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ABSTRACT

We report on the successful stabilization of a two-dimensional electron gas (2DEG) in SizN,/AlO,//KTaO3(001) heterostructures. Electronic
transport measurements reveal that the AlO, layer thickness critically modulates the 2DEG mobility, with an optimal thickness achieving

a mobility of u~444cm>V~'s™!

at 10K, which is, despite the amorphous granular nature of the AlOy layers, comparable to epitaxial

oxide-based 2DEGs. Thicker AlO, layers reduce mobility and induce a Kondo-like upturn in resistance at low temperatures, which is
attributed to oxygen depletion extending into the substrate and enhancing defect scattering. Additionally, the samples remain metallic after
six months of exposure to ambient conditions, with high-mobility samples maintaining stable carrier densities and mobilities and
experiencing only minor increases in sheet resistance over time. These findings highlight the potential of KTaO; 2DEGs for long-term
electronic applications, providing valuable insights for optimizing oxide heterostructures for future device technologies.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0293470

1. INTRODUCTION

Transition metal oxides (TMOs) display a remarkable variety
of electronic phases, driven by the strong interplay among their
lattice, charge, spin, and orbital degrees of freedom. A break-
through in this field was the 2004 discovery of a high-mobility two-
dimensional electron gas (2DEG) at the interface between the band
insulators, LaAlO; (LAO) and SrTiO; (STO), which initiated
intense research into 2D oxide-based electronic systems."” While
STO-based 2DEGs remain the most widely studied, KTaO;
(KTO)-based heterostructures have recently attracted significant
attention due to their distinct properties.” KTO is a wide gap
(3.5€eV) band insulator with a cubic perovskite structure and a
strong spin-orbit coupling strength of approximately 0.4 eV arising
from its heavy Ta 5d electrons.”” Additionally, KTO is an incipient
quantum ferroelectric that becomes metallic when lightly doped
with oxygen vacancies or via chemical substitution.*”” These char-
acteristics make KTO an excellent platform for stabilizing two-
dimensional electron systems with potentially unique electronic
and spintronic functionalities.

Multiple approaches have been employed to stabilize 2DEGs in
KTO, including the growth of epitaxial oxide layers such as LaTiO;
and EuO, the deposition of amorphous oxides like LaAlO; and
CaZrO;, and ionic liquid gating."'” The versatility of these methods
has enabled the discovery of diverse and tunable properties in
KTO-based 2DEGs.'”"*™'® Among these strategies, the direct deposi-
tion of thin amorphous Al layers on KTO offers a simple and effec-
tive route. In this process, a redox reaction at the AI/KTO interface
oxidizes the Al into AlO, by extracting oxygen from the KTO sub-
strate, thereby creating oxygen vacancies (Vs) near the surface.''”'*
These vacancies act as electron donors, inducing a 2DEG at the inter-
face. The spatial distribution of Vs critically influences carrier
density and mobility, while disorder and defect scattering play key
roles in phenomena such as superconductivity in these systems.'’~**
However, such vacancy-stabilized 2DEGs may be metastable, as
oxygen vacancies can be annihilated over time through atmospheric
oxygen diffusion.”” Although Si;N, has been demonstrated to act as
an effective barrier against oxygen diffusion, the long-term stability of
these heterostructures remains largely unexplored.”’
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In this work, we fabricate Si3N,/AlO,//KTO(001) heterostruc-
tures via magnetron sputter deposition to stabilize robust 2DEGs.
We systematically investigate their electronic transport properties
and demonstrate that the AlO4 thickness is a key parameter
controlling mobility, with low-temperature values reaching
u~444cm*V7's™!, comparable to those of epitaxially grown
oxide interfaces. Furthermore, we evaluate the temporal stability of
these heterostructures over a six-month period, demonstrating that
high-mobility samples retain stable carrier densities and mobilities,
with only marginal increases in sheet resistance (Rs). These results
underscore the potential of Al-induced KTO 2DEGs for long-term
electronic applications and offer valuable insights for optimizing
oxide heterostructures for future device technologies.

Il. METHODS

The SisN4/AlO./KTO heterostructures were fabricated by
growing amorphous Al and Si;N, layers on KTO(001) single crys-
tals using magnetron sputtering. Prior to deposition, the KTO sub-
strates were annealed in situ at 500 °C for 40 min under a pressure
below 107" mbar to ensure surface cleanliness.”’ The amorphous
Al layer was then deposited by DC magnetron sputtering under an
Ar atmosphere of 7.4 x 107> mbar at a temperature of 250 °C fol-
lowing the procedure described in Ref. 21. Subsequently, the SizN,
passivation layer was deposited by RF magnetron sputtering at the
same Ar pressure. The Al layer both oxidizes into AlO, and gener-
ates Vs within the KTO substrate, resulting in a conducting 2DEG
at the AlO//KTO interface.”’ The samples grown with different
thicknesses are summarized in Table I, and a schematic of the het-
erostructure is shown in Fig. 1(a). After removing the samples from
the growth chamber, they were mounted on measurement pucks,
and electrical contacts were fabricated by Al-wire ultrasonic
bonding in a van der Pauw configuration.”” The samples remained
mounted for the six-month duration of the experiment to avoid
differences  arising from  repeated contact fabrication.
Magneto-transport measurements were performed using a Physical
Property Measurement System (PPMS) from Quantum Design,
allowing temperature control down to 2K and magnetic fields
ranging from —5 to +5T. The PPMS system was equipped with an
external switch box that enabled current injection and voltage mea-
surement in different contact configurations of the square samples.
The sheet resistance Rg was obtained by the van der Pauw
method.”® Monitoring of the room-temperature resistance measure-
ments over the six-month period was performed using a four-tip

TABLE I. Summary of the SisN,/AlO,/KTaO; heterostructures used in this work,
indicating the thicknesses of the AlO, and Si3N, layers.

Heterostructure no.  AlOy thickness (nm)

2.9
32
3.5
4.5
7.5

SizN, thickness (nm)

() BN S A
(52 B0, RO, BN, BN |
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probe station equipped with a Keithley 2450 Source Measure Unit
(SMU) from Tektronix.

lll. RESULTS AND DISCUSSION
A. Electronic transport properties

Figure 1(b) shows the temperature-dependent sheet resistance
Rg(T) for SizN,/AlO,/KTO(001) heterostructures with varying
AlOy layer thicknesses, as summarized in Table I. All heterostruc-
tures exhibit metallic behavior (dRs/dT > 0), as Rg decreases mono-
tonically with decreasing temperature from 300 to 30 K, consistent
with the presence of an interfacial 2DEG.'™' The room-
temperature Rg varies with the AlOy layer thickness, increasing
from 1.2 x 10" to 1x 10> Qsq™", although this dependence is not
monotonic.

At temperatures below 30 K, an Rg upturn reminiscent of the
Kondo effect is observed,” particularly in heterostructures with
thicker AlO, layers (#3, #4, and #5). In contrast, samples with
thinner AlOy layers (#1 and #2) exhibit a much subtler upturn. The
Kondo effect in 2DEGs arises from the scattering of conduction

(@)

— 2DEG
#
(b) T T
105 L —x— #1 a
——#2 ]
#3
#4
—r—#5
- Kondo fit
g
] .
P V
x
10* /
10 100

T (K)

FIG. 1. (a) Schematic of the heterostructures in the present study. (b)
Temperature-dependent sheet resistance (Rs) for the SisN4/AIO,/KTO(001) het-
erostructures with different AlO, thicknesses. The black solid line shows the
Kondo fit below 100 K of R¢(T) for the samples #3, #4, and #5 using Eq. (1).
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TABLE II. Parameters obtained using Eq. (1) by fitting Rs(T) data below 100 K compared with values obtained from the indicated references in similar heterostructures.

Heterostructure no. Ry (Qsq™") a (Qsq ' K9 q C(Qsq™) Tx (K) S

1 3341+79 162+1.7 1.15+0.02 746 + 63 14.8+0.2 0.14 +0.02
2 3049 +13 0.7 +0.07 1.6 +0.02 137 +11 158+0.3 0.04 +0.01
3 10 382 +220 21.89+1.44 1.43 +0.01 4711 + 320 123+0.4 0.12+0.01
4 16 020 + 70 0.73 +0.08 1.92+0.02 4561 + 140 12.6+0.2 0.08 +0.01
5 8337 +240 13.71 £ 0.88 1.54 + 0.01 6084 + 500 109 +0.5 0.14 £ 0.01
LaAlO5/KTO* 27238 2.16 2.04 2509 15.6 0.12
CaZrO;/KTO” 20.2 0.13

electrons by localized magnetic moments (e.g., from impurities or Ry(T) data below 100 K using the following equation:”’
Vos) leading to characteristic low-temperature Rg upturn. The tem-
perature dependence of this magnetic impurity contribution to

resistance follows a universal function characterized by a single Rg=Ry+aTi+C IH(Z/TK) , 1)
temperature scale, the Kondo temperature (Tx).”* We fitted the V(n(T/Tx))* + 22S(S+ 1)
: T 1.6
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FIG. 2. (a) Hall resistance (Rna1) measured for all heterostructures at 300 and 10 K. (b) Sheet carrier density ns and mobility z as a function of the AlO thickness on the
Si3N4/AlO,/KTaO5 heterostructures. (c) Comparative overview of sheet carrier densities and mobilities at low temperature (T < 10 K) of all heterostructures with various
typical KTO-based heterostructures from references®'*#!27:2%:31=57
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where R, is the residual resistance due to sample disorder, aT?
describes the transport behavior determined by electron—electron
and electron—phonon interactions, and S is the effective spin of the
magnetic scattering centers.”” As observed by the black solid line
fits shown in Fig. 1(b), the data for samples #3, #4, and #5 can be
well described by Eq. (1). We note that weak localization and weak
antilocalization may also contribute to low-temperature transport
in KTO-based 2DEGs, as reported in related systems, although
these effects are most prominent below ~3 K and are unlikely to
dominate in our 10-300 K measurements.”’ Table Il summarizes
the obtained values of the fitted parameters. These values are com-
parable with those previously reported for other KTO-based
2DEGs such as LaAlO3/KTaO5~” and CaZrOs/KTa0s.”” The origin
of this effect is rationalized by the scattering on the Ta*" ions
induced by the presence of oxygen vacancies in the substrate.””’
The values obtained for Tk fall within the 10-16 K range for all
samples, suggesting a common origin for the Rg upturn. However,
heterostructures #1 and #2 exhibit values of the parameter C,
which effectively weights the Kondo upturn, that is an order of
magnitude lower.

To gain further insight into the electronic transport properties
of the samples, we evaluated the Hall resistance (Rpyp), sheet
carrier density (n,), and mobility (). Figure 2(a) shows the mag-
netic field dependence of Ry, measured for all heterostructures at
300 and 10K, respectively. The linear behavior and negative slopes
observed at both temperatures indicate that electrons are the
primary carriers and that conduction is dominated by a single
band.”’ From Ry, curves, we calculate the sheet carrier density
and mobility, respectively, through ng = B/q|Rya| and
1 = 1/gnsRs, where B is the magnetic field and q is the unit charge.

Figure 2(b) shows n, and u at 300 K (solid symbols) and 10 K
(open symbols), respectively, as a function of AlO, thickness. The
carrier density exhibits a slight increase, whereas the mobility
shows a pronounced decrease with increasing temperature.””*** A
comparison of low temperature n; and u values from this study
with data reported in other works is shown in Fig. 2(c). The varia-
tions observed cannot be solely attributed to the growth technique
or to the interfacing material, other factors such as growth condi-
tions and substrate surface treatment likely play a role. In the fol-
lowing, we discuss the transport characteristics of our samples.

Starting from an insulating KTO substrate, charge carriers are
introduced via Vs formed through the efficient redox reaction at the
Al/KTO interface. The distribution of Vgs within the substrate
depends on the thickness of the deposited Al layer. The thicker the Al
layers, the more extended the regions of Vs and reduced Ta*" ions
effectively setting a lower bound for the thickness of the 2DEG. In
KTO(110), we previously measured the oxygen depletion depth to be
in the 3-5nm range depending on AlQ, thickness,”’ comparable
values of ~4nm have been reported for the conducting region in
KTO(111) interfaces, tunable between 2 and 6nm under gate
voltage.”” These observations suggest that in our system the conduct-
ing layer is confined within only a few nanometers of the
interface and overlaps with the defect-rich areas that act as scattering
centers.”’ Sample #2 achieves a low-temperature mobility of
U~ 444 em?Vts!at 10K, exceeding the values obtained at some
epitaxial interfaces such as v-ALO4/KTO,"" LaCrO/KTO, and
EuO/KTO.” Its low-temperature R is nearly temperature-independent;

ARTICLE pubs.aip.org/aip/jap

however, deviating from this optimal AlO, thickness results in
decreased mobility. We interpret this result as a consequence of the
extended Vs’ defects region related to the thicker AlOy layers. The
observation of a more noticeable Kondo-like upturn in samples with
thicker AlO, layers support this interpretation as this enhanced effect
may arise from the scattering with magnetic Ta*" ions or Vs. The
samples in this study exhibit relatively low carrier densities of
n,~1.0x 10 cm™> as indicated by the shaded blue region of
Fig. 2(c). By contrast, most high density 2DEGs are obtained via
epitaxial oxide growth on KTO. We propose that the granular and
amorphous nature of the AlOy layer in our heterostructures results in
a non-uniform 2DEG or is less effective in creating Vs due to spatial
inhomogeneity, thereby limiting the achievable carrier density.

B. Temporal stability of electronic transport properties

Following the temperature-dependent electronic transport
characterization, we maintained the heterostructures mounted on
the measurement pucks to monitor their evolution over six
months. Figure 3 shows the room-temperature (RT) R, measure-
ments taken with a tabletop four-point probe station at the follow-
ing time intervals: 1 day, 10 days, 1 month, 3 months, and 6
months. During this period, the samples were stored under
ambient conditions and remained exposed to the atmosphere.
Then, to further demonstrate the stability of the heterostructures
after 180 days, we repeated the temperature-dependent resistance
and Hall resistance measurements (at 10 and 300 K), enabling the
calculation of sheet resistance, sheet carrier density, and mobility,
as shown in Fig. 4.

The RT-R; increases over time for all samples as shown in
Fig. 3. In particular, sample #2 with optimal low temperature
mobility presents a variation of RT-Rg from day 1 to day 180 of
Rg'/Rg'*® = 0.9, whereas #4 presents ratios of Rg'/Rg'®® =0.2. This

T T T
- k- #1
& #2
#3
#4
--p--#5
100 .
o
[
<)
B
%2} -
x b P
-k
D G - e i *
-+
e S G ¥ ¢
104 Lot . ,
1 10 100
time (days)

FIG. 3. Room-temperature sheet resistance evolution with time.
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FIG. 4. (a) Temperature-dependent sheet resistance (Rs) for the SizN4/AlO,/KTaO3(001) heterostructures with different AlO, thicknesses. (b) and (c) Sheet carrier density

(ns) and (d) and (e) mobility () at 10 and 300 K, respectively, for the heterostructures.

demonstrated that sample #2 with high optimal mobility is more
stable over time. The heterostructures that exhibit the largest
increase in Rg with time (#3, #4, and #5) also exhibited the most
pronounced Kondo upturn on the electronic transport properties,
which are the ones with thicker AlO, layers. The increase in R, and
changes in mobility and carrier density can be explained by oxygen
ion diffusion from the atmosphere, Vs clustering in KTO, among
other effects.”™”” Lastly, it is important to highlight the temporal
and thermal stability of sample #2, with carrier density and mobil-
ity varying by less than 5% between 10 and 300 K over 180 days.

IV. CONCLUSIONS

In summary, we successfully stabilized a two-dimensional
electron gas (2DEG) in Si;N,/AlO,//KTaO3(001) heterostructures.
Systematic electronic transport characterization revealed that the
AlOy layer thickness is a critical parameter for tuning the 2DEG
properties. An optimal thickness yielded a 10K mobility of
U~ 444 cm® V™' 57!, comparable to values reported for 2DEGs in
KTO-based epitaxial oxide interfaces, despite the amorphous and
granular nature of our AlO, layers. Samples with thicker AlOy
layers exhibited reduced mobility and an upturn in low-
temperature resistance, reminiscent of the Kondo effect. We attri-
bute this behavior to the deeper extension of the oxygen depletion

region into the substrate, which overlaps with the 2DEG and
enhances defect scattering. Finally, long-term stability measure-
ments of the electronic properties over 180 days showed that high-
mobility samples maintained stable carrier densities and mobilities,
with only a marginal increase in R, during this timeframe, demon-
strating their suitability for experiments lasting at least several
months.
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