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The electric gating on the transport properties of two-dimensional electron gas (2DEG) at the interface of
LaAlO3/SrTiO3 (LAO/STO) heterostructure has attracted great research interest due to its potential application in field-
effect devices. Most of previous works of gate effect were focused on the LAO/STO heterostructure containing only one
conductive interface. Here, we systematically investigated the gate effect on high-quality LAO/STO superlattices (SLs)
fabricated on the TiO,-terminated (001) STO substrates. In addition to the good metallicity of all SLs, we found that there
are two types of charge carriers, the majority carriers and the minority carriers, coexisting in the SLs. The sheet resistance of
the SLs with a fixed thickness of the LAO layer increases monotonically as the thickness of the STO layer increases. This is
derived from the dependence of the minority carrier density on the thickness of STO. Unlike the LAO/STO heterostructure
in which minority and majority carriers are simultaneously modulated by the gate effect, the minority carriers in the SLs
can be tuned more significantly by the electric gating while the density of majority carriers is almost invariable. Thus, we
consider that the minority carriers may mainly exist in the first interface near the STO substrate that is more sensitive to
the back-gate voltage, and the majority carriers exist in the post-deposited STO layers. The SL structure provides the space
separation for the multichannel conduction in the 2DEG, which opens an avenue for the design of field-effect devices based

on LAO/STO heterostructure.
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1. Introduction

Since the high mobility two-dimensional electron gas
(2DEG) at oxide interfaces between LaAlO; (LAO) and
StTiO3 (STO) was discovered first by Hwang et al.,[12) the
LAO/STO heterostructure has been a focus of intensive stud-
ies in recent years due to its exotic properties, including coex-

isting 2D superconductivity®! and 2D magnetism, [+~

strong
gate effect,’ and Rashba spin—orbit coupling effect.®%1 It is
intensively involved in the researches on spintronics, such as
spin current generation, spin to charge conversion, and spin

10.111' Among those novel physical properties, the

transport.|
gate effect is of special interest due to its analogous structure to
the field-effect devices, which is the footing stone of semicon-
ductor industry. The switching from low-resistance to high-
resistance has been achieved in LAO/STO heterostructure by
applying a gate voltage.!”! Caviglia er al.'®l also discovered
that the magnitude of Rashba spin—orbit interaction existing
in LAO/STO heterostructure can be modulated by an external
electric field, derived from the change of the carrier density.

However, these works mainly focused on the simple

DOI: 10.1088/1674-1056/abc54c

LAO/STO heterostructure with only one conductive interface.
In recent years, some attempts have been devoted to the fab-
rication of the heterostuctures containing multiple conductive
interfaces. Lee et al.!'?! prepared a STO/LAQ/STO(001) mul-
tilayer film, in which a p-type interface formed of 2D hole
gas is achieved besides the n-type interface. In addition, Kim
et al.'"3 reported the nonlinear Hall effect and multichannel
conduction generated by the electronic reconstruction in the
6-doped LaTiO3/SrTiO3 superlattices (SLs).

Despite above progresses, the works to study this system
including multiple conductive heterointerface are still scarce,
especially the gate effect in LAO/STO SLs. Herein we report
on the fabrication of high-quality LAO/STO SLs with differ-
ent thickness of LAO and STO in each stacking periodicity on
the TiO,-terminated STO(001) substrate. The electric prop-
erties, such as the dependence of the sheet resistance (Rs) on
temperature (7)) (R-T curves) and Hall resistance (R,y), were
measured. The coexistence of two types of carriers (minority
carriers and majority carriers) was confirmed in the SL sam-
ples. In addition, the gate effect of these SLs was systemati-
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cally investigated. The minority carriers show significant gate
tunability by the backgate voltage, while the majority carrier
density is nearly unchanged. We find that most of the minority
carriers reside at the first interface in the STO substrate and
most of the majority carriers exist in the post-deposited STO
layers. This space separation between the majority carriers
and minority carriers in the SL structure provides an avenue
for the design of field-effect devices based on LAO/STO het-
erostructure.

2. Experimental details

The [STO(m)/LAO(n)] superlattice samples were epi-
taxially grown on TiO,-terminated (001) SrTiO3 substrate
(5 x 5 x 0.5 mm?) by pulsed laser deposition (PLD). Here,
m or n denotes the thickness of each STO or LAO layer in
unit cells (u.c.), respectively. The stacking periodicity of all
the SLs is 8. Four different superlattices ([STO(5)/LAO(S)],
[STO4)/LAO(5)], [STO(3)/LAO(5)], and [STO(5)/LAO(3)])
were prepared for investigation. To get atomically flat TiO;-
terminated layer, the STO substrate was chemically etched by
a HCI-HNO3 acidic solution and then annealed at 1000 °C
for 1 hin 1 bar oxygen atmosphere. Then, the SLs were pre-
pared by PLD, monitored by the reflected high-energy elec-
tron diffraction (RHEED) in sifu. The substrate temperature
is 750 °C and the deposition oxygen pressure of the cham-
ber is 107 mbar. The energy of pulse fluence (KrF excimer
laser, 248 nm) is 1.5 J/cm? and the repetition rate is 1 Hz. Af-
ter the deposition, the sample was cooled to room temperature
at a rate of 10 °C/min with the constant oxygen pressure of
10~> mbar. For comparison, the LAO single film with a thick-
ness of 5 u.c. was also deposited on TiO,-terminated (001)
SrTiO; substrate (5 x 5 x 0.5 mm?) under the same condition,
i.e., LAO/STO heterostructure.

The surface morphology of the SLs was measured by the
atomic force microscope (AFM, SPI 3800N, Seiko). The crys-
tal structure of the films was determined by the Bruker diffrac-
tometer (D8 Discover, Cu K, radiation). Resistive measure-
ments were conducted in the Quantum Design physical prop-
erty measurement system (PPMS). The van der Pauw geome-
try was adopted for the measurement and ultrasonic aluminum
(Al) wire bonding was used for electric contact. The measure-
ment current is 10 pA. To tune the carrier density of the sam-
ples, a gate bias was applied at the backside of STO through a
copper electrode, and the upper LAO/STO SLs were grounded
by the ultrasonic Al wire.

3. Results and discussion

The RHEED patterns before and after the growth of the
The sharp RHEED
peaks can be clearly seen, indicating the high crystal quality

SLs are given in Figs. 1(a) and 1(b).

of the substrate and LAO/STO SLs. Figures 1(c) and 1(d)
show the oscillation of the RHEED intensity during the de-
position of the SLs which clearly reveals the layer-by-layer
epitaxial growth of LAO and STO films. Figure 1(e) shows
the typical morphology of the [STO(5)/LAO(5)] sample. The
image size is 5 x5 um?. The regular steps with the height
difference of 1 u.c. prove the atomically-flat surface of the as-
prepared sample. The x-ray diffraction (XRD) patterns of four
SL samples are shown in Fig. 1(f). Besides the main reflection
peak at ~ 47.2°, satellite peaks corresponding to the superlat-
tices structure (marked by above numbers) are clearly demon-
strated. With increased thickness of the SLs in one stacking
periodicity, the distance between the main peak and satellite
peaks decreases. Moreover, the finite-size oscillations due to
the finite layer thickness (the peaks marked by triangles be-
tween the main diffraction peak and satellite peaks) are also
observed. All these features indicate the high quality of the
as-prepared SLs.

Figure 2 compares the electric transport properties of all
SLs and the LAO/STO heterostructure prepared under the
same condition. Figure 2(a) is the temperature (T') depen-
dence of the sheet resistance. All samples show the metallic
characteristic with a weak upturn at low temperature, which is
usually attributed to the Kondo effect. The resistance of the
SLs is lower than that of the LAO/STO heterostructure includ-
ing only one conductive interface. For the SL samples with
a fixed thickness of 5 u.c. for the LAO layer, the sheet re-
sistance decreases with the thickness of STO from 5 u.c. to
3 u.c. at low temperature. To get the information of carrier
density and mobility, the Hall resistance of all samples was
also measured at different temperatures. The R,,—H curves of
[STO(5)/LAO(S)], [STO(4)/LAO(5)], and [STO(3)/LAO(5)]
show nonlinear dependence on the magnetic field in the low
temperature region (< 100 K). Figure 2(b) shows the Hall
resistance of [STO(5)/LAO(5)] from 2 K to 300 K. We at-
tribute the nonlinear dependence to the multiple carrier con-
duction, which usually derives from the complex band struc-
ture of STO constituting light and heavy mass bands crossing
the Fermi level.!!%!3] It is usually described as the two-band

1[16—18

mode !in which the Hall resistance can be given by

OZR| + 63Ry + 6R167R2(Ry + R2)B? 3

R y —
o (0'1 +62)2+6120'22(R1 +R2)32

where R; and o; are the Hall coefficient and conductivity of the
i-th type of carrier, respectively. The magnetic field (B) from
—7 T to 7 T is perpendicular to the surface of the SLs during
the measurement of the Hall resistance. This equation is con-
strained by the longitudinal conductance at zero magnetic field
expressed as

0 (B=0) =0+ 0.
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Fig. 1. (a), (b) The RHEED patterns before and after the deposition of the SLs, respectively. (c), (d) Typical RHEED spectra showing an inten-

sity oscillation corresponding to the LAO growth and STO growth of the SLs ([STO(5)/LAO(5)]) in one period, respectively. (e) Morphology
of [STO(5)/LAO(5)] measured by the atomic force microscope. (f) XRD patterns of all SLs in our experiment.
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Fig. 2. (a) Temperature dependence of the sheet resistance for the SLs of different thickness and LAO/STO heterostructure. (b) Magnetic field
dependence of the non-linear Hall resistance (R,y) for [STO(5)/LAO(5)] measured at the temperature from 2 K to 300 K. (c), (d) Carrier density
and mobility as a function of temperature determined by the Hall resistance, respectively.
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Both of the carrier density (n;) and mobility (¢;) of ma-
jority carriers with high carrier density and the carrier den-
sity (np) and mobility (i) of minority carriers with relatively
low carrier density can be deduced by o1 = nj el and
Rip = —1 /nize. The carrier density and mobility of each
sample at different temperature are acquired by fitting the
Hall resistance in Figs. 2(c) and 2(d). At 300 K, the car-
rier density of SLs is greater than 5 x 10'* cm~2, higher than
~9x10" cm™?2 of the LAO/STO heterostructure. As the tem-
perature is reduced, the majority carriers of the SLs are frozen
out, indicating the existence of the localized electrons. Es-
pecially, for the [STO(5)/LAO(5)] and [STO(4)/LAO(5)] SLs,
the high density charge carriers decrease by approximately one
order of magnitude from 300 K to 2 K, while the carrier den-
sity of LAO/STO is almost independent of the temperature.
When the temperature is lower than 100 K, the minority charge
carriers appear in the [STO(5)/LAO(5)], [STO(4)/LAO(5)],
and [STO(3)/LAO(5)] samples. At 2 K, the density of
minority carriers is 2.7x 101" em™2, 7.5%10'"" ¢m2, and
3.4x10'2 cm™2 for [STO(5)/LAO(5)], [STO(4)/LAO(5)], and
[STO(3)/LAO(5)], respectively, and the majority carrier den-
sity is virtually identical to ~ 6.3x10'3 cm~2. Different from
the independence of the majority carriers on the layer of STO
in SLs, the density of minority carriers becomes higher as the
thickness of the STO layer deceases from 5 u.c. to 3 u.c. This
well explains the relation between the sheet resistance of SLs
and the thickness of STO. As for the mobility of SLs, the mo-
bility of the majority carriers grows rapidly with the decreas-
ing temperature from 300 K to 2 K because of the reduced
electron—phonon scattering and enhanced dielectric permittiv-
ity at low temperature. For the SLs, the mobility of majority
carriers is about 100 cm?/V-s, and the mobility of minority
carriers is on the order of 10> cm?/V s.

To further identify the spatial distribution of the carrier in
the SLs, a systematic investigation on the gating effect is desir-
able. Figure 3(a) is the experiment set-up for the electric gat-
ing measurement. The bottom electrode lies at the back side of
the STO substrate, and the top electrode is located at the inter-
face between the first LAO layer and the STO substrate. The
carriers of the 2DEG can be tuned by electric gating through
the capacity effect. The polarity of the bias voltage determines
the different effect of electric gating. The positive gate volt-
age would increase the carrier density while the negative gate
voltage depletes the carriers. In this case, the carrier density is
extracted by integration over the gate voltage range

1 Vo
ng(Vg) =ng (Vg=V) +a/‘/ECdV7

where C is the capacity and A is the area of the capacitor. For
our sample, the capacity C can be expressed as C = gy&A/d,
where €y and €, are the vacuum dielectric constant and the

dielectric constant of the dielectric material, respectively. So
the change of carrier density just depends on the variation of
the gate voltage, which can be deduced as An, = &&AV, /ed
(d = 0.5 mm). As is well known, SrTiO3; has a very higher
dielectric constant of 20000 at low temperature.''”) When the
change of gate voltage (AV) is ~ 100 V, the change of carrier
density (Ang) is on the magnitude of ~ 2x10'3 cm™—2. We per-
formed a systematic investigation of the gating effect on the
Hall resistance of [STO(5)/LAO(5)], [STO(4)/LAO(5)], and
[STO(3)/LAO(5)] at 2 K. The carrier density as a function of
the gate bias deduced from the Ry,—H curves is summarized
in Fig. 3(b). The minority carriers show much stronger de-
pendence on the gate voltage than the majority carriers. As
the gate voltage is from maximum to minimum, the varia-
tion of the majority carrier density is less than 1x10'3 cm~2,
which is much smaller than the theoretical value calculated
above. However, the minority carriers with low density reduce
more than one order of magnitude with the same change of
gate voltage (AV ). This experimental result is distinct from
that of the LAO/STO heterostructure containing just one con-
ductive interface,?*>!! but analogous to that of the §-doped
LaTiO3/SrTiO3 superlattices.!'>! As shown in Fig. 3(a), the
top electrode contacts deeply into the STO substrate, so the
electric field applied through the back gate dominantly affects
the first conductive interface near the substrate from the bot-
tom. In the first conductive interface, the minority carriers are
mostly affected by the gate electric field.['3]

To further confirm that, another SLs [STO(5)/LAO(3)]
was fabricated under the same preparation condition. In gen-
eral, when the thickness of LAO is 3 u.c., which is less than
the threshold thickness (4 u.c.) of the conductive LAO/STO
interface, the first interface is insulating. In other words,
there are no sufficient charge carriers to support the conduc-
tivity at the first interface. Like other SLs in this experi-
ment, the [STO(5)/LAO(3)] is also metallic from 300 K to
2 K presented in Fig. 2(a). The Hall resistance displays a well
linear variation with the magnetic field, indicating that only
one type of carriers (majority carriers) exist in the SLs. As
shown in Fig. 2(c), the carrier density in [STO(5)/LAO(3)]
is 6.3x10"3 cm™2 at 2 K, which is comparable to that of
[STO(5)/LAO(S)], [STO(4)/LAO(5)], and [STO(3)/LAO(S)].
For [STO(5)/LAO(3)], the total carrier density is independent
of the gate biases, as shown in Fig. 3(b). This phenomenon
validates that the charge carriers of [STO(5)/LAO(3)] only
exist in the post-deposited STO layers originating from the
oxygen vacancies instead of in the STO substrate, because in
this experiment set-up for the gate effect measurement, the
gate voltage only can tune the carriers existing in the STO
substrate. More interestingly, for all SLs ([STO(5)/LAO(3)],
[STO(5)/LAO(S)], [STO(4)/LAO(5)], and [STO(3)/LAO(5)])
in this experiment, the changing regularity and value of ma-
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jority carriers resemble each other. Perhaps, compared with
the single conductive interface system, the SLs with multiple
conductive interfaces have different distribution of charge car-
riers. Most of minority carriers exist at the first interface from
the bottom, and most of the majority carriers reside in the post-
deposited STO film. In SLs, the majority carriers possibly sep-
arate from the minority carriers in space.

In addition, while the gate voltage cannot modulate the
resistance of [STO(5)/LAO(3)], as presented in Fig. 3(c),
the sheet resistance of [STO(5)/LAO(5)], [STO(4)/LAO(5)],
and [STO@3)/LAO(5)] at low temperature exhibits strong
gate tunability with the change of the gate voltage. Fig-
ure 3(d) shows the R-T curves under different gate volt-
ages for [STO(5)/LAO(S)].
sistent with the dependence of the carrier density in
[STO(5)/LAO(3)], [STO(5)/LAO(5)], [STO(4)/LAO(S)], and
[STOB3)/LAO(S5)] on the gate bias.

This phenomenon is con-

The minority car-

(a)

SI"]:‘i()g\A

LaAlO
: SrTiO; (001)

copper electrode

6000 T
5000
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3000

R (Q/0)
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riers exist in [STO(5)/LAO(5)], [STO(4)/LAO(5)], and
[STO(3)/LAO(5)]. However, [STO(5)/LAO(3)] has no mi-
nority carriers. So the existence of minority carriers in the
SLs enhances the modulation of resistance with the change of
gate voltage. The resistance upturn with saturation at ultra-low
temperature is the typical feature of the Kondo effect. The pos-
itive back-gate voltage (200 V) causes a downward shift of the
R-T curve, indicative of an improvement of the metallicity.
The increased carrier density suppresses the Kondo scatter-
ing, thus restrains the resistance upturn. With the gate voltage
changed to negative, the low temperature resistance becomes
largely derived from the obvious reduction of the iterate car-
riers. We consider that the origin of the Kondo effect is the
localized Ti magnetic moments which are locally screened by
the anti-ferromagnetically coupled carriers.[*?223 As the car-
rier density becomes lower, the Kondo scattering is stronger,
then the upturn of the resistance is more pronounced.
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Fig. 3. (a) Experiment set-up for the gate-effect measurements of the superlattices. (b) The carrier density as a function of the gate volt-
age deduced from the Hall resistance. (c), (d) Gate effect on the R—T' dependence of the samples [STO(5)/LAO(3)] and [STO(5)/LAO(5)],

respectively.

4. Conclusion

In summary, high-quality 8-stacking-period LAO/STO
SLs with different thickness of LAO and STO were fabricated.
All SLs show satellite peaks corresponding to the SLs struc-
ture in the XRD patterns. The SLs show the better metallic-

ity, compared to the LAO/STO including only one conductive
interface. For the SLs with the thickness of LAO in one peri-
odicity fixed at 5 u.c., in which the minority carriers and ma-
jority carriers coexist, their sheet resistance at 2 K decreases
monotonically with the layers of STO reduced from 5 u.c. to

3 u.c., which is consistent with the dependence of the minor-
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ity carrier density on the thickness of STO in each periodicity.
By the gating effect measurement, we found that the appear-
ance of minority carriers increases the variation of the resis-
tance as a function of the gate bias. Unlike the LAO/STO
heterostructure, the SL structure perhaps provides a different
space separation for the multichannel conduction in the 2DEG.
The minority carriers may mainly exist in the first interface
near the STO substrate, and the majority carriers exist in the
post-deposited STO layers. This work opens an avenue for the
design of novel field-effect devices based on LAO/STO het-
erointerface.
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