse lengths greater than 3 s and
exhibited a saturative growth rate of 0.85 A/cycle (Figure 1a). Experiments conducted with 0.2
and 0.3 s pulse lengths of water gave films with very large thickness gradients, consistent with the
formation of Pr hydroxides at extended water doses. Even with a 0.1 s water pulse length, a 20-
30% thickness gradient was observed across the Pr2O3 films that decreased from the direction of
the Pr(CsHaiPr)s vapor inlet to the end of the wafer. Such a gradient is almost certainly due to
reaction of the Pr2O3 layers with water, possibly to afford Pr(OH)s, and is consistent with the well

known tendency of lanthanide oxides to react with water to form hydroxides.!!*-%!
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Figure 1. (a) Growth rate of PrO3 on SiO» substrates versus pulse length of Pr(CsHa4iPr); after
250 cycles with a deposition temperature of 300 °C, (b) Growth rate of PrO3 on SiO» substrates

versus deposition temperature using Pr(CsH4iPr); and water after 250 cycles.

The temperature dependence of the ProO3; growth rate was determined using a saturative
pulse sequence of Pr(CsHa4iPr)3 (4.0 s), N2 purge (10.0 s), water (0.1 s), and N> purge (10.0 s) for
250 cycles (Figure 1b). An ALD window with constant growth rate of 0.85 A/cycle was observed
from 275 to 325 °C and perhaps up to 350 °C. At 250 °C, a higher growth rate was observed, likely
because of Pr(CsH4iPr); condensation. Growth temperatures above 350 °C were not explored,
because Pr(CsH4iPr)s; decomposes at ~353 °C. The saturative growth rate for this ProOs process is
considerably higher than the 0.4 A/cycle growth rate reported for the Pr(CsH4iPr); and ozone

process at 200 to 250 °C.*

The Pr20Os; thin film growth rate was determined by measuring the film thickness as a
function of the number of cycles at 300 °C using the saturative pulse sequence described above

for Figure 2 (Figures S2, S3). The resulting plot (Figure S4) was linear, with a slope of 0.77



Alcycle, which is close to the growth rates determined in Figures 1 and 2. The y-intercept was

close to zero, indicating the absence of a nucleation delay.

A 21 nm thick film deposited at 300 °C with 250 cycles on a thermal SiO> substrate was
examined using grazing incidence X-ray diffraction (GI-XRD) immediately after deposition to
assess its crystallinity (Figure S5). The diffraction pattern was indexed as PrO3 (JCPDS 00-006-
0410). The reflections were very broad, suggesting nanocrystalline or amorphous material.
Infrared spectra of a PryO3 film on Si with native oxide after 2 and 72 h of air exposure were
identical and showed the presence of stretches corresponding to CO3>" and OH" groups (Figure S6).
Accordingly, the formation of CO3* and OH™ groups in the Pr.Os films either occurs during the

deposition process (in the case of OH") or in <2 h after exposure to air (in the case of CO3%).

ALD Growth of PrAlOs Films. Unlike Pr,O3, LaAlO3z and PrAlOs films are stable toward
atmospheric water and CO», because of the stability of aluminum oxide layers in the presence of
water.12! Accordingly, we sought to deposit PrAlOs films using Pr(CsHaiPr);, AlMes, and water.
AlMes and water were selected because they are used in a standard ALD process for the growth
of ALLOs films.>? The comparatively high growth rate of the Pr.Os process outlined above (~0.85
Alcycle) is significant because it is close to the growth rate of the Al,O3 process at 300 °C (~1.0
Alcycle), thereby possibly maximizing the Pr:Al ratio in the PrAlO; films. Chart 2 shows an ALD
supercycle that was employed to deposit PrAlO3 with a 1:1 Pr: Al precursor pulse ratio. Depositions
were conducted on both Si substrates with native oxide and thermal SiO> on Si. Similar growth
behavior was observed on both substrates, and data for the Si substrates are presented herein. Data
for growth on SiO» substrates are presented in the supporting information (Figures S7-S17). Self-
limited film growth was investigated by examining the dependence of growth rate on the precursor

pulse lengths. Saturation was explored using variable pulse lengths of Pr(CsHa4iPr)3, AlMes, and

10



water. The experiments were conducted at 300 °C on Si substrates, with 250 cycles. The pulse
lengths of each precursor were varied one at a time, and 10.0 s N> purges were used between
precursor pulses. As shown in Figure 2, self-limited growth of PrAlOs; films was achieved at 300
°C using a >3 s pulse length of Pr(CsHa4iPr)s, a >0.1 s pulse length of AlMe;, and a >0.1 s pulse
length of water. Importantly, self-limited growth was demonstrated in all three precursors. The
growth rate dropped slightly with a 0.3 s pulse length of AlMes, which may originate from surface
poisoning with the very large AlMes dose. Alternatively, the large doses of AIMes; may etch the
film surface. Pr(CsHaiPr); precursor consumption increased with longer pulse lengths (Figure 2a),
thereby excluding false saturation because of vapor depletion in the precursor delivery chamber.
The consumption of Pr(CsH4iPr); was measured by weighing the precursor before and after each

deposition.

1 ALD supercycle

10.0s

PrCsHaiPr)s 1008 | water 1005 AlMe; [308| Water
40s 01s 01s 0.1s
m n

m=n=1

Chart 2. Pulse and purge sequences chart for the deposition of PrAlO; films.
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Figure 2. PrAlO; film growth rate as a function of precursor pulse length for (a) Pr(CsHasiPr)s,

(b) AlMes, and (c) water.
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Experiments were conducted to explore the temperature dependence of the PrAlO; film
growth (Figure 3a) within the temperature range of 250 to 375 °C. The growth rates varied from a
high of 1.72 A/cycle at 250 and 375 °C, to a low of 1.32 A/cycle at 350 °C. Intermediate growth
rates were observed at 275 and 300 °C (1.60 A/cycle) and 325 °C (1.48 A/cycle). A constant
growth rate was observed at 275 and 300 °C, and this range may constitute an ALD window.
However, the growth rate differences at other temperatures were small. At 375 °C, the growth rate
may include contributions from AlMes> or Pr(CsHsiPr); thermal decomposition, since this

temperature is above the decomposition points of both precursors.
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Figure 3. Data for film growth using Pr(CsHa4iPr)3;, AlMes, and water: (a) Growth rate of PrAlO3
versus deposition temperature with 250 cycles on Si substrates. (b) Thickness versus number of
cycles on Si substrates at 300 °C. The line is a linear fit giving a deposition rate of 2.03 A/cycle

and a nucleation delay of about 50 cycles.

A plot of film thickness versus number of cycles is shown in Figure 3b for PrAlOs films
deposited on Si substrates at 300 °C with the saturative pulse sequence described above. A linear
increase in the thickness as a function of the number of cycles was observed, with a growth rate of
2.03 A/cycle. This growth rate is higher than that obtained in Figure 4a within the ALD window.
However, the plot in Figure 3b showed a nucleation delay of about 50 cycles, which accounts for

the differing growth rates.

Analysis of the PrAlOs Films. X-ray photoelectron spectroscopy (XPS) measurements
were conducted on ~41 nm thick PrAlOs films deposited on Si and SiO» substrates with 250 cycles
at 300 °C to determine the purity of the PrAlOs films and the chemical states of the elements. The
XPS analyses showed similar results for the films deposited on both Si and SiO». Therefore, only
the XPS results for the film grown on Si are shown (Figure 4). Data for the films deposited on
Si0; substrates are contained in the supporting information (Figures S19-22). Binding energies for
the Pr 3dsp, Al 2p, and O 1s ionizations were 933.31, 73.25, and 529.38 eV, respectively, and
matched well with reported values for Pr.O3, Al,Os, and oxide ion.®* % In the Pr 3ds) plot (Figure
4a), there is an additional ionization centered at ~928 eV, which is attributed to a satellite peak and
is a common phenomenon for the Pr 3ds/, ionization.®®! The XPS depth profile (Figure 4d) shows
a uniform distribution of each element throughout the film after removing a few layers of the film
surface with argon ion etching. The Pr:Al ratio observed using XPS has a high uncertainty because

of the different sensitivities to Pr and Al in the PrAlOs; matrix. Carbon was observed on the film

14



surface, but, as indicated in Figure 4d, carbon was not observed throughout the film at a level

above the detection threshold.
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Figure 4. XPS characterization of a 41 nm thick PrAlOs film deposited on Si at 300 °C. (a) Pr
3dsp, (b) Al 2p, (¢) O 1s, (d) XPS depth profile of Pr, Al, O, and C atomic concentration during

sputter etching of a 41 nm thick PrAlO; film.

The Pr:Al ratios in the PrAlO; films were determined more precisely using electron probe
microanalysis with X-ray wavelength dispersive spectroscopy (WDS-EPMA). Samples grown at

different temperatures within the ALD window with 1:1 Pr:Al precursor pulse ratios were
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analyzed, yielding the atomic ratios shown in Table 1. The films are all Al rich, which is consistent
with the observed growth rates of the binary oxides Pr.O3 (~0.85 A/cycle) and Al,Os (~1.00
Alcycle).’? The calculated Pr:Al atomic ratio based solely upon the growth rate ratio would be
1:1.18, which is Al rich. The growth rate ratio correctly predict that the films are Al rich and give
a stoichiometry (~1:1.2) that is similar to those observed by WDS-EMPA. We did not consider
density. For the film grown with a 1:1 Pr:Al pulse ratio at 250 °C, the Pr:Al ratio (1:1.70) was
higher than other temperatures. At temperatures of 300, 325, 350, and 375 °C, the Pr:Al ratios
were approximately constant and ranged from 1:1.23 to 1:1.38. The uncertainty in the WDS-
EPMA measurement of the Pr:Al ratio is ~0.02 across this range of compositions, which is far
smaller than the differences in composition. A film grown with a 2:1 Pr:Al pulse ratio at 300 °C
(Figures S24, S25) afforded a Pr:Al ratio of 1:1.25, which is in the same range as the 1:1 pulse
ratios. The origins of the unchanged Pr:Al ratio with the 2:1 pulse ratio are not clear and will

require additional experimentation to understand.

Table 1. Pr:Al ratios for the PrAlOs film deposited on Si at different temperatures using WDS-

EPMA. The films were grown with 250 cycles.

Temperature  Pr:Al precursor Pr:Al atomic

(°O) pulse ratio ratio

250 1:1 1:1.70
300 1:1 1:1.33
325 1:1 1:1.38
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350 1:1 1:1.26

375 1:1 1:1.23

300 2:1 1:1.25

The Pr:Al ratios obtained by WDS-EPMA differ from those derived from the XPS depth
profiling measurements. The absolute composition values obtained using XPS are not as accurate
as those obtained from EPMA, since XPS relies on the calibration of elemental sensitivities and
can depend on matrix effects. However, the XPS data also indicate that the as-deposited layers are
Al-rich, consistent with the WDS-EPMA measurements. More importantly, the XPS depth profiles

indicate that there is a constant Pr: Al atomic ratio through the film and low carbon contamination.

Solid Phase Epitaxy of PrAlOs: Films. A 41 nm thick PrAlO; thin film grown on a Si(100)
substrate at 275 °C was characterized by grazing-incidence X-ray scattering. Figure 5a shows the
two-dimensional (2D) detector image (covering a 20 angular range of 13-45°) for a grazing-
incidence X-ray scattering of the as-deposited PrAlOsz thin film, in which y represents the
azimuthal angle normal to the 260 direction. Integrating the 2D detector image along the scattering
ring azimuthal angle y provides measurements of the scattered intensity as a function of 20. Figure
5b shows grazing-incidence X-ray scattering patterns acquired from a bare Si0,/Si substrate and
the as-deposited PrAlOs thin film. The bare Si(100) substrate exhibits a featureless low-intensity
background. The X-ray scattering pattern of the as-deposited PrAlOs includes a broad intensity
maximum centered at 26 = 30°, indicating that the PrAlO; layer is amorphous. A 41 nm thick
PrAlOs film grown on thermal SiO» exhibited similar behavior (Figure S18). A 41 nm thick PrAlO3

film deposited on Si with native oxide was annealed at 1000 °C for 8 h. The sample remained

18



amorphous after this treatment, indicating that the Si substrate does not provide a crystalline

template for crystallization.
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Figure 5. (a) Two-dimensional grazing-incidence X-ray scattering pattern spanning the range of
20 angles from 13 to 45° for an as-deposited PrAlOs film on an Si(100) substrate. (b)
Azimuthally integrated intensity for PrAlO3 on a Si substrate with native oxide at a deposition

temperature of 275 °C (black) and from the native oxide Si02/Si substrate without PrAlOs (red).
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X-ray reflectivity (XRR) measurements provided further information about the thickness,
roughness, and density of the as-deposited amorphous PrAlOs; thin film. A clear reflectivity signal
was obtained from amorphous films because XRR fringes arise from the presence of smooth
surfaces and substrate/film interfaces and from the substrate/film electron density contrast but do
not require a crystalline thin film. The density of amorphous PrAlO; was deduced to be 5.2 g cm™
3 by fitting the XRR data. For comparison, the density of rhombohedral PrAlO; is 6.73 g/cm?.%*
Accordingly, the density of the amorphous PrAlOs; film on SrTiOs is lower than the bulk density.
The thickness of the as-deposited amorphous PrAlO3 layer and the surface rms roughness derived

a fit of a 42 nm-thick film were 0.6 nm, respectively (Figure S23).

PrAlOs thin films were deposited on single-crystal (001) SrTiOs substrates, using the same
ALD procedure described above, with a 1:1 Pr:Al pulse ratio (Figure S26). Figure 6a shows
grazing-incidence X-ray scattering patterns and detector images of an as-deposited, 206 nm thick
PrAlOs thin film deposited at 300 °C and a bare SrTiOs substrate. The broad reflection centered at
260 = 30° indicates that the as-deposited PrAlOs film is amorphous. The bare SrTiO3 substrate
shows a featureless background for comparison. After annealing the amorphous PrAlOs3 thin film
at 800 °C for 3 h, the structure was characterized by conducting a 6-26 scan with 10° step size in
20. This scan with large steps allows the overall distribution of crystalline phases to be determined.
Figure 6b shows the X-ray diffraction from the crystalline PrAlOs thin film, indicating that the
PrAlO:s film is highly (001)-oriented, but does not provide precise information about epitaxy. The
strain and orientation distribution are discussed in detail below using a diffraction measurement
acquired with smaller angular steps. A small component of grains in other directions are also
present in the film, as indicated by the unoriented 110, 111, 210, and 211 reflections apparent in

in Figure 6b. The reflections were indexed based on the pseudo-cubic unit cell for PrAlO3z with a
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lattice parameter of 3.772 A.% The X-ray diffraction patterns in Figure 6b do not provide any
indication that AlbO3 has formed during crystallization, suggests that the excess Al atomic

concentration is either dissolved in the PrAlOs; or present as small clusters not detected in the

diffraction experiment.
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Figure 6. (a) Grazing-incidence X-ray scattering intensity for an as-deposited 206 nm thick
PrAlOs film (black) on a (001) SrTiO3 substrate at a deposition temperature of 300 °C.
Scattering intensity from the bare (001) SrTiO3 substrate is shown for comparison. The 2D
detector image of the diffraction from the as-deposited amorphous PrAlOs is shown on the right.
(b) X-ray scattering intensity of the PrAlOs film on (001) SrTiO3 crystallized at 800 °C for 3h.
The peak marked with a star is the diffraction from the crystal truncation rod of the SrTiO3

substrate. The right side shows the corresponding 2D detector image.

The epitaxial relationship between the crystallized PrAlOs film and the (001) SrTiO3
substrate was further examined by conducting a 6-20 scan with 0.04° step size in 20 along the Q,

direction of the SrTiO; substrate, as shown in Figure 7a. The PrAlOs; O0L and SrTiOz O0L
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reflections appear on the same rod of reciprocal space, further indicating that the amorphous
PrAlOs film transforms into an epitaxial layer. The FWHM width of the PrAlOs3 (001) reflection
rocking curve, shown in Figure 7b, is 7°. The in-plane orientation of the crystallized PrAlOs layer
was probed by measuring the azimuthal angle dependence of the diffracted intensity from the 103
family of PrAlOs X-ray reflections. The results of this measurement, shown in Figure 7c, indicate
that the PrAlOs layer has four-fold symmetry and that the <100> directions in the PrAlOs; crystal
are aligned with <100> directions in the SrTiO3 substrate. The orientation of the PrAlOs; layer is

thus epitaxially templated by the SrTiO3 lattice.
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Figure 7. (a) X-ray scattering intensity along Q. direction and (b) rocking curve scan of PrAlO3
(001) reflection, of the PrAlOs film on (001) StrTiOs crystallized at 800 °C for 3h. (c) Azimuthal
angle (@) dependence of diffracted intensity from 103 reflections of the of the PrAlO; film on

(001) SrTiOs3 crystallized at 800 °C for 3h.

The as-deposited PrAlOs;/SrTiOs interface was characterized using scanning transmission
electron microscopy (STEM) with methods described in the supporting information (Figure S27).
High-angle annual dark field (HAADF) contrast STEM images revealed that the as-deposited thin
films included an interfacial Al,O3 layer with a thickness of approximately 5 nm. A series of

observations indicate that the interfacial layer crystallizes. Figure 8a shows an HAADF STEM
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image of a specimen prepared using focused ion beam lithography. The atomic columns visible in
Figure 8a indicate that the Al-rich interfacial layer crystallizes epitaxially in the in the y-Al,Os
phase on the SrTiO3 substrate during the ALD process. A previous ALD study has reported that
an as-deposited AlbO3 layer formed using AlMes and water on SrTiO3 was epitaxial y-AlbO3
crystalline phase when the deposition temperature was >300 °C.%® y-Al,Os has a cubic structure
with a lattice parameter of 7.911 A, as shown in Figure 8b.57-°® The spacings between Al atoms
along both [001] and [100] directions of y-Al,Os are 1.975 A, which are very close to the atomic
spacings of 1.95 A along both [001] and [100] directions observed for the interfacial layer in Figure

8a. Among the various polymorphic phases of Al,O3, only y-Al,Os3 has the cubic structure.
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Figure 8. (a) STEM-HAADF image with a high magnification of an as-deposited 206-nm-thick
PrAlOs film grown on (001) SrTiOs3 at 300 °C. (b) Schematic of a unit cell of y-Al,O3 viewed along
[010] direction. (c) STEM-HAADF image of a 206-nm-thick film deposited on (001) SrTiO3 and

crystallized at 800 °C for 3 h.

STEM analysis of the film crystallized at 800 °C for 3 h provides more insight into the
epitaxial relationship between the film, the interfacial Al>O3 layer, and the substrate. Figure 8c

shows a STEM-HAADF image of the 206 nm-thick PrAlO;3 film deposited on (001) SrTiO3 and
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crystallized at 800 °C for 3 h. Consistent with the observation in the X-ray diffraction studies, the
crystallized PrAlOs film is highly (001)-oriented. The atomic planes of the PrAlOs film, the y-
ADOs layer, and the SrTiO3 substrate appear in the same [010] zone axis, showing the epitaxial
relationship is not only along the out-of-plane [001] direction but also along the in-plane [010]
direction, which is also consistent with the X-ray observation. The epitaxial relationship of the
crystallized sample is actually [001] PrAlOs // [001] Al,Os // [001] SrTiO3. The misorientation
observed in Figure 8c is consistent with the wide mosaic width of the PrAlOs; 001 reflection

observed using X-ray diffraction in Figure 7b.
CONCLUSIONS

This study describes the use of Pr(CsHaiPr)s3, AlMes, and water as precursors for the growth
of nanoscale PrAlO; films. PrAlO; thin films have potential applications in advanced transistors
and in memory devices.!”” Deposition of PrOs films was studied first, using Pr(CsHaiPr); and
water. A growth rate of 0.85 A/cycle was established within an ALD window of 275 to 350 °C,
and the resulting films were shown to be crystalline ProO3; by X-ray diffraction. Importantly, self-
limiting growth was demonstrated at 300 °C for Pr(CsH4iPr);. Water pulse lengths of >0.1 s at 300
°C led to films with large thickness gradients, likely because of Pr hydroxide formation upon
extended water exposures. PrAlO; film growth was demonstrated using Pr(CsH4iPr)3, AlMes, and
water as the precursors. Self-limited growth was demonstrated in each precursor at 300 °C, and an
ALD window was observed from 275 to 325 °C with a growth rate of ~1.7 A/cycle. The as-
deposited films were found to be amorphous using X-ray diffraction and exhibited very smooth
surfaces as characterized by XRR. XPS indicated that the layers contained <0.5 at% of carbon
impurities. WDS-EMPA analyses indicated that the Pr:Al atomic ratios were 1:1.2 to 1.4 for films

deposited with 1:1 Pr(CsHaiPr)3: AlMes pulse ratios. An amorphous PrAlOs film grown on Si with
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native oxide was annealed at 1000 °C for 8 h. X-ray diffraction demonstrated that the film
remained amorphous after this treatment. In comparison, an amorphous PrAlO; film deposited on
(001) SrTi03 was fully crystallized after annealing at 800 °C for 3 h. The crystallized PrAlO; film
was highly (001) oriented, with a small component of grains in other directions. The PrAlO; O0L
and SrTiO3 OOL reflections appeared on the same rod of reciprocal space, supporting the
conversion of amorphous PrAlOs into an epitaxial layer. The deposition and crystallization of a
thin Al>Os layer at the SrTiOs3 interface leads will require further refinement of the initial stages of
PrAlO; ALD to form SrTiOs3/PrAlOs interfaces. The present work demonstrates that the
amorphous PrAlOs; on (001) SrTiOs crystallizes by solid phase epitaxy and adopts the crystal

orientation of the SrTiO3 substrate.

EXPERIMENTAL SECTION

Pr(CsH4iPr); was synthesized according to a literature procedure®® or purchased from Strem
Chemicals. Thermogravimetric analysis of Pr(CsHa4iPr); was performed using a TGA Instrument
TGA Q-50 placed inside an argon-filled glove box with a ramp rate of 10 °C/min. The melting
point and thermal decomposition temperature measurements for Pr(CsH4iPr); were determined
using an Electrothermal-IA 9000 series melting point apparatus with a heating rate of 10 °C/min.
A Picosun R—75 SUNALE ALD reactor was used for the ProO3 and PrAlOs3 thin film depositions.
The chamber pressure was maintained at 2 to 4 Torr during depositions. Pr(CsHaiPr); was
delivered at 150 °C in the Picosolid Booster, while AlMes; and water were delivered at 22 °C using
vapor draw bubblers. Ultrahigh purity nitrogen (99.999%, Airgas) was used as carrier gas to
deliver the precursors to the deposition chamber. Si(100) with a ~2-2.5 nm native oxide and
thermal Si0; (90-100 nm) on Si(100) substrates were used for the film deposition without further

cleaning. One-side polished single crystal (001) SrTiO; substrates were cleaned prior to the film
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deposition according to a reported protocol.®’ Film deposition temperatures ranged from 250-375
°C. An ALD supercycle (Pr:Al 1:1 pulse ratio) was used to control the Pr:Al ratio in the PrAlO;
films. Film thicknesses were measured using cross-sectional SEM on a JEOL-6510LV scanning
electron microscope in a minimum of three different positions in the film. Film thicknesses were
additionally determined using ellipsometry on a J. A. Woollam Co. Alpha-SE ellipsometer and
with XRR using a Panalytical X’Pert MRD with monochromatic Cu Koy X-ray radiation at a
wavelength of 1.5406 A. The data were interpreted using the interdiff model of the GenX software
package.”” XRR data were also used to determine surface roughness and mass densities. XPS was
performed with a Thermo Scientific Ka XPS spectrometer using a microfocused monochromatic
Al Ka X-ray source. The XPS depth profile was performed using an argon ion source to sputter
the film. A Cameca SX51 electron microprobe equipped with wavelength dispersive spectroscopy
was used to deduce the compositions of the amorphous films. Synthetic PrPO4, which is cataloged
as the Smithsonian standard NMNH 168493 (synthesized at Oak Ridge NL by Boatner), was used
as the reference standard for the measurement of the amount of Pr element in the deposited films.
Al>Os3 was used as the reference standard for the measurement of the amount of Al and O elements
in the deposited films. Si was used as the reference standard for the measurement of Si substrates.
As-deposited films were annealed at different temperatures under an oxygen atmosphere for 1-5
h, as described in the text. Crystallinities of the ProO3; and PrAlOs films on Si with native oxide
and thermal SiO» substrates were investigated using X-ray diffraction on a Bruker D8 Advance
diffractometer with Cu Ka radiation (A = 1.5406 A). X-ray scattering measurements employed a
Bruker D8 Advance diffractometer with Cu Ka radiation at a wavelength of 1.54 A, operating at
a tube voltage of 50 kV and current of 1 mA. A 2D area detector subtending an opening angle of

32° was used to record the scattered X-ray intensity. The incident angle of the X-ray beam was
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selected based on the beam width and sample size to optimize the amorphous peak signal by
maximizing the X-ray footprint on the sample surface. The incident angles for PrAlO3z on SrTiO3
and PrAlOs; on thermal SiO> were 2.9° and 3°, respectively. The 20 angle at the center of the
detector was 30° for all measurements. X-ray diffraction along the radial direction of reciprocal
space for the PrAlOs3 on (001) SrTiO3 sample annealed at 800 °C for 3 h was conducted using a
PANalytical Empyrean diffractometer equipped with Cu Ka; radiation (A = 1.5406 A). Infrared
spectra of thin films were obtained using a Shimadzu FT-IR Tracer 100 spectrophotometer in the

transmission mode.
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