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ABSTRACT

With demonstrated room-temperature mobilities in single crystals and thin films exceeding 300 cm* V™' s™! and 180 cm?® V™! 57!, respec-
tively, the transparent conducting oxide La-doped BaSnOj is of great interest for electronics. Unfortunately, the sheet carrier concentration
of the films in which such high mobilities are achieved exceeds 6 x 10> cm™2, which is too high to be pinched off in most transistor struc-
tures. Here, we investigate more than 200 La-doped BaSnO3 films grown on (100) MgO with lower sheet carrier concentrations—in the (1-6)
x 10" cm™ range—to elucidate the mobilities that can be achieved in the channel layers of transistors that have a chance of being pinched
off. Our study provides information on how the mobility trades off with film thickness and doping within this device-relevant design space.
The La-doped BaSnOj; films were grown by suboxide molecular-beam epitaxy in an adsorption-controlled regime, with excess SnO provided
during growth and exhibit carrier concentrations on the order of 1 x 10" cm™, thicknesses ranging from 5 to 38 nm, surfaces with rms
roughness <1 nm, and mobilities as high as 106 cm? V™! s™" at room temperature. The fraction of lanthanum dopants that are electrically
active ranges from 40% to 68%; this fraction increases with increasing SnO excess (the SnO:Ba flux ratio) during growth.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0296731
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INTRODUCTION

La-doped BaSnO; has long been identified as a premier
transparent conducting oxide (TCO) for implementation into
oxide-based transistor devices.”” This can be attributed to the
demonstrated high mobility (4) at room temperature,’ ' n-type
conductivity up to ~800°C in dry air,”'” and visible light trans-
parency due to a wide bandgap of ~3.0 eV.””">'* In particular, single
crystals have demonstrated mobilities as high as 320 cm* V™' 7'
in a degenerately doped regime (n = 8 x 10" cm™),' and at
comparable carrier densities, thin films have shown mobilities in
excess of 180 cm? V™! s71.%' These high mobilities out com-
pete current industrial semiconductor materials of choice, includ-
ing Si, Ge, GaAs, and GaN, at carrier concentrations exceeding
5 x 10” cm™.">'® Other TCOs exist with lower mobilities at this
carrier concentration level and comparable bandgaps, such as ZnO"”
and indium-tin oxide.'® The only known TCO with a higher electron
mobility in this doping range is CdO'” albeit with toxicity issues that,
coupled with its lower bandgap of ~2.3 eV,””*" make it less attractive
than BaSnOs.

The challenge with utilizing La-doped BaSnO3 as a channel
material in a transistor structure, however, is that the record mobil-
ities exceeding 180 cm” V™' s™' have only been achieved in films
with high sheet carrier concentrations (#;). For example, Paik et al.®
achieved a mobility of 183 cm® V™! s™" in a film with a sheet car-
rier density of 7 x 10" cm™, and Park et al.'’ achieved a mobility
of 184 cm® V™! 57! in a film with a sheet carrier density of 6
x 10'* cm™. Furthermore, these highly doped layers were grown
on thick (150-330 nm) unintentionally doped (UID) BaSnOj buffer
layers, which are likely not compatible with modern non-planar
transistor structures. Nevertheless, the presence of these semicon-
ductor properties coinciding with a widely applicable perovskite
structure makes La-doped BaSnOj3 a choice candidate for use in epi-
taxially grown oxide perovskite transistors. In fact, many transistor
structures, including La-doped BaSnOj; channel layers, have been
reported,'”** " although with field-effect mobilities far lower than
those mentioned above.

Several strategies have been used in the fabrication of La-doped
BaSnOs-based transistors to date. One is to use gate dielectrics with
a high product of « (dielectric constant) x Egp (electrical breakdown
field), e.g., HfO,,'"”** LaIn0s,” SrHfO;," BaHfO3,” BaTiOs
or BaHfy6Tip403” to deplete the conducting channel of La-doped
BaSnOs. This approach has enabled channels with sheet carrier den-
sities as high as 1 x 10" cm™ to be pinched off.?’ Another approach
is to use the spontaneous polarization (Ps) of a ferroelectric such
as Pb(Zr,Ti)Os to deplete the channel.’* So far, the Pb(Zr,Ti)O3
approach has achieved a charge modulation on a La-doped BaSnO3
channel of only 7 x 102 cm™.*! In principle, were it not for interface
traps and depolarization fields, Pb(Zr,Ti)O3 with Py = 50 4C cm™>
should be able to deplete a sheet carrier density of 3 x 10'* cm™. A
third approach is to decrease the sheet carrier density of the chan-
nel. This approach would seem to be the most straightforward, but
here the challenge is that the electron mobility plummets as the sheet
carrier density is decreased,”'”*** which often leads to insulating
films despite the presence of lanthanum dopants at concentrations
exceeding 1 x 10* ¢m™3 745

pubs.aip.org/aip/apm

This third approach, where we reduce the sheet carrier density
of the La-doped BaSnO; layer to produce a channel layer suitable
for depletion in a high-performance transistor at device-relevant
scale, is the focus of this paper. To make progress on this third
approach, we consider what it is that has limited scaling the sheet
carrier density, by reducing the thickness of the La-doped BaSnO;
layer, its doping, or both, in prior studies in order to identify a way
forward. We attribute the loss of conductivity to the point where
the concentration of traps in the La-doped BaSnO; film exceeds
the concentration of dopants; all potentially mobile carriers are
trapped. Possible traps, such as threading dislocations, have been
explored previously in La-doped BaSnOs films""* as well as other
semiconductors containing high dislocation densities (Ge,” " Si,**
GaN,” and InSb*’)—with the mobility of all these systems following

‘M oc \/ﬁ.l,(wﬁl,}, 10

Conceptually, minimizing the threading dislocation density
(TDD) in the conducting channel of La-doped BaSnOs3 should lead
to fewer scattering sites for mobile carriers. Indeed, transparent
field-effect transistors based on La-doped BaSnO3 employ thick UID
BaSnOs; buffer layers in the heterostructure to maximize the mobility
of carriers in the conducting channel, leading to benchmark perfor-
mance.'’ Microscopy studies of similarly grown La-doped BaSnO3
layers reveal the presence of 10'°-10"" cm™ threading dislocations
despite the thick UID BaSnOj; buffer layers employed.”*'** More
recent studies have investigated the use of buffer layers that are
closely lattice-matched to BaSnOj3, grown at high temperature to
produce relaxed buffer layers with reduced TDD of ~10° cm™.
Unfortunately, the resulting thin films of La-doped BaSnO3 grown
still do not reach their single crystal mobilities.”*' Beyond this, other
defects have been suggested that may also impact the mobile carrier
concentration of La-doped BaSnOj3, such as point defects®*>** and
(BaO); crystallographic shear defects.”"’

To this end, we map out growth conditions for the deposi-
tion technique that has, to date, produced La-doped BaSnO; with
the highest mobility in thin films: suboxide molecular-beam epitaxy
(S-MBE) under adsorption-controlled growth conditions. In thick
La-doped BaSnO; films, this technique has achieved mobilities as
high as 184 cm® V™' 57! on (100) MgO substrates with thick UID
BaSnOj; buffer layers.!” Using this same substrate, (100) MgO, we
explore the influence of La-doped BaSnOs3 film thickness and dop-
ing density to show the trade-off between electron mobility and
sheet carrier density. We observe the highest mobilities at the low-
est sheet carrier concentrations ever reported for La-doped BaSnO3
films. The improvement in reported properties is especially clear for
the case of no or thin (<20 nm thick) unintentionally doped BaSnO;
layers under the La-doped BaSnO3 channel. For example, the highest
Hall mobility reported to date for a La-doped BaSnO; film with no
underlying UID layer with 75 < 8 x 10" cm™ is ~70 cm? V™' s71.%
We achieve a mobility of 106 cm® V™! s™! at more than an order of
magnitude lower #, (15 = 6.01 x 10" cmfz) with no UID layer.

EXPERIMENTAL

La-doped BaSnOs films were synthesized in a Veeco GEN 10
MBE system using inorganic precursors of lanthanum (99.996%
purity, Ames Lab) loaded into a 10 cc tungsten crucible, barium
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(99.99% purity, Sigma-Aldrich) contained within a 40 cc titanium
crucible, and SnO; (99.996% purity, Alfa Aesar) in a 40 cc alumina
crucible. Film growth occurred by codeposition of lanthanum, bar-
ium, SnO (the dominant species emanating from the heated SnO,
source®), and ozone, as described elsewhere.® Three ratios of SnO to
barium were used, 1.2:1, 2:1, and 4:1. The SnO:Ba ratio was mea-
sured by a quartz crystal microbalance (QCM). For each of the
three SnO:Ba flux ratios used, the substrate temperature and oxidant
pressure were modified to remain within the adsorption-controlled
growth window of La-doped BaSnOs. In this window, the sticking
coefficient of lanthanum and barium are nominally unity and excess
SnO desorbs to form single-phase La-doped BaSnO:s.

The substrate temperature was controlled by closed-loop feed-
back from a thermocouple to the substrate heater power supply and
monitored by an optical pyrometer operating at a wavelength of
980 nm. The substrate temperature was kept within 5 °C of the target
growth temperature measured by the optical pyrometer by actively
lowering the thermocouple setpoint during the growth. The partial
pressure of the ~10% ozone plus 90% oxygen mixture, produced by a
commercial ozone generator,”” was set by a heated Baratron capaci-
tance manometer (stabilized at 40 °C) measuring the pressure at the
inlet of the ozone nozzle. A fixed MBE chamber background par-
tial pressure of ozone was established for all three SnO:Ba ratios at
5 x 1077 Torr (i.e., with the SnO source cold the total background
pressure of the ~10% ozone plus 90% oxygen mixture was 5 x 1077
Torr). As the temperature of the SnO source is increased the SnO
flux increases, as well as the partial pressure of O, emanating from
the suboxide source,’ altering the background pressure of the MBE
chamber. Higher fluxes (1.2 x 10" molecules cm™2 s7! for the 4:1
ratio) of SnO coincide with chamber pressures of ~1.2 x 107 Torr
or lower with an ozone mixture supplied with the same Baratron
pressure at the inlet of the ozone nozzle, while lower fluxes (~3.6
x 10" molecules cm™ s7! for the 1.2:1) maintained the noted
7 x 1077 Torr chamber pressure from Paik et al.® The intermediate
2:1 ratio of SnO:Ba used a SnO flux of 6.2 x 10'* molecules cm ™ s~
and a background chamber pressure of 9 x 10~ Torr.

All films were grown on (100) MgO substrates, as provided by
the manufacturer, CrysTec GmbH. To facilitate substrate heating by
a SiC filament, 20 nm of titanium was evaporated onto the backside
of the substrate, followed by 200 nm of platinum. Growths including
a UID BaSnOs bulffer layer on the MgO substrate were made by co-
supplying fluxes of barium and SnO. Following this, the lanthanum
shutter was opened, leading to all sources being co-supplied for the
remainder of the growth. Samples that contain no UID BaSnOs layer
had the lanthanum shutter open simultaneously with the barium and
SnO; shutters at the beginning of growth. In both cases, no post-
anneal procedure was done on the samples.

Determining the optimal growth condition for single-phase La-
doped BaSnOs3 on (100) MgO substrates starts with in situ reflection
high-energy electron diffraction (RHEED) where observations of
secondary phase precipitates and diffuse RHEED patterns allow for
minor adjustments in real time to the targeted flux ratio of SnO to
barium.® Ex-situ x-ray diffraction (XRD) was done using Cu Koy
radiation produced from a copper anode in a PANalytical Empyrean
system with a hybrid incident-beam monochromator. This XRD
was utilized to assess the structural perfection and phase purity of
the samples. X-ray reflectivity (XRR) measurements using the same

pubs.aip.org/aip/apm

system were used to determine the thicknesses of each sample to
confirm the growth rate (always in the 1.3-1.6 nm min™" range).
Rocking curves in w were collected in a triple-axis configuration
using a 220 Ge analyzer crystal. The surface morphology was exam-
ined by atomic force microscopy (AFM) using a Cypher ES atomic
force microscope (Asylum Research) equipped with an FS-1500 Au
coated Si-tip (Oxford Instruments).

The final feedback for electrical quality of the La-doped BaSnO3
films was obtained using a Nanometrics HL5500 Hall system, with
indium (99.9999% purity, Alfa Aesar) contacts soldered onto the
edges of the sample in van der Pauw geometry.’® The electron
density was estimated by considering the thickness () of the La-
doped BaSnO; layer (top layer). This thickness is the fraction of
the growth time of the channel layer that the lanthanum shutter
was open multiplied by the total thickness of the BaSnO3 channel
measured by XRR. The bulk carrier concentration (n) is then cal-
culated from the measured sheet carrier concentration (ns) of the
grown film by n,/t, where n, is measured by using the Hall effect.
Temperature-dependent Hall measurements were recorded using a
Quantum Design 9T physical properties measurement system with
a +1 T field sweep for Hall measurements. Secondary ion mass spec-
troscopy (SIMS) was conducted by Eurofins EAG Laboratories to
determine the percentage of electrically active lanthanum dopant. To
perform this analysis, a 300 nm thick UID BaSnOj standard was pre-
pared on (100) SrTiO3 and implanted with *La* by CuttingEdge
Ions following the method outlined in Truttmann et al.*’ for the
implantation of lanthanum in SrSnOs. In particular, an implanta-
tion energy of 175 keV and dose of 2.07 x 10** cm™ at a 7° tilt angle
was used to avoid channeling in the standard.

Structural analysis of one of the best samples (possessing a high
u at a low n;) was done using cross-sectional scanning transmis-
sion electron microscopy (STEM). The TEM specimen was prepared
using a focused-ion beam following standard lift-out procedures.
The samples were thinned to electron transparency, with the Ga
beam energy decreasing from 30 to 2 kV. High-angle annular dark-
field (HAADF) STEM images were acquired using an aberration-
corrected STEM [Thermo Fisher Scientific Spectra 200 (S)TEM]
equipped with probe aberration corrector, operated at 200 kV.
Energy dispersive x-ray (EDX) spectroscopy data were collected
using the Spectra 200 microscope with a dual-x detector.

RESULTS AND DISCUSSION

La-doped BaSnOs films™*"”'"** and single crystals' with the
highest mobility from the literature, as well as more recent films
grown on a selection of perovskite substrates [(100) LaAlO3 and
(100) SrTiOs] and (100) MgO using the conditions described in
Ref. 6, are plotted in Fig. 1(a) as functions of their carrier con-
centration. The highest mobility of these films is 194 cm® V™' 57!,
with a sheet carrier density of 1.6 x 10" cm™ at room tempera-
ture. This record-mobility film had a channel layer () of La-doped
BaSnOs grown to a thickness of 70 nm on a (100) LaAlO3 substrate
with a 140 nm thick UID BaSnOj3 buffer layer. This corresponds to
an electron concentration of 2.2 x 10*” cm™ in the layer. Char-
acterization of this sample by XRD and temperature-dependent
Hall effect is presented in Figs. S13 and S14 of the supplementary
material. An analysis of the temperature-dependent Hall data is

APL Mater. 14, 111101 (2026); doi: 10.1063/5.0296731
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FIG. 1. (a) Comparison of the reported mobility of La-doped BaSnOj3 films [the
filled red stars represent Cornell (this work); the open red stars denote Cornell
(2017) Ref. 6; the filled green upward pointing triangles denote UCSB Ref. 44; the
open purple diamonds represent SNU (2016) Ref. 25; the down pointing orange
triangles represent Tohoku (2016) Ref. 35; the teal filled left pointing triangles rep-
resent Minnesota (2017) Ref. 7; the right pointing filled purple triangles represent
PDI (2023) Ref. 11; and the green hollow diamond represents MPI (2019) Ref. 8]
and single crystals [the blue filled squares represent SNU (2012) Refs. 1 and 2]
as a function of mobile electron carrier concentration (n) at room temperature. (b)
The same comparison, but for La-doped BaSnO; films grown on (100) MgO sub-
strates with ~300+ nm thick UID buffer layers (red half-filled stars), 100-150 nm
thick UID buffer layers (half-filled red circles represent the work from Ref. 10), and
with <20 nm buffer layers (open red diamonds).

found in Fig. S15, wherein we consider the possible scattering
mechanisms limiting the electron mobility in this highest mobility
sample.

From Fig. 1(a) it is evident that the peak in mobility for La-
doped BaSnOs; thin films occurs near carrier concentrations of
~(1-2) x 10* cm™. This peak in thin-film mobility is far below
the highest observed mobilities in La-doped BaSnO3 single crystals
at comparable doping, where mobilities as high as 320 cm? V™! s7*
have been demonstrated." Common to both single crystals and thin
films of La-doped BaSnOjs is a decline in mobility with decreasing
carrier concentration below about 1 x 10* cm™. A sharp decline
in mobility of single-crystal La-doped BaSnOj3 is observed, with no
conducting samples below 1 x 10" cm™, as denoted by the blue
squares shown in Fig. 1(a). This trend is similar for thin films,
although we have been able to grow conducting samples with low
mobilities at carrier densities as low as 1 x 107 cm ™.

All the films shown in Fig. 1(a) contain a 10-330 nm thick
UID BaSnOs layer between the conducting La-doped BaSnO3 chan-
nel and underlying substrate. Functionally, the introduction of a
UID buffer layer works to lower the density of threading dislo-
cations in the conducting channel and provide an interface with
conceivably less scattering to flowing electrons (the UID BaSnOs/La-
doped BaSnOs interface compared with the MgO/La-doped BaSnO;
interface). While these channel properties are attractive for BaSnO3-
based transistors, modern ribbonFET or finFET designs necessitate
thin structures to physically fit and, therefore, impose a thickness
budget on the channel layer.”’ Furthermore, it is desired to only have
conductivity in the La-doped BaSnO3 channel and avoid parasitic
leakage in the substrate or UID bulffer layer. Such leakage could arise
from many potential sources, including persistent photoconductiv-
ity in UID BaSnO3°! or conductivity on the surface of an underlying
substrate such as SrTiOs after it has been Ar-ion etched.’” These
concerns make it desired to have minimal or even no UID BaSnO;
and to utilize a substrate that is robust against processing steps. For
this reason, we limit our study to the growth of La-doped BaSnO3
on thin UID BaSnOs or directly on (100) MgO substrates, arobustly
insulating substrate with a bandgap of about 7.5 eV.”

Figure 1(b) shows y vs n achieved in La-doped BaSnO3 films
grown on (100) MgO with and without thick (100-330 nm) UID
BaSnOj; buffer layers. The mobility of the La-doped BaSnOs films is
clearly lower without the thick UID BaSnOj buffer layers, especially
at low doping. Nonetheless, to remove potential unwanted leakage
and remain within the thickness limitations of modern transistor
designs, we focus on establishing the Hall effect mobility that can
be achieved in thin La-doped BaSnO3 on (100) MgO substrates with
and without thin UID BaSnO3 buffer layers <20 nm.

A theoretical description of n-type carrier mobility in a
dislocation-limited crystal, i.e., a transistor channel, can be found
in the work of Podor et al.’” wherein y is deduced to depend on the
square root of n, i.e., 4 o< /1. As this bulk carrier concentration is
equal to n; divided by ¢, n = %, we can rewrite Podor’s equation as
U o< \/? Following this equation, to increase the mobility of a
channel material riddled by threading dislocations, one can lower
t or raise n;. The need to fully deplete the channel and achieve a
good on/off ratio of the current passing through the transistor puts
an upper limit on #, #smax, Which depends on the gate dielectric

used. Podor’s equation then becomes y o< /™=, where #5, max is
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a fixed value. This equation implies that the mobility will be max-
imized when the conducting channel is as thin as possible. A thin
channel must be highly doped to contain #, max. Recognizing from
Fig. 1(a) that the mobility of La-doped BaSnO3 plummets at carrier
concentrations higher than about 2 x 10** cm™ led us to initially
study the mobility of ultra-thin, highly doped La-doped BaSnO;
channels in an attempt to maximize the channel mobility without
a UID BaSnOs buffer layer.

Following this ultra-thin, highly doped channel strategy led to
the results shown in Fig. S1 of the supplementary material, where
it is evident that conducting films of La-doped BaSnOs3 are achiev-
able down to channel thicknesses of 5 nm at constant n [(8-9)
x 10" cm™]. Unfortunately, the mobility is seen to fall below
50 cm® V™' 57! for sheet carrier densities less than 8 x 10" cm™.
This is disappointing due to the low mobility measured at such a
high carrier concentration compared to what is needed to be able to
pinch off a transistor by most gate dielectrics, e.g., #s must be less
than 5 x 10** cm™ for an HfO, dielectric. We abandon this strat-
egy in favor of thicker La-doped BaSnOj films that are more lightly
doped, which we show in the following to provide higher mobility
at lower sheet carrier densities than this initial approach. Possible
explanations of why our initial approach of minimizing channel
thickness is flawed are (1) the TDD is not constant (it decreases with
film thickness), (2) there is a significant concentration of traps at
the MgO/La-doped BaSnOs interface, and (3) our approach ignores
interface scattering, which increases as the La-doped BaSnO3 chan-
nel is reduced in thickness. A low doping approach with thicker
films was found to work better to realize device-relevant La-doped
BaSnO; channels, as described next.

Figure 2 shows mobility as a function of the sheet carrier den-
sity of 209 La-doped BaSnOs films grown under different conditions.
A comparison of three SnO:Ba flux ratios investigated in this work
are plotted in Fig. 2 along with prior La-doped BaSnOs3 films. From
the plot, it is evident that increasing the SnO:Ba flux ratio leads
to slightly improved mobilities at similar sheet carrier concentra-
tions. Films grown with a 4:1 ratio of SnO:Ba exhibit high mobilities

ltaln()1
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most reproducibly, and in contrast, films grown with a 1.2:1 ratio of
SnO:Ba demonstrate less reproducible electronic properties. While
both conditions imply growth in an adsorption-controlled window
where excess SnO is supplied, the higher overpressure of SnO in the
4:1 ratio films could be decreasing V7§, point defects’> or (BaO),
crystallographic shear defects,”” leading to the greater consistency of
high mobility. Other studies suggest that increased SnO fluxes will
compensate for Vg, that are acting as negatively charged scatter-
ing sites for mobile carriers by accommodating Sng, anti-site point
defects.** These sites would, in theory, be neutrally charged due
to the Sn*" valence state. The size of these ions (Sn*" and Ba®")
are comparable: 12-coordinated Ba** has a coordination radius of
1.75 A, whereas 12-coordinated Sn** has a coordination radius
of 1.32 A.°° We find such anti-site defects unlikely, however, as it
has proven relatively difficult to achieve the Sn** oxidation state,
especially in perovskite structures.””

The optimization of the electrical properties of La-doped
BaSnOs is intertwined with the oxygen environment during growth
with two competing approaches possible: growth in an oxygen-
rich** or oxygen-poor* environment. In our study, we found
oxygen-poor conditions during growth and after growth (by vac-
uum cooling samples from growth temperature to below 200 °C) to
provide a higher yield of conducting samples at the low lanthanum
doping that is the subject of this study. Expectedly, with increased
fluxes of SnO, there is an increased partial pressure of O, emit-
ting from the source material, but from our experience with the
growth of Sn®*-compounds (where we find it essential to avoid any
ozone),”’  we expect our use of 10% ozone plus 90% oxygen as an
oxidant at a background pressure exceeding 5 x 107 Torr to fully
oxidize all tin to the 4+ valence state.

Although a SnO:Ba ratio of 4:1 was found to more reproducibly
yield higher mobility films at the same sheet carrier concentration,
the surface morphology of these films was often rough. Varia-
tions of the surface quality at this 4:1 flux ratio are seen for three
films in Fig. S2 of the supplementary material. Small, broadly dis-
tributed precipitates in the case of slightly Ba-rich growth or Sn-rich
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precipitates that are less distributed but taller are seen and, in both
cases, retain reasonable mobilities. The slight non-stoichiometry
of the films shown in Fig. S2 of the supplementary material was
revealed by etching the films in either deionized (DI) water—to
dissolve the Ba-rich [likely Ba(OH), or BaCaOs] precipitates—or
a mixture of concentrated hydrochloric acid and peroxide to dis-
solve the Sn-rich (likely SnO,) precipitates, as shown in Fig. S3 of
the supplementary material. A higher mobility is found for the sam-
ple with no observed precipitates in a 10 x 10 ym? scan, and this
same sample has a root mean square (rms) roughness of 0.28 nm.
Notably, the RHEED patterns for all three samples look indiscernible
from one another (see Fig. S2 of the supplementary material), which
suggests that even the off-stoichiometric surface compositions are a
small deviation from ideal.

In contrast, for the lower SnO:Ba ratio of 1.2:1 more variance
in mobility is seen, shown in Fig. 2. Nevertheless, these films are
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reproducibly smoother and lack the significant variation in surface
morphology as was the case for the 4:1 ratio, with a comparison
shown in Fig. S4 of the supplementary material. The ratio of 2:1
for SnO:Ba was found to produce the greatest yield of conducting
La-doped BaSnOs samples in thin layers at the low doping con-
centrations studied, lowering the substrate temperature functions to
increase the sticking coefficient of the volatile SnO species on the
surface of the substrate. Simultaneously, a reduced SnO flux is used
to remain in the adsorption-controlled regime and avoid the accu-
mulation of excess SnO; on the film during growth. Utilizing these
growth controls, we attempt to target minimal variation in surface
roughness and correspondingly smaller variation in mobility.
Focusing on samples that have a total thickness of less than
40 nm and doping less than 2 x 10" cm™ shows that mobilities
of up to 106 cm® V™' s7! are achievable. As illustrated in Fig. 3(a),
this mobility is reduced as the conducting channel layer gets thinner
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with no UID BaSnOj layer present. Indeed, this agrees with prior
observations of highly lattice-mismatched semiconducting systems
such as InAs on GaAs,* InSb on GaAs,"’ germanium on silicon,®
and GaN on AL, O3 *’ Figure 3(a) also shows thin La-doped BaSnO3
channels (stars) grown using the conditions of Paik et al.° that
demonstrate high mobilities at channel thicknesses <10 nm with
sheet carrier densities of ~2 x 10" cm™2; an example schematic of
this structure is displayed as an inset in Fig. 3(a). Viewing these
samples by total thickness represented in Fig. 3(b) clarifies that
thin channels with desirable electrical properties have a compara-
ble total thickness (yet another alternative view is shown in the
supplementary material, Fig. S5). Using this concept, a 2:1 ratio
film was grown to a total thickness of ~21 nm with a ~10 nm
La-doped BaSnOj; channel that exhibited a sheet carrier density of
2.5 x 10** cm™ with a mobility of 71 cm? V™' 7%,

An alternative view of the same data displayed in Fig. 2 is pre-
sented in Fig. 4, where instead of plotting sheet carrier density vs
mobility, we have an engineering plot illustrating the competition
among La-doped BaSnO3 channel thickness, carrier concentration,
and mobility. This representation shows the available paths to opti-
mizing the conducting channel for a specified device structure. How-
ever, considering sheet carrier densities by multiplying the thickness
of the conducting channel by its carrier concentration can clarify the

u (cm2 v s’l)
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electric field needed to deplete the channel. It then becomes straight-
forward to consider the product of ¥ x Epp for a gate dielectric or
the Ps of a ferroelectric and determine the higher limit of depletable
channels. Ideally, achieving the lowest product of t x n is preferred to
allow for complete pinch off based on the choice of transistor struc-
ture. The red arrows illustrated in Fig. 2 represent a higher limit
of depletion achievable for some potential gate dielectrics and fer-
roelectrics. In the process of minimizing the sheet carrier density
(represented by the dashed lines shown in Fig. 4), the 4:1 SnO:Ba
ratio still demonstrates the highest mobilities with reproducibility
at sheet carrier densities of (4-5) x 10" cm™, for samples grown
without a UID bulffer layer.

A closer examination of the best sample grown with the 4:1
SnO:Ba ratio is captured in Fig. S6. The sharp streaks seen during
growth in the RHEED pattern in Figs. S6(a) and S6(b) are consis-
tent with a smooth surface and cube-on-cube epitaxy between the
(100) La-doped BaSnO; film and (100) MgO substrate. This is cor-
roborated by the ex-situ AFM scan shown in Fig. S6(c) revealing a
smooth surface devoid of precipitates and is consistent with other
reported films of La-doped BaSnO3s with good electrical proper-
ties."" The film shown in Fig. $6 had no UID BaSnOj3 bulffer layer,
exhibited a room-temperature mobility of 95 cm? V157! and a
sheet carrier concentration of ~5.5 x 10" cm™ (thickness of 33 nm,
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TABLE 1. Comparison of the electrical properties of five La-doped BaSnO3 samples grown using different ratios of SnO:Ba with their corresponding percentage of electrically

active lanthanum.

Sample ID Ratio (SnO:Ba) t (nm) U (em®* V7ls™h n(cm™) La concentration (cm ™) % La activated
Sample A 1.2:1 38 41.9 1.3x10" 3.2x 10" 40.6
Sample B 1.2:1 38 106 1.6x 10" 3.7x10% 432
Sample C 2:1 30 71.1 1.4x 10" 34x10Y% 412
Sample D 2:1 30 84.8 1.7x 10" 2.8x 10" 60.7
Sample E 4:1 33 94.5 1.7x 10" 2.5x 10" 68
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FIG. 5. SIMS of five La-doped BaSnOs thin films grown using different ratios of SnO:Ba. Panel (a) shows the SIMS measured for sample A (x = 106 cm? V=" s~',
t=38nm,and n = 1.6 x 10 cm=2), which was grown using the 1.2:1 SnO:Ba ratio and (b) Sample B (4 = 41.9 cm? V=" s~", t = 38 nm, n = 1.3 x 10'® cm=%) is also shown
grown with the same 1.2:1 SnO:Ba ratio. Panels (c)~(d) show the SIMS results for sample C (4 = 71.1 cm? V="' s~", t = 30 nm, and n = 1.38 x 10'® cm~3) and sample D
(4 =848cm? V="s~ t=30nm, and n = 1.69 x 10'° cm~3), respectively, and were both grown using the 2:1 ratio of SnO:Ba. Panel (€) represents the 4:1 SnO:Ba ratio
case, with sample E (4 = 94.5 cm? V=1 s~ ¢ = 33 nm, and n = 1.66 x 10'® cm=%) being a better performing sample.
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carrier concentration of 1.7 x 10" cm™). To quantify the structural
quality of the La-doped BaSnOs film, a rocking curve in w of the 200
La-doped BaSnO3 peak is overlaid onto the 200 MgO substrate peak
shown in Fig. S6(e). The full width at half maximum (FWHM) in
w of the MgO substrate is found to be 54 arc sec, and the La-doped
BaSnOj film grown on top has a FWHM of 72 arc sec. It is common
for (100) MgO substrates to have such poor crystallinity® com-
pared to higher-quality oxide substrates that are grown by using the
Czochralski method®” and through epitaxy this reduced crystallinity
is translated into the film.

The out-of-plane lattice constant (ao0p) for the same film shown
in Fig. S6 was determined using a Nelson-Riley fit*® and found to be
4.102 + 0.001 A. Following the suggestion that La-doped BaSnO;
films with larger aqop have higher mobility," we measured dqop of
many of our La-doped BaSnOs3 films grown on (100) MgO. As is
evident from Fig. S7, we do not observe this correlation; there are
many films with low or no mobility at similar aoop to those with
high mobility. The samples included within Fig. S6 have varying
lanthanum content and it is possible that the change of doping con-
centration also influences aoop of the film to some extent. The wide
variation of electrical properties seen in films with similar aqop sug-
gests that other influences, such as crystal quality, TDD, and the
presence of RP defects, make it challenging to determine whether
a film has a high mobility based solely on the value of aoop for the
growth conditions we are using.

At a low sheet carrier density of 3.4 x 10" cm ™2, there are two
standout films with no buffer layer and nearly identical mobilities:
77-78 cm® V™' s71. They are grown at SnO:Ba ratios of 2:1 and 4:1,
respectively. The film grown at the 2:1 SnO:Ba ratio is the focus of
Fig. S8. The structural quality seen at the surface by RHEED is com-
parable with the 4:1 film, as shown in Figs. S8(a) and S8(b). Sharp
streaks and visible Kikuchi lines®” are seen in both Figs. S8(a) and
S8(b). In addition, an examination of the structural perfection of the
film is illustrated in Fig. S8(d), where a rocking curve in w of the 200
La-doped BaSnO3 peak (FWHM of 1656 arc sec) is overlapping the
respective 200 MgO substrate peak (FWHM of 101 arc sec). A linear
scale normalized rocking curve for the films shown in Figs. S6 and
S8 are shown in Fig. S9. In Fig. S8(c), we see a zoomed-in 6-20 XRD
scan centered on the 200 peaks of the film and substrate without the
presence of any SnO, impurity peaks. An AFM scan of the surface,
Fig. S8(e), reveals a rms roughness <0.25 nm, which is smoother than
that seen in the 4:1 ratio case.

Figure S8(f) shows a drift-corrected cross-sectional HAADF-
STEM image of the same sample in a region with both a threading
dislocation and a Ruddlesden-Popper (RP) crystallographic shear
fault present. Based on STEM images taken of this sample at lower
magnification, the TDD was estimated to be (6-10) x 10 cm™2.
While this TDD is higher than previously reported samples of La-
doped BaSnO3 grown by MBE, the observed TDD is not surprising
given the choice of substrate, (100) MgO. The density of RP defects
in the crystal was determined to be ~1 x 10'° cm™. This den-
sity of RP defects is an order of magnitude higher than previously
grown La-doped BaSnO; with thick UID BaSnOj; buffer layers on
(110) DyScOs," suggesting RP defects as a potential limiting fac-
tor for achieving high mobility in thin layers. More STEM images
are included in Figs. S10-S12 of the supplementary material, which
show an otherwise homogeneous film.

pubs.aip.org/aip/apm

SIMS measurements were performed on a selection of La-
doped BaSnOj; thin films from each SnO:Ba ratio to examine the
fraction of electrically active lanthanum dopants in each sample.
By comparing the total number of lanthanum ions measured by
SIMS against the concentration of free electrons n measured using
Hall, we obtain the percentage of electrically active lanthanum in
the films, with the results presented in Table I. From the compari-
son, we see that 40%-68% of the lanthanum dopants are electrically
active, with the highest free carrier fractions achieved in the 2:1 and
4:1 SnO:Ba case. One explanation for this is that the increased over-
pressure of SnO lowers the number of trap states that develop during
the growth—possibly Vi, point defects. Figures 5(a)-5(¢) show the
SIMS profiles of the selected La-doped BaSnOs3 thin films, with a
clear slope in the lanthanum concentration observed in each SnO:Ba
ratio case. SIMS artifacts are observed at both interfaces of the La-
doped BaSnOs thin film due to the film surface and the change in
matrix from BaSnO; to MgO and can be ignored. An increasing
lanthanum concentration with depth is evident in all of the films.
In contrast, a flat lanthanum concentration is seen in SIMS pro-
files of La-doped BaSnO; grown on the lattice-matched substrate
(100) Ba;ScNbOg”’ using analogous growth conditions with 100%
dopant activation,”! making us suspect that the observed lanthanum
gradient is due to the high concentration of threading dislocations
in the La-doped BaSnOs films grown on (100) MgO for this study.
Threading dislocations could conceivably impact the diffusion of the
lanthanum dopant by providing a fast diffusion path to the sample
surface for the dopant. Indeed, the observation of lanthanum seg-
regation in La-doped BaSnO; has been noted by EDX and STEM
in the work of Yun et al.”” with the presence of lanthanum anti-site
occupancy in the core of threading dislocations and an increase in
the presence of Sn-terminated half planes.

CONCLUSION

Our results show that using S-MBE while employing a nar-
row adsorption-controlled growth window allows for the synthesis
of thin, high mobility layers of La-doped BaSnOs3 directly onto (100)
MgO substrates. By introducing a UID BaSnO; buffer layer with a
thickness of about 10-20 nm, the growth of La-doped BaSnO3 with
low sheet carrier densities of (1-3) x 10" cm ™2 is possible. One such
exemplary buffer layer sample retained a reasonably high mobility
of 71 cm® V™! s7! at a sheet carrier density of 2.5 x 10" cm™. Our
study shows that La-doped BaSnO3 channels directly deposited on
MgO can have mobilities of 77-78 cm® V™' s™! at a sheet carrier den-
sity of 3.4 x 10" cm™ and 95 cm® V™! 57! at a sheet carrier density of
5.5 x 10" cm™. When considered as the channel layer of a transis-
tor, such sheet carrier densities should be depletable, depending on
the choice of gate dielectric or ferroelectric. Conductive films with
ns as low as 1 x 10" cm™ were achieved when directly deposited
on MgO substrates, but with barely two-digit mobilities. Striving for
these electrical properties in thin films, on the order of 10 nm or less,
is critical to moving toward the requirements of a next generation
ribbonFET or finFET design for industrial manufacturing. A trend
of increasing mobility with sheet carrier concentration was seen
for samples with n; < 2 x 10** cm™2, which is typical of La-doped
BaSnQj, 10102 although our study extends this to record-low #;
for films with no UID buffer layer. SIMS measurements of a few
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La-doped BaSnOj; films from each SnO:Ba ratio examined in this
study reveal 40%-68% electrically activated lanthanum, with the 2:1
and 4:1 ratio conditions improving the free carrier fraction. The
sheet carrier densities of our best films remain in the degenerately
doped regime but are expected to be depletable given the proper
selection of materials for oxide perovskite transistors.

SUPPLEMENTARY MATERIAL

The supplementary material provides additional characteriza-
tion, STEM images, and temperature-dependent Hall data on the
highest mobility La-doped BaSnOj3 thin film.
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Figure S1

FIG. S1. A comparison of La-doped BaSnOs films grown on (100) MgO substrates with similar
carrier concentrations ((8-9)x10' ¢m™) and decreasing thickness, without UID BaSnO; buffer

layers. The sample with =0 cm? V! s! and n = 0 cm™ was insulating by two-point resistance.

Figure S1: A scatter plot showing the comparison of mobility to thickness as well as sheet carrier

concentration. There are 8 La-doped BaSnOs films included ranging from 5 nm to 30 nm showing
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a decline in mobility with thickness.



Figure S2
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FIG. S2. AFM scans and corresponding RHEED images below them taken along the [011]
azimuth from three 33 nm thick illustrative La-doped BaSnOs3 films grown at a SnO:Ba ratio of
4:1. (a) Ba-rich growth exhibiting the presence of small widely distributed precipitates on the
surface of the film. (b) Stoichiometric growth. (c) Sn-rich growth illustrating the presence of

larger, less distributed precipitates.

Figure S2: There are 3 panels containing AFM images with their corresponding RHEED images
included below. The RHEED patterns are captured in kSA 400 using an RH15 electron gun from

staib instruments and show an otherwise smooth surface by RHEED but some precipitates by

AFM.



Figure S3

As grown: After H,O dip:

rms = 0.33 nm

FIG. S3. AFM images of (a) initial surface of a Ba-rich film and (b) the resulting surface after
dunking in DI water. (c) Initial surface of a Sn-rich sample, (d) the same sample after the same

DI water dunk, and (e) the film after treatment with HCI + H20s.

Figure S3: A comparison of 2 films, (1) with Ba-rich precipitates and (2) Sn-rich precipitates. The
Sn-rich sample remained the same after dunking in water while the Ba-rich samples precipitates

were removed. RMS values are in the upper right corner of each image.



Figure S4
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FIG. S4. A collection of AFM scans of samples grown with 4:1, 2:1, and 1.2:1 ratios of SnO:Ba
comparing the roughness observed. Notably, the 1.2:1 ratio film has the lowest rms of 0.15 nm
while the higher ratio samples of 2:1 and 4:1 have more spread in their roughness. From left to
right in the 4:1 ratio row are the following mobilities and carrier concentrations: (a) 69 cm? V-!s-
with n = 1.5x10" ecm™, (b) 95 cm? V! st with n = 1.7x10" ¢cm, and (¢) 75 cm? V! s7! with n
=1.7x10" cm™. From left to right in the 2:1 ratio case: (d) 33.6 cm? V! s7! with n = 1.5x10"

cm™, (e) 74 cm? V7! 7! with n = 1.9x10" cm, and (f) 67 cm? V7! s7! with n = 8.9x10'8 cm™.



Finally, the 1.2:1 ratio sample (g) had a mobility of 68 cm? V- s™! and n = 3x10' cm™. All films

are ~30—33 nm in thickness.

Figure S4: A comparison of 7 La-doped BaSnO; films with 3 from the 4:1 ratio, 3 from the 2:1
ratio, and 1 from the 1.2:1 ratio. The samples were grown on different days after the same

calibration sequences.



Figure S5
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FIG. S5. A comparison of the same samples shown in Fig. 3(b) showing the comparison of u vs.
ns for samples with total thickness under 40 nm. Stars are samples grown using the conditions
from Ref. 6. The data points with black outlines have a UID BaSnOj3 buffer layer (~20 nm

thick); those without a black outline have <1 U.C. UID BaSnOs buffer layer.

Figure S5: Close to 100 samples of La-doped BaSnO3 grown using various conditions. A few

thin samples with UID buffer layers retain higher mobilities at the same carrier concentrations.



Figure S6
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FIG. S6. Structural characterization of a 33 nm thick La-doped BaSnOs film with a room-

temperature mobility of 95 cm? V! s! and a sheet carrier concentration of ~5.5x10'* cm~ grown
on a (100) MgO substrate without a UID BaSnOs buffer layer using the 4:1 SnO:Ba flux ratio.
RHEED patterns at the end of growth taken along the (a) [010] and (b) [011] azimuths. (c) 10 x
10 um? AFM scan exhibiting a rms roughness of 0.28 nm. (d) XRD 6-26 scan and (e) overlapping

rocking curve scans of the 200 La-doped BaSnOs3 peak and 200 MgO substrate peak.

Figure S6: Relevant characterization data processed for the 4:1 ratio of Ba:SnO. The data shows

a lack of impurity by XRD, RHEED, and AFM.



Figure S7
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FIG. S7. A plot of mobility vs. out-of-plane lattice parameter for 97 samples from this study.

Figure S7: Mobilities for a few samples plotted against their lattice spacing measured from XRD.

Most samples are from the 2:1 ratio which was the optimized condition for yield.
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Figure S8
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FIG. S8. Structural characterization of a 33 nm thick La-doped BaSnO; film with a room-
temperature mobility of 77 cm? V! s and a sheet carrier concentration of ~3.4x10'* cm= grown
on a (100) MgO substrate without a UID BaSnOs buffer layer using the 2:1 SnO:Ba flux ratio.
RHEED patterns taken after growth along the (a) [010] and (b) [011] azimuths. (c) XRD 6-26
scan and (d) overlapping rocking curve scans of the 200 La-doped BaSnOj; peak and 200 MgO
substrate peak. (¢) 10 x 10 um? AFM scan exhibiting a rms roughness <0.25 nm. A cross-sectional
HAADF-STEM image is displayed in (f) showing a threading dislocation and RP fault as indicated

by the yellow arrows.

Figure S8: Relevant characterization data processed for the 2:1 ratio of Ba:SnO. The data shows
a lack of impurity by XRD, RHEED, and AFM. TEM shows the presence of RP defects illustrated

by arrows.



Figure S9
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FIG. S9. A linear scale representation of the same w rocking curves shown in (a) Fig. S6 and (b)

Fig.S8. The arrows indicate the FWHM.

Figure S9: Rocking curve plots from previous figures with a linear scale. Arrows are blue and

show both the film and substrate FWHM.



Figure S10

FIG. S10. EDX compositional analysis for various elements including barium, carbon, tin,
lanthanum, magnesium, and oxygen. A high resolution HAADF-STEM image accompanies the

EDX scan in the right center.

Figure S10: 7 EDX compositional plots included with the corresponding area scanned by STEM.



Figure S11
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FIG. S11. (a) A low-magnification cross-sectional HAADF-STEM image of the La-doped

BaSnOs film shown in Fig. S8 with (b) an EDX scan of the film.

Figure S11: A STEM images adjacent to an EDX scan for the same area showing the uniformity

of the La-doped BaSnOs film.



Figure S12

|
FIG. S12. EDX compositional analysis locally surroundig RP fault (arrowed) for various

elements including barium, carbon, tin, lanthanum, magnesium, and oxygen. A high-resolution

cross-sectional HAADF-STEM image accompanies the EDX scan in the bottom right image.

Figure S12: STEM images included with EDX compositional analysis for a La-doped BaSnOs

film and focus on the RP defect present.



Figure S13
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FIG. S13. 6-260 XRD scan of the 70 nm thick La-doped BaSnO; film found to exhibit a room-
temperature Hall mobility of 194 cm? V! s7!. This film was grown using the conditions found in

Ref. 6 on a 140 nm thick UID BaSnOs buffer layer on a (100) LaAlO3 substrate (*).

Figure S13: Rebinned XRD data for a thick La-doped BaSnO; sample including a thick UID buffer

layer.



Figure S14
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FIG. S14. Temperature-dependent (a) Hall mobility, (b) resistivity, and (c) carrier concentration

measurements of the same 70 nm thick La-doped BaSnOs film characterized in Fig. S13.



Figure S14: Corresponding temperature dependent hall data to the XRD data of the sample

included in Figure S14.
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FIG. S15. Comparison of experimentally measured electron mobility of the same 70 nm thick La-
doped BaSnO; film characterized in Figs. S13 and S14. The measured mobility of the La-doped
BaSnOs film is shown as red circles together with a theoretical model shown as a light blue solid

line.

Figure S15: A model comparison to experimental data for the same sample discussion in Figure

S13 and Figure S14. The model follows closely with some deviation around 100 K.



We have compared the measured temperature-dependent mobility in the BaSnOs3 sample with the
highest mobility in this study with a theoretical model that accounts for optical phonon scattering
and impurity scattering. Figure S15 shows this comparison. We have used a single optical phonon
energy of 51 meV for our calculation. For BaSnOs, scattering from three longitudinal optical (LO)
phonon branches are active, at 18 meV, 51 meV, and 88 meV, as discussed in Krishnaswamy et
al.! Of these three LO phonon modes, scattering from the 51 meV LO mode dominates the
scattering rate at 7> 100 K, and the 18 meV LO mode dominates for 7' < 100 K. Because the low
temperature electron mobility is limited to ~ 484 cm? V! s71, the 18 meV phonon mode scattering
limited mobility, which dominates < 100 K for mobilities > 10,000 cm? V! s7! is not observable.
Thus, the use of a single phonon mode is justified. The discrepancy between the theory and the
experiment around 100 K is due to another temperature-dependent scattering mechanism that we
have not yet identified. The measured mobile electron density at n~2.27x10%° cm™ is degenerate
and nearly constant with temperature. As shown in this work, Ruddlesden-Popper type defect
scattering could be active in the samples studied here. Typically inactive TO phonon mode
scattering of electrons could play a role as they have been seen to do in other perovskite oxides
such as SrTi03,? though the electron bandstructure of BaSnOj3 near the conduction band minimum
follows a different symmetry than SrTiO;. A study of mobility limitations from scattering by
Ruddlesden-Popper defects, potentially TO modes if they are active in BaSnOs is a topic for future

study.
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