RESEARCH ARTICLE

W) Check for updates

FUNCTIONAL

www.afm-journal.de

Giant Critical Thickness in Highly Conducting Epitaxial
SrMoO; Electrodes Investigated by Lift-Off Membranes

Yating Ruan,* Philipp Schreyer, Tianshu Jiang, Fei Liang, Alexey Arzumanov,
Michael Diirrschnabel, Leopoldo Molina-Luna, Philipp Komissinskiy, and Lambert Alff*

Within the huge perovskite materials family, thin films of highly conducting
materials such as SrMoO;, SrNbO;, and SrVO; are candidates for low-loss
bottom electrodes in epitaxial all-oxide devices, in particular for
high-frequency applications. Recently, the fully coherent growth of more than
5 um thick SrMoO; electrodes in a varactor device prototype epitaxial
heterostructure has been reported. This result raises the question of the strain
mechanism in such anomalously thick coherent epitaxial layers. Here, this
question is addressed by comparing the lattice constants of coherently
strained layers and their free-standing membranes. SrMoO; is mainly
elastically strained within the heterostructure and fully relaxed after removal
of the substrate. These results indicate a giant critical thickness, making
highly conducting perovskites even more outstanding materials for
high-frequency applications that require electrode thicknesses beyond the
skin depth. The described technology of lifting off thick SrMoO; membranes
joins the emerging field of freestanding oxide layer technology, opening
unexplored avenues for single crystal investigations, novel perovskite
nanostructures, and wafer transfer of functional oxides, walking in the
footsteps of recent developments in van der Waals epitaxial heterostructures.

1. Introduction

The low resistivity of 5.1 pQ cm of SrMoO; at room temper-
ature, outperforming, for example, Pt, makes this material a
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promising candidate as an electrode
material in epitaxial functional ox-
ide heterostructures for various device
applications.['?] The high electric conduc-
tivity of StMoO, originates from both the
large electron density beyond 102 c¢m™3
due to two conduction electrons in the 4d
band of Mo at the B-site, and the increased
mobility due to reduced electron—electron
scattering because of the energetic separa-
tion of the s- and d- bands.I*] Besides their
high electric conductivity, StMoO, and the
related SrBO; perovskite compounds with
(intermixed) Mo, V, and Nb at the B-site
show intrinsically high optical transparency
across and beyond the visible spectral re-
gion, making them in addition promising
transparent conducting materials.[*¢]

The reported resistivity values of epitax-
ial StMoO; thin films grown by pulsed laser
deposition (PLD) and molecular beam epi-
taxy are well below 50 pQ cm at room
temperaturel’% with the lowest value even
below 20 puQ cm.["!l Recently, the layer-by-
layer growth of 5 pm-thick fully strained
epitaxial StMoO; films on GdScO, substrates was reported using
PLD, which is well above reported values of critical thicknesses of
perovskite epitaxial thin films of similar lattice mismatch.!?] From
the viewpoint of electronic device applications, these results re-
vived the concept of all-oxide tuneable capacitors (varactors) in
metal-insulator-metal (MIM) geometry.[212-16] For making use of
all-oxide varactors in microwave circuits, such as phase shifters
or tuneable filters for microwave broadband antennas in 5G mi-
croelectronic devices, the bottom electrode of the varactor should
be thicker than the electromagnetic skin depth in the desired fre-
quency range to minimize electromagnetic losses.!'”! For exam-
ple, StMoO; bottom electrodes with a resistivity below 20 uQ cm
and a thickness of more than 5 um are highly relevant for MIM-
type varactors operating at 5 GHz and beyond.

In our previous work, Salg et al. observed cation off-
stoichiometry in the StMoO;, films, specifically an excess of Sr
cations.[? It is well known that the cation off-stoichiometry of epi-
taxial perovskites is associated with increased lattice constants.['8]
Due to the seemingly unrealistic large critical thickness of
more than 5 pm, Salg et al. suggested cation self-composed off-
stoichiometry as a novel strain accommodation mechanism.!?]
The idea was that the material tries to minimize strain energy
by incorporating more Sr than Mo during growth. The increase
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Table 1. Lattice parameters of the SrMoOj films and the perovskite scandate substrates used in this work. The lattice parameters of the substrates are
given in a pseudocubic notation. The misfit and strain values were calculated relative to the lattice parameters of the relaxed (freestanding) SrMoO;
films. The expected values of the out-of-plane (c-axis) lattice parameters of the SrMoOsfilms, calculated using a Poisson’s ratio of 0.271,13™] are given

for comparison.

Substrate Substrate SrMoO;, SrMoO; SrMoO, Misfit Strain Sr:Mo
(strained) (freestanding) (Poisson’s ratio) cation ratio
a[A™] c[AT) c[AT] a[A™] c[AT] c[A7] A [%]
SmScO; 3.989 3.988 3.980 3.984 3.984 3.980 0.005 0.12 1.271
GdScO, 3.968 3.967 3.990 3.983 3.980 3.990 -0.015 -0.38 1.226
TbScO, 3.964 3.951 3.998 3.981 3.981 3.994 -0.017 -0.43 1.202
DyScO, 3.950 3.940 4.003 3.980 3.980 4.002 -0.030 -0.76 1.177

in lattice constant associated with this off-stoichiometry reduces
the overall strain energy. To verify this hypothesis, scandates with
different rare-earth elements at the A site provide an ideal set
of substrates to investigate the effect of epitaxial strain on the
growth of StMoO; thick films.") A comparison of the lattice con-
stants in as-grown thin films and their freestanding membranes
unambiguously allows to disentangle the origins of strain (relax-
ation) mechanisms such as elastic strain and effects from self-
composed off-stoichiometry.

2. Experimental

In this work, 600 nm-thick StMoO, thin films were grown on the
(110)-oriented XScO;(X = Dy, Tb, Gd, and Sm) substrates with
a size of 5 X 5 mm? using pulsed laser deposition (PLD) with
a Compex 205 KrF excimer laser by Coherent at a wavelength
of 248nm. Before deposition, the PLD chamber was evacuated
to a base pressure below 1 x 107 Torr, and the substrate was
heated to a growth temperature of 630 to 700 °C. Then, a 4 nm-
thick SrTiO, buffer layer was grown in vacuum with a laser rep-
etition rate of 2 Hz and a laser fluence of 0.6 ] cm™2 to ensure
layer-by-layer StMoO, growth. At the next step, a 600 nm-thick
SrMoO; film was grown with a laser repetition rate of 20 Hz
and a laser fluence of 1.0 ] cm™2 in Ar atmosphere at a pressure
of 30 mbar. Film growth was monitored in situ, using a 50 kV
reflection high-energy electron diffraction (RHEED) system by
Staib Instruments.

With respect to the lift-off procedure, the method developed
by Lu et al.,?%) using the water-soluble Sr;Al, O, sacrificial layer,
has become one of the most promising techniques for the fab-
rication of freestanding functional perovskite thin films,/?!l such
as StTi0,,12224 SrRu0,,1®] La, ,S1, ;MnO;,12°) YBa,Cu, 0, _ 1]
BaTiO,,[?®! and BiFeO,,***! with a range of thicknesses from
50 nm down to a few monolayers.[?*] Sr;Al,O, forms a cubic
unit cell (space group Pa3) with a lattice parameter of 15.844 A,
closely matching four unit cells of the stoichiometric StMoO,
(@ = 3.974 A), as well as the used XScO, (X = Dy, Tb, Gd,
and Sm) substrates (Table 1). A Sr;Al,O, sublayer with a thick-
ness of 20 nm was grown in vacuum with a laser fluence of
1.0 ] cm~2 onto the substrate covered with a SrTiO, buffer layer.
As a next step, additional layers were sequentially deposited, in-
cluding another SrTiO, buffer layer, a 600 nm-thick StMoO; film,
and a top protective SrTiO, capping layer, forming a heterostruc-
ture of SrTiO,/SrMoO,/StTiO,/Sr,Al O, /StTiO;/XScO,. The
SrTiO, capping layer serves to prevent surface oxidation of the
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SrMoO; film during lift-off.[**15] The thickness of each of the
grown SrTiO, layers was ten unit cells.

A freestanding thin-film heterostructure was obtained as fol-
lows: First, a polydimethylsiloxane (PDMS) sheet was attached
to the top surface of the as-grown sample. Then the sample was
immersed in de-ionized water for ~1 h to etch away the sacri-
ficial Sr;Al, O, layer and lift the thin-film heterostructure off the
scandate substrate. Here, the PDMS sheet served as a mechanical
support to stabilize the lifted thin-film heterostructure during its
transfer onto another substrate (e.g., Si). Finally, the PDMS sheet
was neatly peeled off.

The crystal structure of the films was characterized by X-ray
diffraction (XRD), using a SmartLab diffractometer by Rigaku
with monochromatic Cu Ka, radiation. The lattice parameters
of the SrMoO, films were extracted from the recorded XRD
reciprocal space maps (RSM). The values of the out-of-plane
lattice parameters obtained from the RSMs correspond with
an accuracy of +0.001 A to those calculated from the mea-
sured XRD 26-0 patterns using the Nelson-Riley function.
The analysis of the Sr:Mo cation ratio in the SrMoO; films
was carried out by X-ray photoelectron spectroscopy (XPS) with
monochromatic Al K radiation at elevation angle of 75°, us-
ing a PHI Versaprobe 5000 spectrometer. The correlation be-
tween the lattice parameters of the SrMoO, films and their
Sr:Mo ratio was additionally studied by density functional the-
ory via the CASTEP package.l*”! The exchange-correlation func-
tionals were described within the generalized gradient density ap-
proximation (GGA) by Perdew-Burke—Ernzerhof functionals®*
and the ion-electron interactions for all elements were mod-
eled by ultra-soft pseudopotentials.®*l In all calculations, the
kinetic energy cut-off of 660 eV and Monkhorst-Pack k-point
meshes!®! (5 x 5 x 5) were selected to ensure sufficient ac-
curacy of the simulated results. The virtual crystal approxima-
tion (VCA)P®! was utilized at the Mo site by a mixed Sr/Mo
virtual atom.

3. Results and Discussion

For the first film series, StMoO,;/SrTiO,/XScO; epitaxial thin-
film heterostructures were grown to investigate the Sr:Mo cation
ratio and lattice parameters of the strained StMoO, films. The
XRD 20-0 patterns of the StMoO, films in this series exhibit
pronounced 00! reflexes as expected for c-axis oriented StMoO,
(Figure 1a). Laue oscillations are observed for the films on
GdScO, substrates, indicating their high crystal quality (inset
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Figure 1. X-ray diffraction of a) 26—-0 and b) w scan of the SrMoO; on the four scandate substrates near the 002 reflections. Stars denote the 220
reflection of scandate substrates. The magnification shows the Laue oscillations of the SrMoO; film grown on a GdScO; substrate. c—f) Reciprocal
space maps (RSM) near the XScO; (X = Dy, Gd, Tb, and Sm) 332 reflection of the heterostructures, showing that StMoO; films grow in-plane strained

on the four substrates.

in Figure 1a). The small period of the Laue oscillations corre-
sponds to the expected 600 nm film thickness. The rocking curves
of the StMoO; 002 reflex for the films on GdScO; and TbScO,
substrates exhibit small values of full width at half maximum
(FWHM) of 0.013° and 0.016°, respectively, indicating low mo-
saicity and high crystal quality of the films (Figure 1b). The films
on SmScO; and DyScO; exhibited increased mosaicity, as evi-
denced by their rocking curves with FWHM values of 0.03° and
0.45°, respectively. For the StMoO; film on DyScO,, the rocking
curve shows a wide asymmetric background, which indicates dif-
fusive scattering of X-rays at defects and dislocations. The RSMs
of the films of the series (Figure 1c—f) show that the StMoO,
013 reflexes are fully aligned in-plane with the 332 substrate re-
flexes. Thus, the in-plane lattice parameters of the StMoO, films
fully match the lattice parameters of the substrates. The Sr:Mo
ratios of the grown SrMoO; films (obtained from the XPS stud-
ies) are listed in Table 1, showing that the StMoO, films are off-
stoichiometric with excess Sr. The XPS spectra are available in
Supporting Information.
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For the second film series, the aim was to fabricate
freestanding SrMoO, films and to investigate the strain
relaxation mechanism. The films were grown on XScO,
substrates to form epitaxial thin-film heterostructures of
SrTiO,/SrMoO,/StTiO,/Sr;Al, O, /StTiO; /XScO,. The period of
the Laue oscillations observed in the 26—0 XRD patterns of the
as-grown heterostructures on SmScO; substrate (before lift-off)
corresponds to the Sr;Al, O, thickness of 20 nm (Figure 2a—d).
In general, the crystal quality of the StMoO; films in the second
series is slightly degraded due to the presence of the Sr;AL O,
sublayer. No dense Laue oscillations from the 600 nm-thick
SrMoO,; could be observed. Moreover, the FWHM = 0.11°
of the rocking curve of the 002 reflex of the SrMoO, film on
SmScO; in the second series is larger than that of 0.03° for
a similar film in the first series (Figure 2e). However, despite
their slightly inferior crystal quality, the StMoO, films in the
second series grow fully strained on the scandate substrates, as
indicated by the vertical alignment in the RSM plot of the 013
film reflexes with the 332 and 0 4 12 reflexes of the substrate and
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Figure 2. a-d) 206 X-ray diffraction patterns of the SrMoOj; film strained on the SmScO; substrate (green) and the freestanding SrMoOj; film (blue)
transferred to a Si substrate. The positions of the 00/ SrMoOj reflections for the strained and freestanding films are denoted by asterisks and rhombuses,
respectively. The 004 Si substrate reflection is shown in (c). e) XRD w-scan of the (00/) reflection of the strained (green) and freestanding (blue) SrMoO;

films, respectively. The reciprocal space maps (RSMs) for the f) strained an

Sr;Al, O, sublayer, respectively (see Figure 2f for the RSM of the
SrMoO; film on SmScO;).

After the lift-off of the heterostructure, the Sr;AlL O, is dis-
solved in water, and no Laue oscillations could be observed in the
26—-9 XRD patterns of the freestanding SrMoO; films (shown in
blue in Figure 2a—d). The positions of the 00! reflexes of the free-
standing StMoO; films are slightly shifted relative to those of the
epitaxially strained films in the first and second series. The shift is
associated with the modified SrtMoO, out-of-plane lattice param-
eter and increases with the order of the reflex (i.e., with I). The
largest shift is observed for the 004 SrMoO, reflex, as denoted
by the vertical dashed lines in Figure 2d. A minor degradation in
the crystal structure of the freestanding film, as compared with
the strained one, is indicated by a practically unchanged shape of
the rocking curve of the freestanding StMoO, film, with a slight
increase of the FWHM to 0.17° (Figure 2e). However, the lattice
parameters of the StMoO; films change after lift-off, as indicated
by the RSM of the freestanding StMoO, film on the SmScO, sub-
strate in Figure 2g.

Figure 3 shows an optical image of a freestanding 1.35 X
2.60 mm? SrMoO, flake that was lifted off the SmScO, substrate
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d g) freestanding SrMoOj films.

and transferred to a silicon substrate. Parallel cracks in [100] and a
few perpendicular cracks in [010] directions are observed. The re-
sults of the XRD measurements conducted on two StMoO; flakes
(transferred to different substrates) indicate that the lattice pa-
rameters of freestanding SrMoO; are stable and independent of
the substrate used for the transfer (see Supporting Information).

The lattice parameters of the strained (as-grown) StMoO; films
of the second series and relaxed (freestanding) SrMoO, flakes,
determined from the XRD measurements, are listed in Table 1.
For the strained SrMoO, films, the in-plane pseudocubic lattice
parameter a is equal to the lattice parameter of the correspond-
ing substrate. The out-of-plane lattice parameter ¢ differs from
the in-plane one, thus implying a tetragonal crystal structure of
the strained StMoO; films. The obtained nearly equal values of
the a and c lattice parameters in the range between 3.980 and
3.984 A indicate a relaxation of the tetragonal crystal structure to
a cubic one for all freestanding StMoO; films, lifted off from dif-
ferent scandate substrates. The lattice parameters of the relaxed
freestanding SrMoO; flakes are different from the bulk stoichio-
metric StMoO, lattice parameters (3.974 A), and thus are con-
sidered as the actual bulk lattice parameters of the relaxed cubic
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(a)

500 um

Figure 3. Optical images of a flake of a freestanding SrMoOj; film lifted
off a SmScO; substrate and transferred to a Si substrate. The black ar-
rows show cracks formed along the [100] and [010] crystallographic axes
of SrMoO; during lift-off.

thin film. These actual bulk lattice parameters were used to calcu-
late the misfit and strain values for the strained films presented
in Table 1. The smallest absolute value of 0.12% of the biaxial
(tensile) strain is realized for the StMoO; film on SmScO; sub-
strate (Table 1). For the other SrMoO; films on GdScO;, TbScO;,
and DyScO; substrates, the compressive strain is calculated as
—0.38%, —0.43%, and —0.76%, respectively. The values of the ¢
lattice parameters of the strained films calculated using the actual
bulk lattice parameters of the freestanding films and a StMoO,
Poisson’s ratio v of 0.271031 are in very good agreement with the
experimental values (Table 1).

Using the actual bulk lattice parameters of the freestanding
SrMoO; films and their strain values, the equilibrium critical
thickness (h,) of StMoO, grown on GdScO; was calculated by
the mechanical balance equation described by Matthews and
Blakeslee:[*’]

b 1-vcos’a h,
=2 loveosta (% g 1
¢ 27rf(1+v)cos/1<nb+> @

where b is the Burgers vector of the misfit dislocation, f is

the misfit strain, « is the angle between the Burgers vector and
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Figure 4. a) HAADF-STEM image of a SrMoO;/SrTiO3;/GdScO; het-
erostructure, showing a long-range homogeneous SrMoO; film at low
magnification. The SrMoOj in the top region is marked in a blue square.
b) Atomic-resolution HAADF-STEM image of SrMoO; at the region at a
thickness of around 600 nm, marked by a blue square and shown in (a).

the dislocation line, and A is the angle between the slip direc-
tion and that direction in the film plane, which is perpendicular
to the line of intersection of the slip plane and the interface.>’]
The slip system {101}(101) is typically realized for a cubic per-
ovskite structure.*®*! For this slip system, a critical thickness of
74 nm is calculated with Equation (1) for StMoO; on GdScO,
using cosa = %, cosd = %, v =0.271,%1 f=0.0038, b = %
Building on Matthews and Blakeslee’s framework (Equation (1)),
extensive developments and refinements have been made in crit-
ical thickness calculations. The kinetics of strain relaxation were
taken into account,***!l including the rates of dislocation nucle-
ation, propagation, and interaction,!***] as well as the stability of
dislocation motions!“+*] and the effect of annealing processes.*°]
However, using these different modifications to calculate the the-
oretical critical thickness cannot explain the difference of at least
one order of magnitude. While we have considered 600 nm-thick
SrMoO; films in this study, we have previously grown 5 um-thick
SrMoO; films on GdScO, substrates without reaching the criti-
cal thickness.[?! It is reported for other perovskite oxide thin film
systems that the experimentally determined critical thickness can
be larger than the theoretically predicted critical thickness, such
as MBE-grown 50 nm thick SrTiO; on DyScO,(110),?! 50 nm
thick LaCrO, on SrTiO;(001),*”] and 180 nm thick SrTiO, on
LSAT(001).*] These films relax to a cubic structure with the
lattice parameters close to the corresponding bulk values when
grown beyond the critical thickness. However, the here studied
SrMoO; films remain strained for their entire thickness and relax
only after lift-off in the freestanding state. This observation fun-
damentally challenges the applicability of the classical mechani-
cal balance approach of critical thickness to StMoO;.
Supporting these findings, Figure 4a shows a low-resolution
HAADF-STEM image of the as-grown SrMoO,/SrTiO,/GdScO,
heterostructure, and Figure 4b shows a high-resolution im-
age of SrMoO, close to the surface region (marked by a blue
square in Figure 4a). A homogeneous SrMoO; film is observed
in both images without large-scale defects, Sr-excess layers, or
strain-induced Ruddlesden—Popper phases, which are typically
observed due to strain relaxation of perovskite thin films.[*"! No
other phases were detected in the XRD measurements of the
films in our present and previous work.[?] All these results sug-
gest that the classical mechanical balance approach is unable to
explain the giant critical thickness in StMoO;-thick films.
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Figure 5. a) Lattice parameters and b) Sr:Mo cation ratio in the StMoO,
films as a function of epitaxial strain. The dashed straight lines are a guide
for an eye.

Although the freestanding StMoO, flakes have nearly equal
lattice parameters, by closer examination, a subtle yet discernible
trend in strain-varied stoichiometry emerges, wherein a slight in-
creasing Sr excess is observed, resulting in a small expansion of
lattice parameters in the StMoO; films (Figure 5). It is notewor-
thy that this slight change in off-stoichiometry is attributed to
strain variations, as the other parameters that are known to cause
systematic stoichiometry variations, such as laser fluence, pres-
sure, and substrate temperature, remained constant. The same
PLD condition was applied to all samples on different substrates.
A homogeneous distribution of cation (Sr and Mo) stoichiome-
try along the 600 nm thickness of StMoO; thin film grown on
SmScO; was observed by TEM-EDX elemental mapping (Sup-
porting Information). Lattice parameters of the SrtMoO, films
and the Sr:Mo cation ratio, extracted from the XPS results, are
shown in Figure 5 as functions of the actual in-plane strain. The
lattice parameter of the freestanding relaxed cubic SrMoO;, films
increases slightly linearly with the in-plane strain (Figure 5a).
A similar trend is observed for the Sr:Mo cation ratio, namely
the increase of Sr excess with the level of in-plane strain from
—0.8% to 0.12% (Figure 5a). The results of the DFT calculations
show a similar trend (gray triangles in Figure 6). Note that the
values of the StMoO, bulk lattice parameter extracted from the
DFT calculations are larger than the obtained corresponding ex-
perimental values due to an intrinsic error of GGA-PBE func-
tionals. The (bulk) lattice parameters of 3.980 to 3.984 A of the
films are different from 3.974 A of the stoichiometric StMoO,.
An extrapolation of this linear dependence to a stoichiometric
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Figure 6. Lattice parameter in SrMoOj as a function of the Sr/Mo cation
ratio. The data are shown for the freestanding SrMoQ; films produced in
this work (blue squares and orange circles), stoichiometric SrMoOj5 single
crystal (yellow star), and for the bulk SrtMoO3; with various cation ratios
simulated using DFT.

SrMoQ, (Sr:Mo ratio of 1) yields a lattice parameter of 3.973 A,
which nearly perfectly matches the experimental value of 3.974 A
for stoichiometric StMoO, single crystals.l!] Thus, the observed
trend in off-stoichiometry is considered to be reliable and to re-
flect the differences between the samples.

4. Conclusion

In summary, 600 nm-thick epitaxial StMoO; films were de-
posited using pulsed laser deposition (PLD) on various perovskite
scandate substrates to achieve fully strained films with different
levels of epitaxial strains. Remarkably, the thickness of the fully
strained epitaxial StMoO; films exceeds by far the critical thick-
ness calculated from the classical mechanical balance approach
for the given strain value. Through a lift-off process, the films
were transferred from the scandate substrates to Si wafers. Af-
ter the strain relaxation, all the freestanding films exhibited a
nearly identical cubic structure. A minor trend of strain-various
off-stoichiometry is observed, leading to an expansion of the ac-
tual bulk lattice parameters of freestanding StMoO; films.

The produced freestanding SrtMoO; films with an area of sev-
eral square millimeters and a thickness large enough to be re-
garded as single crystals. Moreover, further increases in their
lateral dimensions and thickness are feasible. Combining the
unique features of large dimensions, transferability, intrinsic
transparency, and high conductivity, StMoO, holds great promise
for applications in (opto)electronics and energy devices.
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Supporting Information is available from the Wiley Online Library or from
the author.
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