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ABSTRACT

As an ultrawide bandgap (~4.1eV) semiconductor, single crystalline SrSnO; (SSO) has promising electrical properties for applications in
power electronics and transparent conductors. The device performance can be limited by heat dissipation issues. However, a systematic
study detailing its thermal transport properties remains elusive. This work studies the temperature-dependent thermal properties of a single
crystalline SSO thin film prepared with hybrid molecular beam epitaxy. By combining time-domain thermoreflectance and Debye-Callaway
modeling, physical insight into thermal transport mechanisms is provided. At room temperature, the 350-nm SSO film has a thermal con-
ductivity of 4.4 W m ' KL, ~60% lower than those of other perovskite oxides (SrTiO;, BaSnOj3) with the same ABO; structural formula.
This difference is attributed to the low zone-boundary frequency of SSO, resulting from its distorted orthorhombic structure with tilted octa-
hedra. At high temperatures, the thermal conductivity of SSO decreases with temperature following a ~T~*>* dependence, weaker than the
typical T~ ' trend dominated by the Umklapp scattering. This work not only reveals the fundamental mechanisms of thermal transport in

single crystalline SSO but also sheds light on the thermal design and optimization of SSO-based electronic applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156367

Owing to wide bandgaps and excellent dopability with reasonably
high room-temperature (RT) electron mobilities, perovskite alkaline-
earth stannates have recently fascinated researchers for potential appli-
cations in power electronics and transparent displays. Particularly,
bulk barium stannate (BaSnOs, BSO), with a bandgap of ~3 ¢V, has
been reported to have an RT mobility of 320 cm”> V™' s'." However,
the highest RT electron mobility of BSO thin films is limited to
183cm’ V™' 57" according to the literature.” The lower RT electron
mobility of BSO thin films is attributed to its high threading disloca-
tion density resulting from the large film/substrate lattice mismatch.” *
Unlike BSO, the smaller lattice parameters of strontium stannate
(SrSnOs3, SSO) allow a better lattice match between the film and sub-
strate, enabling coherent growth on commercially available sub-
strates.” The highest reported RT mobility in doped SSO films is
70cm” V' s7! at a carrier density of 2 x 10*° cm >, lower than that
of BSO.” However, SSO adds the benefit of offering a wider bandgap
(~4.1eV), reaching the ultrawide bandgap (UWBG) 1regime.7’9 It is
also worth noting that doped SSO possesses the higher RT mobility at
high carrier densities (>10"cm ™) among all known UWBG

semiconductors.'’ For these reasons, SSO films hold great potential as
a UWBG semiconductor for power electronics."’

For typical semiconductor-based electronic applications, heat dis-
sipation is critical, and thus, the thermal properties of semiconductors,
as building blocks for devices, need to be carefully examined. Unlike
other perovskite oxides, such as BSO,'”"” strontium titanate (SrTiOs,
STO),H’13 and lanthanum aluminate (LaAlOs, LAO),'(”17 literature
studies of the thermal properties of SSO remain elusive, despite its
intriguing electronic properties and great potential in electronic appli-
cations. To date, only one group reported the thermal conductivity of
~4.5W m~" K" for polycrystalline SSO with the grain sizes of several
micrometers to 10 um.'” The limitation of reporting SSO thermal
properties is partially attributed to the challenge in synthesizing high-
quality single crystalline SSO films with controlled structure and dop-
ing. Only recently, it has been demonstrated that hybrid molecular
beam epitaxy (MBE) can produce single crystalline SSO with con-
trolled doping and improved structural quality.”'” This allows for the
exploration of the thermal properties of UWBG single crystalline SSO.
Building upon the synthesis advancements, we perform a systematic

Appl. Phys. Lett. 123, 042201 (2023); doi: 10.1063/5.0156367
Published under an exclusive license by AIP Publishing

123, 042201-1

¥0:65:81 ¥20Z AB €1


https://doi.org/10.1063/5.0156367
https://doi.org/10.1063/5.0156367
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0156367
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0156367&domain=pdf&date_stamp=2023-07-24
https://orcid.org/0000-0002-2979-5703
https://orcid.org/0009-0005-0180-5673
https://orcid.org/0000-0001-9930-6242
https://orcid.org/0000-0002-3275-5462
https://orcid.org/0009-0000-9246-1223
https://orcid.org/0000-0003-3568-5452
https://orcid.org/0000-0002-7940-0490
https://orcid.org/0000-0001-7612-1739
mailto:wang4940@umn.edu
https://doi.org/10.1063/5.0156367
pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE

study of the thermal properties of the single crystalline SSO film pre-
pared with hybrid MBE by integrating time-domain thermoreflectance
(TDTR) measurements and theoretical model analyses. The compari-
son of measurement data with the Debye—Callaway model calculations
enables the establishment of a structure-thermal property relationship
for this class of perovskites.

Single crystalline SSO films were grown on a STO (001) substrate
(CrysTec) with the hybrid MBE approach (Sec. 1 of the supplementary
material). After growth, high-resolution x-ray diffraction (HRXRD)
20-w coupled scans (Rigaku SmartLab XE) were used for structural
characterization and the determination of out-of-plane lattice parame-
ters. The schematics of SSO and STO lattice structures are shown in
Fig. 1(a), highlighting an orthorhombically distorted feature of SSO
compared to the cubic STO. Figure 1(b) shows an on-axis HRXRD
260-w couple scan of the SSO film on the STO (001) substrate, indicat-
ing the phase-pure single crystalline SSO film. The out-of-plane lattice
parameter is 4.038 A, comparable to a bulk value of ~4.035 A, sugges-
ting a fully relaxed orthorhombic phase for the SSO film.””*" To
evaluate the thickness and crystalline structure of the SSO film, cross-
sectional samples for scanning transmission electron microscopy
(STEM) characterization were prepared with a focused ion beam (Sec.
2 of the supplementary material). A high-angle annular dark-field
STEM (HAADEF-STEM) image in Fig. 1(c) depicts the SSO film on the
STO substrate. Atomic resolution HAADF-STEM images further sug-
gest that the SSO film is single crystalline with Ruddlesden-Popper
(RP) defects running throughout the film thickness (with slightly
dense and sparse regions averaging about 40-nm apart).””*’ These RP
defects are primarily oriented along [001]; thus, their impacts on the
through-plane thermal transport are presumably negligible. XRD
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FIG. 1. (a) Lattice structures of cubic SrTiO3 and orthorhombic SrSnO; with octahe-
dral titing. (b) Room-temperature HRXRD 20-» coupled scans of SrSnO/
SrTi05(001), suggesting the phase-pure and single crystalline SSO film. The inset
in (b) depicts the schematic of the sample stack. (c) HAADF-STEM cross-sectional
images of the SSO film (350 nm) on top of the STO substrate. The scale bar is
100 nm. The line features in the low-magnification image are Ruddlesden-Popper
defects. A few high-density (HD) and low-density (LD) defects regions are marked.
Atomic resolution images below show the expected crystalline structure of the SSO
film (region 1) and a Ruddlesden-Popper defect (region 2). Scale bars are 1 nm.
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rocking curve measurements were also conducted for the STO sub-
strate, as detailed in Sec. 3 of the supplementary material.

We used TDTR to measure the through-plane thermal conduc-
tivity (Asso, along [001]) of the single crystalline SSO film from 90 to
500 K. Over this temperature range, SSO remains orthorhombic with-
out any phase transition. More details of the TDTR metrology are pro-
vided elsewhere.'””* ! Prior to TDTR measurements, an aluminum
(Al) layer was sputtered onto the sample as a transducer. A reference
of 300-nm SiO,/Si and a bulk STO substrate were placed next to the
sample for transducer preparation, as control samples for thermal
measurements. For TDTR measurements, a 5x objective lens with a
1/€* radius of ~12 um was used to focus both pump and probe beams
onto the sample surface. The pump excitation was modulated at two
frequencies (f=9 and 18 MHz). Thermal transport in the sample stack
is considered as thermal wave propagation at the modulation fre-
quency producing a thermal penetration depth of 0 = /A/nfC, with
A and C being the thermal conductivity and volumetric heat capacity
of the sample, respectively. At ~150K and above, J is less than the
film thickness (dsso = 350 nm); thus, the SSO film is thermally opaque
[Fig. 2(a), left panel]. In this case, TDTR measurements are sensitive
to Agso and the interfacial thermal conductance of Al/SSO (G;). As
the temperature decreases, 0 may become larger than dsso due to the
increased Agso and decreased Csso at low temperatures. Therefore,
the SSO film is “thermally thin” and TDTR measurements also probe
the thermal interface of SSO/STO (G,) and Agro [Fig. 2(a), right
panel]. In this case, the dual-frequency TDTR analysis is used to
ensure the accuracy and reliability of the data reduction at low
temperatures.”””

For TDTR measurements, the samples were mounted on a
temperature-control stage in an environmental chamber. Measurements
were first conducted on the STO substrate to obtain its temperature-
dependent (T-dependent) Agro, followed by the measurements of the
SSO/STO stack. The setting temperature (T) varied from 90 to 500 K
with the lowest temperature being limited by liquid nitrogen as the cool-
ant. The actual temperature of the sample consists of three parts: T,
the steady-state temperature rise (AT.),”" and per-pulse temperature
rise (ATpp). At low temperatures, AT, can substantially impact the
sample temperature due to the reduced heat capacity. Therefore, the
nominal T is corrected to reflect the actual temperature of the sample
accordingly in the data analysis (Sec. 4 of the supplementary material).

For data reduction, several input parameters are needed for
extracting Agso. "' The RT electrical conductivity of the Al trans-
ducer is obtained from the 4-point probe measurements of the SiO,/Si
reference and then converted to the RT A, using the Wiedemann-
Franz law. The T-dependent A, is derived based on the linear tem-
perature dependence of the Al electrical resistivity. The T-dependent
Agto is obtained from TDTR measurements of the STO substrate.
The thickness of Al (dj=74nm) is determined from picosecond
acoustics [Fig. 2(b)],'””" """ and the thickness of the SSO film
(dsso=350nm) is obtained from STEM. The T-dependent C,; and
Csto are taken from literature,”””® and Csqo is calculated based on the
Debye model (Sec. 5 of the supplementary material).”’

Figure 2(c) depicts the representative TDTR ratio (—Vin/Vou)
signals of the SSO film measured at RT. The black and red solid lines
are the best fits for the measurement data, calculated based on a 3D
thermal diffusion model."***" The resulting RT through-plane Agso
is 44+04 W m ' K ', comparable with the value previously
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FIG. 2. (a) The 2D schematics illustrating the comparison between the SSO film
thickness (dsso) and thermal penetration depth (o) for the sample stack under the
thermally opaque (left) and thermally thin (right) regimes. (b) Representative TDTR
in-phase signal at early time delay illustrating picosecond acoustics measurements.
The red dot denotes the time delay when the longitudinal acoustic echo reflected at
the AI/SSO interface arrives at the Al surface. (c) Representative TDTR ratio sig-
nals at RT with simultaneous two-frequency fitting.

reported for polycrystalline SSO (4.5W m™' K ) with grain sizes of
several micrometers.'* This suggests the RT Agso of our 350-nm single
crystalline SSO film approaches the bulk limit, considering that the
dominant phonon mean free paths are on the order of several tens of
nanometers in most perovskite oxides.”* In addition, we notice that
the RT Agso is significantly lower than the bulk thermal conductivities
of several other perovskite oxides with the typical ABO; structure such
as STO (11W m~' K1), LAO (13W m™ ' K1),'*" and BSO
(N13W m71 K*l).12,13

To reveal the origins of the much lower Aggo as compared with
that of STO, we conducted T-dependent thermal measurements of
both the SSO film and the STO substrate from 90 to 500 K. The results
are plotted in Fig. 3, together with literature data of the thermal con-
ductivities for polycrystalline SSO and bulk single crystalline
STO."*'*'® At intermediate and high temperatures (>>150 K), the SSO
film is thermally opaque, and the overall uncertainty of Agso from
TDTR is ~10%. For temperatures <150K, the SSO film becomes
thermally thin. Correspondingly, the measurement sensitivities to G,
and Csgo increase, leading to larger errors propagated into the overall
uncertainty of Agso (~30%). For the bulk STO substrate, the uncer-
tainty of Agro remains ~10% for the entire temperature range. More
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FIG. 3. Temperature-dependent thermal conductivities of the 350-nm SSO film
(black squares) and the STO substrate (red squares). For comparison, literature
data of Asso (blue circles) for micro-sized polycrystalline SSO and Asro for bulk
single crystalline STO (blue diamonds) are also presented.”'® The solid curves
are the fits based on the Debye—Callaway model. The green dashed line follows
the T~" trend as a guide to the eye.

details of the uncertainty analysis are provided in Sec. 6 of the supple-
mentary material.

From Fig. 3, the TDTR derived Agro (red squares) exhibits a
similar trend as compared with literature data (blue diamonds) with a
peak temperature present at ~100K. The measured T-dependent
Agro is a bit lower at intermediate and high temperatures compared
with literature data.'” We attribute the lower Agro of our own STO
substrate to the enhanced phonon-point defect scattering for this
temperature range (Sec. 7 of the supplementary material). The
T-dependent Agro is then used as input parameters for extracting
Asso from 90 to 500 K (black squares). Compared with the literature
Asso of micro-sized polycrystalline SSO (black circles) from RT to
500 K, our measurement results suggest the bulk-like behavior of the
350-nm SSO film at RT and above.'” After the peak temperature, both
Asto and Agso decrease with temperature following ~T %7 and
~ T~ %%, respectively, deviating from the typical T trend of thermal
conductivity for materials with phonons as the dominant heat car-
riers.””” It was reported previously that the deviation from T~ can
be partially attributed to the higher-order phonon scattering and
anharmonic phonon normalization in strongly anharmonic materi-
als."”*! More discussions are provided in Sec. 8 of the supplementary
material on the T-dependent exponents of Agro and Agso.

To gain some physical insight into the T-dependent Aggo, we use
the Debye-Callaway (D-C) model assuming a truncated linear disper-
sion to interpret our measurement data (Sec. 7 of the supplementary
material).”” ** In this model, the scattering rates due to normal scatter-
ing, boundary scattering, Umklapp scattering, and phonon-point
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defect scattering are considered. The three types of resistive scattering
rates are determined by the characteristic dimension (L.) of the sam-
ple, the Gruneisen parameters (y;), and the mass-fluctuation phonon-
scattering parameter (I'), respectively.

The best fits to the measured T-dependent Agro and Agso from
the D-C model are plotted as solid curves in Fig. 3. For STO, the trun-
cated Debye frequencies (wp), sound velocities (v), and y are taken
from the literature.”” *” The fitting parameters are L. and point-defect
concentrations. For the 350-nm SSO film, L. is taken as the film thick-
ness. The truncated wp, and v are also taken from the literature.””** In
this case, y and point-defect concentrations (related to I') are the tun-
able parameters to be derived from fitting. The detailed information
about the parameters used in the D-C model analyses is summarized
in Table I. For STO and SSO, both Sr and oxygen vacancies are possi-
ble forms of point defects. Sr-by-Sn substitutions are considered
impossible owing to the large difference between the ionic radii of
Sr* and Sn*". Therefore, our model analyses explore the possible
combinations of Sr and oxygen vacancies as point defects.””*’

As shown in Fig. 3, the D-C model analyses for STO and SSO
agree well with TDTR measurement results. The peak temperature of
STO (~90-100K) is reflected in TDTR measurements and well cap-
tured by the model. While the peak temperature of SSO is not appar-
ent in measurements due to the limited temperature range, yet the
model yields a temperature peak occurring at ~70 K. For the charac-
teristic dimension, the best fit gives L. = 884 nm for STO, suggesting
the possible existence of domain boundaries within the bulk STO,
which could lead to enhanced phonon-boundary scattering (Sec. 3 of
the supplementary material). For phonon-point defect scattering, the
best fit based on the D-C model analyses gives a combination of ~3%
Sr vacancies and ~1% oxygen vacancies for STO, and a combination
of ~2% Sr vacancies and ~0.5% oxygen vacancies for SSO. The rela-
tion between the concentration of Sr and oxygen vacancies is given by
charge neutrality.”' The mass-fluctuation phonon-scattering parame-
ters are I' =0.0416 for STO and I'=0.0127 for SSO. In addition to
vacancies, other additive atoms, such as Ca, Fe, or Al are likely to pre-
sent in bulk single crystalline STO, which can also act as point defects
to suppress thermal transport.”””” The phonon-point defect scattering
due to such possible additive atoms is not considered in the D-C
model analyses. This is partially responsible for the higher point defect
concentrations of Sr and O vacancies for STO derived from the D-C
model analyses, as compared with literature reported vacancy concen-
trations for bulk single crystalline STO. Here, we acknowledge that the
D-C model is empirical, not as accurate as first-principles calculations.
Therefore, we implement the D-C model analyses for qualitative inter-
pretation of the thermal measurement results to identify the dominant
factors responsible for the suppressed thermal transport in SSO.
Obviously, the difference in the point-defect concentrations for SSO
and STO is not the main reason for the much smaller Aggo.

ARTICLE pubs.aip.org/aip/apl

For the Gruneisen parameters, the fitting for SSO yields
1. = 2.85 and yr = 0.86 as nominal values, both of which are larger
than the reported values for STO: y; =2.6 and yr =0.7."” Based on
Eq. (S87), a larger Gruneisen parameter leads to a higher phonon
scattering rate. This is reasonable considering that the phonon
scattering is a result of anharmonicity, which is tied to the lattice
symmetry. Several ABO; perovskite oxides, including STO and
BSO, have the cubic perovskite structure with the space group of
Pm3m.”"” While for SSO, the tilted SnOg octahedra lead to a dis-
torted orthorhombic lattice structure (Pnma) with a lowered sym-
metry and, thus, enhance the anharmonicity for phonon-phonon
Umklapp scattering [Fig. 1(a)].'””° In addition, based on a model
sensitivity analysis using the parameters listed in Table I, we iden-
tify the lower Debye temperatures of SSO as the dominant factor
responsible for the smaller RT Asso along [001] compared to
Asto. These lower Debye temperatures correspond to lower pho-
non cutoff frequencies at the Brillouin zone boundary, as reflected
in the phonon dispersions of STO and SSO,"*"* which are again
directly impacted by the lattice symmetry. More detailed discus-
sions of the Gruneisen parameters and model sensitivity analysis
for the determination of dominant factors are provided in Sec. 7 of
the supplementary material.

In addition to thermal conductivity, we can also extract the inter-
facial thermal conductance from TDTR. G, for the Al/SSO interface
changes from 75 to 100 MW m™> K" as the temperature increases
from 90 to 500 K. Our measured G, values are lower than those pre-
dicted from the DMM, and the discrepancy becomes larger at elevated
temperatures (Sec. 8 of the supplementary material). This discrepancy
is likely attributed to the insufficient SSO surface treatment prior to
the Al deposition, which can presumably lead to a lower G; when
compared with the DMM model.

In summary, we systematically investigated the thermal trans-
port properties of single crystalline SSO and established the
structure-thermal property relationship. The pristine 350-nm
SSO film has a thermal conductivity of 4.4 =04 W m~' K™'
along [001] at room temperature, approaching the bulk limit. By
integrating T-dependent thermal measurement and detailed
Debye-Callaway model analyses, we reveal the fundamental mech-
anisms responsible for the lower thermal conductivity of single
crystalline SSO, compared with that of STO. The distorted ortho-
rhombic structure of SSO with the tilted SnO4 octahedra reduces
the lattice symmetry and modifies the phonon dispersion. The
resulting phonon frequencies at the Brillouin zone boundary are
significantly reduced, which correspondingly lead to the lower
Debye temperatures for SSO. The thermal study in this work pro-
vides insight into the thermal transport mechanisms in perovskite
oxides and enhances the thermal design of SSO-based electronic
devices.

TABLE I. Parameters in the Debye—Callaway model. The subscripts of L and T denote the values for the longitudinal and acoustic phonon branches, respectively.

Opy (K) Opr(K) opr(THz) wpr(THz) vy (m/s) ve(m/s) 9. ppr  Lo(am) T(107") RTAWm 'K
STO'"  192% 173% 25.1 22.6 8500 5200 2.6% 0.7% 590 227 10.9'
STO 1924 173% 25.1 22.6 8500 5200 2.6% 0.7% 884 416 9.3
SSO 1418 108%8 18.2 14.1 7216 4170 285  0.86 350 127 42
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See the supplementary material for details of the sample synthe-
sis, structural characterization, thermal measurements and data reduc-
tion, measurement sensitivity and uncertainty analysis, comparison
with literature data, and the D-C modeling calculations.
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