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Two-dimensional electron gases (2DEGs) formed at the interface between two oxide insulators present a promising
platform for the exploration of emergent phenomena. While most of the previous works focused on SrTiO3z-based 2DEGs,
here we took the amorphous-ABO3/KTaO3 system as the research object to study the relationship between the interface
conductivity and the redox property of B-site metal in the amorphous film. The criterion of oxide—oxide interface redox
reactions for the B-site metals, Zr, Al, Ti, Ta, and Nb in conductive interfaces was revealed: the formation heat of metal
oxide, AH?, is lower than —350 kJ/(mol O) and the work function of the metal @ is in the range of 3.75 eV< @ < 4.4 eV.
Furthermore, we found that the smaller absolute value of AH‘f’ and the larger value of @ of the B-site metal would result in
higher mobility of the two-dimensional electron gas that formed at the corresponding amorphous-ABO3/KTaO3 interface.
This finding paves the way for the design of high-mobility all-oxide electronic devices.
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1. Introduction

In 2004, Ohtomo and Hwang discovered a metallic con-
ductive interface between insulating oxides SrTiOz (STO)
and LaAlO3,!"l opening a new avenue for oxide electron-
ics research. Since then, researchers have carried out a
lot of works on the oxide heterojunctions based on STO
substrates,!>"1?] and a series of novel physical properties are
revealed, such as two-dimensional superconductivity,!!3!4 in-
terfacial magnetism,['>-17 quantum Hall effect,!'8! and effi-
cient spin-to-charge conversion.!!*2%1 With the deepening of
research, Zou et al.?'! discovered a new two-dimensional
electron gas (2DEG) at the interface of LaTiO3/KTaO3 (KTO)
system. KTO is similar to STO in many aspects. It exhibits a

(221 and is quantum paraelectricity.?3)

high dielectric constant
However, it is different from STO by owning a strong atomic
spin—orbit coupling,!?*! about 20 times as high as that of STO.
Therefore, distinct features are expected for the correspond-
ing 2DEG. Comparing with the investigations on STO-based
2DEG, the work on KTO-based 2DEG is limited. In ad-
dition to the work of Zou et al., the only reported 2DEGs
at bilayer interfaces are amorphous-LaAlO3/KTO!?3261 and

EuO/KTO.2" Effects associated with the distinct characters
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of KTO are far from being fully explored.
Herein, we take the amorphous-ABO3/KTO system as

the research object to study the relationship between the inter-
face conductivity and the redox property of B-site metal in the
amorphous film. Firstly, we report on the fabrication of a se-
ries of high-quality amorphous-ABO3/KTO heterostructures.
Secondly, the electric properties, such as the dependence of
the sheet resistance (Rg) on temperature (7") and Hall resis-
tance (Ryy), were measured. Finally, we adopted the formation
heat of metal oxide, AH?, and work function of the metal, @,
to characterize the redox property of B-site metal. By compar-
ing the interface conductivity of these samples with the ther-
modynamic phase diagram of B-site metals as shown in Fig. 5,
we obtained the thermodynamic criterion for the formation of
2DEG at amorphous-ABO3/KTO interface. Our results show
that the smaller absolute value of AHY and the larger value of
@ of the B-site metal would result in higher mobility of the
two-dimensional electron gas that formed at the correspond-
ing amorphous-ABO3/KTaO3 interface (under the premise of
satisfying the thermodynamic criterion).
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2. Experimental methods

For the systematic study, various amorphous-ABO3 ox-
ides were selected to form the amorphous-ABO3/KTaO3
interfaces, including CaZrOs; (CZO), LaAlO3(LAO),
(LaA103)0,3(SrA10_5Ta0_5O3)0‘7 (LSAT), Sl‘TiO3(STO),
KTaO3(KTO), StNbO3(SNO), NdGaO3, LaMnOs3, LaFeOs,
LaCo0O3, and LaCrO3. All the amorphous-ABO3 layers were
grown on the (001)-oriented KTO substrates (3 x 3 x 0.5 mm?)
by the technique of pulsed laser deposition (PLD). The laser
fluence was 2 J/cm? and the pulse frequency was 2 Hz. Dur-
ing the growth process, the oxygen pressure was maintained
at 2 x 1073 Pa. The temperature of the substrate was fixed at
100 °C. After the growth process, all the samples were fur-
nace cooled to room temperature without changing oxygen
pressure.

The thickness of different amorphous-ABOj3 layer keeps
at 5 nm, as evidenced by small angle x-ray reflectivity (XRR)
measurements. The surface topography and flatness of these
samples were observed by atomic force microscope (AFM).
The transport behaviors were measured by a Quantum-Design
physical property measurement system (PPMS) adopting the
van der Pauw geometry.

3. Results and discussion

We take the amorphous-LAO/KTO sample as an exam-
ple. Figure 1(a) shows the results of XRR measurements. The
good agreement of the XRR oscillations between the testing
result and simulation data indicates the high planeness of the
as-deposited LAO layer. Curve fitting (black curve) reveals a
layer thickness of 5 nm. Figure 1(b) is the surface topography
of the film measured by AFM. The film is very smooth with a
mean square root roughness of 0.2 nm in the area of 5 x 5 pm?.
These features were also confirmed in other samples, indicat-
ing the high quality of our amorphous-ABO3/KTO samples.
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Fig. 1. (a) XRR curve of the amorphous-LAO film grown on KTO sub-

strate. Black line is the fitting curve. (b) AFM image of the amorphous-
LAO film deposited on KTO substrate.

Figure 2(a) is a schematic diagram of the device for
measuring the electrical transport properties of amorphous-
ABO3/KTO heterostructure.
perature dependence of the sheet resistance (R;) for se-

Figure 2(b) shows the tem-

lected amorphous-ABO3/KTO interfaces, which displays
good metallic behavior: with the decrease of temperature,

the sheet resistance decreases continuously. We characterize
the metallicity by the ratio of sheet resistance measured at
300 K and 2 K. The higher R(300 K)/R(2 K) ratio means bet-
ter metallicity. We find that R(300 K)/R(2 K) varies in a wide
range, from the maximal ratio of ~ 212 for the amorphous-
KTO/KTO interface to the minimal ratio of ~ 11 for the
amorphous-LAO/KTO interface, i.e., the 2DEG formed at the
KTO/KTO interface exhibits better metallicity. Notably, the
metallic 2DEG appears only when the cap layer is LAO, CZO,
STO, SNO, LSAT, or KTO. Obviously, the intrinsic properties
of these cap layers will strongly affect the conduction char-
acteristic at the interface. Hereafter, we will focus on these
conducting interfaces.
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Fig. 2. (a) A sketch for the measurements of sheet resistance and Hall
resistance. (b) Sheet resistance of amorphous-ABO3/KTO interfaces as
a function of temperature. The labels in the figure refer to the composi-
tion of the deposited amorphous-ABO3 film.

To get further information about 2DEG, we performed the
measurement of Hall resistance (R,y) in the temperature inter-
val from 2 K to 300 K. As an example, Fig. 3(a) shows the
Hall resistance at 2 K, as a function of magnetic field (H).
Ry, exhibits a linear variation with the applied field for all
samples, i.e., only one species of charge carriers exists in the
2DEGs.?8! However, the R,,—H slope (Ry) undergoes a con-
siderable change with the cap layer, implying different car-
rier density (ng) in different 2DEGs. In Fig. 3(b) we summa-
rize the relationship between the carrier density and the cap
layer, where ng is determined by ng = —1/(e-Rp). Corre-
sponding to the maximal and minimal R(300 K)/R(2 K) ratios,
amorphous-KTO/KTO exhibits the minimal carrier density of
2.9 x 103 cm~? and amorphous-LAO/KTO exhibits the max-
imal carrier density of 7.3 x 10'3 cm~2, respectively. Obvi-
ously, the capability to generate mobile electrons for different
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cap layers varies ~ 2.5 times. Similar feature is observed in
the Ry,—H curve obtained at other temperatures (not shown).
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Fig. 3. (a) Hall effect of amorphous-ABO3/KTO interfaces at 2 K (the
labels in the figure refer to the composition of the deposited amorphous-
ABO:s film). (b) The sheet carrier density, ns, versus the composition of
the cap layer, obtained at 2 K.

To get a general idea about the temperature dependence
of the carrier density, in Fig. 4 we show ng and the corre-
sponding mobility as functions of 7, where the mobility is
calculated based on the formula g = 1/ (e - ng - Rs). The car-
rier density is the largest at 300 K and undergoes a decrease
upon cooling. This feature is especially obvious in the inter-
face with CaZrOj3 cap layer. It is an indication of charge local-
ization. Correspondingly, the mobility experiences a rapid in-
crease with the decrease of temperature. At low temperature,
the dielectric constant of KTO grows, screening the electron
scatter from ionic impurities. The maximal mobility at 2 K
is 2209.41 cm?/V -s, occurring at the amorphous-KTO/KTO
interface. From the amorphous-KTO/KTO to the amorphous-
LAO/KTO interface, the mobility shows a rapid decrease.

The origin of the 2DEG is in hot debate since the dis-
covery of the 2DEG in 2004. Three explanations are widely

29]

accepted, including polar discontinuity,”®! electron doping by

(311 Compared

oxygen vacancy,’% and cation interdiffusion.
with crystalline interface, the polar discontinuity at amorphous

interface is strongly suppressed. Because of the low depo-

sition temperature (100 °C), cation interdiffusion should be
negligible. In contrast, previous experimental results have
demonstrated that the outward oxygen diffusion plays a dom-
inative role in the formation of 2DEG at the amorphous-
LAO/STO interface.®?] We therefore ascribe the 2DEG at the
amorphous-ABO3/KTO interface to the redox reaction effect.
Besides obtaining oxygen from the background atmosphere,
in fact, the cap layer will also extract oxygen from the interfa-
cial layer of the KTaO3 substrate. When the content of oxygen
vacancies is high enough, 2DEG forms.
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Fig. 4. (a), (b) Carrier density, n,, and Hall mobility, L, versus temperature,
respectively, for all the KTO-based heterostructures. The corresponding cap
layers are denoted in (b). The solid lines are guides to the eyes.

Fu et al.'33 have performed a research on the redox reac-
tion when a metal film is deposited on the surface of SrTiO3
at room temperature. They put forward a thermodynamic cri-
terion for redox reaction. According to this work, redox reac-
tion has a close relation to the formation heat of metal oxide,
AH?{, and the work function of the metal, @. The former de-
scribes the ability to get oxidized for an element and the lat-
ter characterizes the electronegativity. Obviously, a high AH?
implies a strong tendency towards oxidization for an element.
For the B-site metal in amorphous films, formation heat of
metal oxide AHY and work function & can be obtained from
former literature!3*! that are summarized in Fig. 5. The B-
site metals marked by red circles represent for the insulated
ABO3/KTO interfaces, whereas the B-site metals marked by
green symbols correspond to the interfaces with metallic con-
ductivity. The orange-colored diamond represents for a spe-
cial case, the semiconductive amorphous-NdGaO3/KTaO3 in-
terface. Moreover, for the metallic ABO3/KTO interfaces, a
small AHY for the B-site metals usually gives higher mobility,
which are marked as green stars. Correspondingly, the B-site
metals with large AH{ and lower mobility are marked as green
squares. Based on this analysis, we obtain a thermodynamic
criterion for the redox reactions at the KTO interface, which
is labeled as the shaded area. The formation heat of metal
oxide, AH?, should be lower than —350 kJ/(mol O) and the
work function of the metal, &, should locate in the range of
375eV< @ <4.4eV.

Remarkably, Nb and Ta, corresponding B-site metals of
SrNbO3; and KTaOs, locate on the border region for the occur-
rence/nonoccurrence of redox reaction. This explains the low
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carrier density at the interface of the amorphous-KTO/KTO
and the amorphous-SNO/KTO samples. On the other hand,
the carrier density at their interface is low but the carrier
mobility is high. Among them, the carrier mobility of the
amorphous-KTO/KTO interface can reach 2209.41 cm?/V-s at
2 K. This provides a guide to prepare KTaO3-based 2DEGs of
high mobility at a deposition temperature of 100 °C, that is,
for the B-site metal in deposited amorphous-ABO3 film, the
absolute value of the formation heat of metal oxide is as small
as possible and the value of the work function of the metal is
as large as possible (under the premise of satisfying the ther-
modynamic criterion mentioned above).

—200 — T T

—300F Mn

_400% o
w

—600 //4/;4

3.8 4. 4.2

AHY (kJ/mol O)

4.6 48 5.0
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Fig. 5. Formation heat of metal oxides versus the work function of B-
site metals for the ABO3/KTO interfaces. For metallic interfaces, the
B-site metals locate mainly in the region of AH? < —350 kJ/(mol O)
and 3.75 eV < @ < 4.4 eV (shaded area).

4. Conclusion

In summary, we systematically investigated the effect
of the redox properties of the B-site metal on 2DEGs trans-
port characteristics at amorphous-ABO3/KTaOs interfaces, by
varying the composition of the cap layer. We found that metal-
lic conductive interface can be created when the amorphous
film has Zr, Al, Ti, Ta, or Nb elements at the B sites. Whereas
the interface is insulating when the overlayer has Mn, Fe,
Co, or Cr elements at the B sites. By summarizing the in-
terface conductivity of these samples, we obtained the ther-
modynamic criterion for the redox reaction at the transition
metal oxide/KTO interface. Finally, we provided a guideline
on searching for KTaO3-based 2DEGs of high mobility. This
work has certain guiding significance for finding high perfor-
mance two-dimensional electron gas, and takes a solid step for
the application of oxide electronic devices.

References

[1] Ohtomo A and Hwang H'Y 2004 Nature 427 423

[2] Hotta Y, Susaki T and Hwang H Y 2007 Phys. Rev. Lett. 99 236805

[3] KimJ S, Seo S Sea A, Chisholm M F, Kremer R K, Habermeier H U,
Keimer B and Lee H N 2010 Phys. Rev. B. 82 201407

[4] Biscaras J, Bergeal N, Kushwaha A, Wolf T, Rastogi A, Budhani R C
and Lesueur J 2010 Nat. Commun. 1 89

[S] Chen Y Z, Pryds N, Kleibeuker J E, Sun J R, Stamate E, Koster G,
Shen B G, Rijnders G and Linderoth S 2011 Nano. Lett. 11 3774

[6] LiC, XuQF WenZF, Zhang ST, Li A D and Wu D 2013 Appl. Phys.
Lett. 103 201602

[7]

[8]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]
(17]

[18]

[19]

[20]
[21]
[22]

[23]
[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]
[34]

077302-4

Gunkel F, Skaja K, Shkabko A, Dittmann R, Hoffmann-Eifert S and
Waser R 2013 Appl. Phys. Lett. 102 071601

Chen Y Z, Bovet N, Trier F, Christensen D V, Qu F M, Andersen N H,
Kasama T, Zhang W, Giraud R, Dufouleur J, Jespersen T S, Sun J R,
Smith A, Nygard J, Lu L, Biichner B, Shen B G, Linderothand S and
Pryds N 2013 Nat. Commun. 4 1371

Huang Z, Han K, Zeng S W, Motapothula M, Borisevich A Y, Ghosh
S, Li WM, Li CJ, Zhou W X, Liu Z Q, Coey M, Venkatesan T and
Ariando 2015 Nano Lett. 16 2307

Chen Y Z, Trier F, Kasama T, Christensen D V, Bovet N, Balogh Z 1, Li
H, Thydén K T S, Zhang W, Yazdi S, Norby P, Pryds N and Linderoth
S 2015 Nano Lett. 15 1849

Wang FN, LiJ C, Zhang X M, Liu H Z, Liu J, Wang C L, Zhao M L,
Su W B and Mei L M 2017 Chin. Phys. B. 26 037101

Qi S J, Sun X, Yan X, Zhang H, Zhang H R, Zhang J E, Huang H L,
Han F R, Song J H, Shen B G and Chen Y S 2021 Chin. Phys. B. 30
017301

Reyren N, Thiel S, Caviglia A D, Kourkoutis L F, Hammerl G, Richter
C, Schneider C W, Kopp T, Riietschi A S, Jaccard D, Gabay M, Muller
D A, Triscone J M and Mannhart J 2007 Science 317 1196

Caviglia A D, Gariglio S, Reyren N, Jaccard D, Schneider T, Gabay M,
Thiel S, Hammerl G, Mannhart J and Triscone J M 2008 Nature 456
624

Brinkman A, Huijben M, van Zalk M, Huijben J, Zeitler U, Maan J C,
van der Wiel W G, Rijnders G, Blank and Hilgenkamp H 2007 Nat.
Mater. 6 493

Kalisky B, Bert J A, Klopfer B B, Bell C, Sato H K, Hosoda M, Hikita
Y, Hwang H'Y and Moler K A 2012 Nat. Commun. 3 922

LeeJ S, Xie Y W, Sato H K, Bell C, Hikita Y, Hwang H'Y and Kao C
C 2013 Nat. Mater. 12703

Trier F, Prawiroatmodjo G, Zhong Z, Christensen D, Soosten M,
Bhowmik A, Lastra J, Chen Y, Jespersen T and Pryds N 2016 Phys.
Rev. Lett. 117 096804

Lesne E, Fu Y, Oyarzun S, Rojas-Sédnchez J C, Vaz D C, Naganuma H,
Sicoli G, Attané J P, Jamet M, Jacquet E, George J M, Barthélémy A,
Jares H, Fert A, Bibes M and Vila L 2016 Nat. Mater. 15 1261

Song Q, Zhang HR, Su T, Yuan W, Chen Y Y, Xing W Y, Shi J, Sun J
R and Han W 2017 Sci. Adv. 31602312

Zou K, Ismail-Beigi S, Kisslinger K, Shen X, Su D, Walker F J and
Ahn C H 2015 APL Mater. 3036104

Harashima S, Bell C, Kim M, Yajima T, Hikita Y and Hwang H'Y 2013
Phys. Rev. B. 88 085102

Hochli U T, Weibel H E and Boatner L A 1977 Phys. Rev. Lett. 39 1158
King P D C, He R H, Eknapakul T, Buaphet P, Mo S K, Kaneko Y,
Harashima S, Hikita Y, Bahramy M S, Bell C, Hussain Z, Tokura Y,
Shen Z X, Hwang H Y, Baumberger F and Meevasana W 2012 Phys.
Rev. Lett. 108 117602

Zhang H, Zhang H R, Yan X, Zhang X J, Zhang Q H, Zhang J, Han F
R, Gu L, Liu B G, Chen Y S, Shen B G and Sun J R 2017 ACS Appl.
Mater. Interfaces 9 36456

Zhang H, Yan X, Zhang X J, Wang S, Xiong C M, Zhang HR, Qi S J,
Zhang J E, Han FR, Wu N, Liu B G, Chen Y S, Shen B G and SunJ R
2019 ACS Nano 13 609

Zhang HR, Yun Y, Zhang X J, Zhang H, Ma Y, Yan X, Wang F, Li G,
Li R, Khan T, Chen Y S, Liu W, Hu F X, Liu B G, Shen B G, Han W
and Sun J R 2018 Phys. Rev. Lett. 121 116803

Joshua A, Pecker S, Ruhman J, Altman E and Ilani S 2012 Nat. Com-
mun. 3 1129

Nakagawa N, Hwang H Y and Muller D A 2012 Nat. Mater. 5 204
Basletic M, Maurice J L, Carrétéro C, Herranz G, Copie O, Bibes M,
Jacquet E, Bouzehouane K, Fusil S and Barthélémy A 2008 Nat. Mater.
7 621

Willmott P R, Pauli S A, Herger R, Schlepiitz C M, Martoccia D, Pat-
terson B D, Delley B, Clarke R, Kumah D, Cionca C and Yacoby Y
2007 Phys. Rev. Lett. 99 155502

Herranz G, Basletic M, Bibes M, Carrétéro C, Tafra E, Jacquet E,
Bouzehouane K, Deranlot C, Hamzic A, Broto J M, Barthélémy A and
Fert A 2007 Phys. Rev. Lett. 98 216803

Fu Q and Wagner T 2007 Surf. Sci. Rep. 62 431

Lide D R 2010 CRC Handbook of Chemistry and Physics [M], 92nd
(Boca Raton: CRC Press) pp. 5-5, 5-10, 5-12, 5-15, 5-16, 5-17, 12—
114


http://dx.doi.org/10.1038/nature02308
http://dx.doi.org/10.1103/PhysRevLett.99.236805
http://dx.doi.org/10.1103/PhysRevB.82.201407
http://dx.doi.org/10.1038/ncomms1084
http://dx.doi.org/10.1021/nl201821j
http://dx.doi.org/10.1063/1.4830042
http://dx.doi.org/10.1063/1.4830042
http://dx.doi.org/10.1063/1.4792509
http://dx.doi.org/10.1038/ncomms2394
http://dx.doi.org/10.1021/acs.nanolett.5b04814
http://dx.doi.org/10.1021/nl504622w
http://dx.doi.org/10.1088/1674-1056/26/3/037101
http://dx.doi.org/10.1088/1674-1056/abc54c
http://dx.doi.org/10.1088/1674-1056/abc54c
http://dx.doi.org/10.1126/science.1146006
http://dx.doi.org/10.1038/nature07576
http://dx.doi.org/10.1038/nature07576
http://dx.doi.org/10.1038/nmat1931
http://dx.doi.org/10.1038/nmat1931
http://dx.doi.org/10.1038/ncomms1931
http://dx.doi.org/10.1038/nmat3674
http://dx.doi.org/10.1103/PhysRevLett.117.096804
http://dx.doi.org/10.1103/PhysRevLett.117.096804
http://dx.doi.org/10.1038/nmat4726
http://dx.doi.org/10.1126/sciadv.1602312
http://dx.doi.org/10.1063/1.4914310
http://dx.doi.org/10.1103/PhysRevB.88.085102
http://dx.doi.org/10.1103/PhysRevB.88.085102
http://dx.doi.org/10.1103/PhysRevLett.39.1158
http://dx.doi.org/10.1103/PhysRevLett.108.117602
http://dx.doi.org/10.1103/PhysRevLett.108.117602
http://dx.doi.org/10.1021/acsami.7b12814
http://dx.doi.org/10.1021/acsami.7b12814
http://dx.doi.org/10.1021/acsnano.8b07622
http://dx.doi.org/10.1103/PhysRevLett.121.116803
http://dx.doi.org/10.1038/ncomms2116
http://dx.doi.org/10.1038/ncomms2116
http://dx.doi.org/10.1038/nmat1569
http://dx.doi.org/10.1038/nmat2223
http://dx.doi.org/10.1038/nmat2223
http://dx.doi.org/10.1103/PhysRevLett.99.155502
http://dx.doi.org/10.1103/PhysRevLett.98.216803
http://dx.doi.org/10.1016/j.surfrep.2007.07.001

	1. Introduction
	2. Experimental methods
	3. Results and discussion
	4. Conclusion
	References

