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A top-gate field-effect device with atomic-layer-deposited Al2O3 dielectric was fabricated to
investigate magnetotransport properties of two-dimensional electron gas �2DEG� at a
semi-insulating ZnO–Mg0.12Zn0.88O double heterostructure grown by laser molecular-beam
epitaxy. Hall mobility monotonically increased as the density of accumulated electrons increased.
The highest mobility at 2 K was recorded to be 5000 cm2 V−1 s−1 at a 2DEG density of 1.2
�1012 cm−2, which is comparable to the previously reported value for a metallic ZnO /Mg0.2Zn0.8O
heterostructure. Insulator-to-metal transition was observed at a critical density of 6�1011 cm−2. The
metallic-state channel exhibited Shubnikov–de Haas oscillations, demonstrating an electric-field
tunable quantum device based on transparent oxide semiconductor. © 2008 American Institute of
Physics. �DOI: 10.1063/1.3035844�

Transparent conducting oxides �TCOs� have technologi-
cal potential for realizing transparent electronics. In the past
decade, thin film transistors consisting of ZnO and related
compounds have been intensively studied for improving de-
vice characteristics.1–3 To date, key parameters of amorphous
or polycrystalline channel devices, such as on-off ratio and
field-effect mobility, approach a practical level for flat-panel
display applications. The development of additional applica-
tions will be enabled by the improved performance of single-
crystalline channel devices.4–7 In spite of many intriguing
aspects at the fundamental research level, however, there are
very few attempts of investigating low-temperature magne-
totransport in field-effect transistors �FETs�. In practice, it is
also an essential approach for the improvement of device
performance as well as understanding device physics.8,9

The recent observation of the quantum Hall effect in
MgxZn1−xO /ZnO heterostructures opens a promising oppor-
tunity for such a study.10,11 One of the particular interests is
field-effect control of Landau filling factor in two-
dimensional electron gas �2DEG�.

In this system, the 2DEG is spontaneously accumulated
at the interface by the mismatch in electric polarization be-
tween the MgxZn1−xO barrier and the ZnO well.10–14 The
2DEG density can be controlled with varying Mg content
and donor concentration in the well layer. The growth polar-
ity �O or Zn polar� is a primary factor because it determines
the directions of the spontaneous and piezoelectric polariza-
tions and resulting potential energy gradient. Two configura-
tions are possible to induce 2DEG at the interfaces: the
O-polar ZnO on MgxZn1−xO and the Zn-polar MgxZn1−xO on
ZnO. There are several reports for both cases, where the
former is grown by laser molecular-beam epitaxy
�L-MBE�,10 whereas the latter is grown by MBE.11,15,16

In this study, we employed atomic-layer-deposited amor-
phous Al2O3 gate dielectric to accumulate 2DEG in an
O-polar double heterostructure, where polarization mismatch
was designed to be very small.10 Atomic layer deposition
�ALD� attracts increasing interest, owing to its superiority
for preparation of reliable gate dielectrics on a wide spec-
trum of materials.17–21 High breakdown field and low trap
density make it possible to perform stable measurements un-
der high electric field. By the use of ALD Al2O3, we have
successfully attained the 2DEG density of 1.2�1012 cm−2.
The accumulated 2DEG exhibited clear insulator-to-metal
transition22 �IMT� and Shubnikov–de Haas �SdH� oscilla-
tions below quantum resistance h /e2�25.8 k�, where h is
Planck’s constant and e is the elementary charge.

The ZnO–MgxZn1−xO double heterostructure was pre-
pared on insulating �0001� ScAlMgO4 substrate. A high-
purity ZnO single crystal �ZN technology, Brea CA� and a
homemade Mg0.06Zn0.94O ceramic target were ablated by a
KrF excimer laser �5 Hz, 1 J /cm2� at 1�10−6 Torr of oxy-
gen. The sample consists of a top layer of 50-nm-thick
Mg0.12Zn0.88O, a 100-nm-thick ZnO layer, and a bottom
layer of 100-nm-thick Mg0.12Zn0.88O. The bottom
Mg0.12Zn0.88O layer was grown at 650 °C and annealed at
1000 °C in 1 mTorr of oxygen to make its surface atomi-
cally flat.23 The growth temperature �Tg� for the ZnO layer
and the top Mg0.12Zn0.88O layer was set at 950 °C. Standard
Hall bars with a channel area of 60�260 �m2 were fabri-
cated by using Ar ion etching and conventional photolithog-
raphy technique. Using an ALD apparatus, a 40-nm-thick
amorphous Al2O3 gate dielectric was deposited at 150 °C.20

Ohmic and gate electrodes consisting of Au /Ti layers were
electron beam evaporated. Low-temperature magnetotrans-
port measurements were carried out with lock-in technique
in a physical property measurement system �Quantum De-
sign�. A series standard resistance of 1 M � was inserted into
the measurement circuit for current correction.a�Electronic mail: tsukaz@imr.tohoku.ac.jp.
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Figure 1 illustrates the difference in sample structures,
conduction band diagrams, and locations of 2DEG between
previously examined metallic heterostructures �top� and
the present field-effect device �bottom� studied here. Both
samples have the same configurations �O polar, compres-
sively strained ZnO layers, and unstrained MgxZn1−xO lay-
ers�, and the directions of spontaneous �Psp� and piezoelec-
tric polarization �Ppe� are upward toward the surface. When x
is higher than �0.1, the sum of �Psp� and �Ppe� in ZnO layer
is considerably smaller than �Psp� in MgxZn1−xO. Therefore,
positive charges formed at the bottom ZnO /MgxZn1−xO in-
terface induce 2DEG in the side of ZnO.10 As shown in Fig.
1�a�, this is the case for the metallic heterostructures with
x�0.15, given with sufficiently high donor concentrations in
ZnO grown at high Tg �for example, 1000 °C at x=0.15�.10,24

In this study, we chose a set of parameters of both relatively
lower x and Tg, which is expected to result in nearly flatband
and low donor concentration in the ZnO layer. In fact, the
bottom channel was “off” for the present film, exhibiting a
semi-insulating conduction without gating, and a metallic
“on” state appeared under applied positive gate bias, as will
be described below. This clearly indicates that 2DEG was
accumulated at the top of ZnO layer with electric field gating
through atomic-layer-deposited Al2O3, a high mobility chan-
nel being formed at the clean epitaxial interface with top
MgxZn1−xO layer �see Fig. 1�b��.

Our device showed a typical n-type FET behavior in its
output characteristics. Figure 2�a� shows drain current �ID�
versus drain voltage �VD� measured at 2 K after each incre-
mental change of gate voltage �Vg� by 1 V. Systematic Vg

dependence of longitudinal resistance ��xx� shown in the in-
set indicates that carriers were accumulated at the top inter-
face. Through all of the measurements, gate leakage current
was suppressed below 10 pA.

Hall effect was measured at 2 K by applying magnetic
field up to �1 T, Vg ranging from 2 to 8 V, and an ac exci-
tation of 1 �A. Note that the Hall effect in the linear region
was sufficiently characterized under the given ranges of Vg
and ID. Both of carrier density �n� and mobility ��� increased
with increasing Vg but the increase in the latter was more
dramatic due to the rapid evolution of screening effect �Fig.
2�b��. n could be increased up to 1.2�1012 cm−2 by applying
Vg=8 V. From linear Vg dependence of n, we extracted an

effective capacitance of stacking layers �40-nm-thick Al2O3
and 50-nm-thick Mg0.12Zn0.88O� to be �20 nF /cm2. Indeed,
the highest value of � was recorded to be 5000 cm2 V−1 s−1

at Vg=7 V, which is comparable to those for a metallic
ZnO /Mg0.2Zn0.8O heterostructure grown by using the same
L-MBE system.10 Thus, it is concluded that the location of
2DEG does not affect the magnitude of � in our devices.

We note that all of our L-MBE-grown films exhibit
lower � than that obtained for Zn-polar films grown by MBE
�14000 cm2 V−1 s−1�.11 It is most likely due to the difference
in concentrations of unintentionally doped impurities such
as Si and Al in MgxZn1−xO barrier layers. In fact, the
MgxZn1−xO ceramic targets as starting materials for L-MBE
growth have inevitable large amounts of the impurities,
which also reflects its optical properties inferior to that of the
MBE-grown MgxZn1−xO.23,25–27 Therefore, the MBE-grown
sample is much suitable to further study the field-effect con-
trol of 2DEG, which will be published elsewhere.

Figure 3 shows temperature dependence of �xx measured
at zero magnetic field by applying Vg ranging from
−2 to 6 V. Insulating behavior �d�xx /dT�0� was seen when
Vg�2 V, while the metallic on state �d�xx /dT	0� appeared
when Vg�4 V. We note that the IMT took place below
quantum resistance h /e2, which is consistent with the behav-
ior expected for a two-dimensional system around 2 K.22

From Fig. 2�b�, a critical carrier density �nc� is identified to
be �6�1011 cm−2, which is comparable to that observed
for a photoinduced IMT in a ZnO /Mg0.15Zn0.85O
heterostructure.28 Compared to conventional 2DEG systems,
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FIG. 1. �Color online� Schematic of cross-sectional device structures �left�
and conduction band diagrams �right� for �a� previously reported
ZnO /MgxZn1−xO heterostructures and �b� field-effect device used in this
study. For the former, the 2DEG, spontaneously formed at bottom of the top
ZnO layer, leads to metallic conduction. For the latter, the 2DEG is accu-
mulated at the top interface under positive gate bias.
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FIG. 2. Field- and Hall-effect characteristics of the FET device at 2 K. �a�
Output curves measured in a Vg range of −2 to 8 V. The inset shows Vg

dependence of �xx and leakage current. �b� Electron mobility ��� as a func-
tion of 2DEG density �n� evaluated from Hall effect �closed circles�. The
2DEG density evaluated from SdH oscillations is also plotted by open
circles. Inset depicts Vg dependence of n. Straight line is a linear fit. Critical
carrier density �nc� of the IMT is �6�1011 cm−2 �broken line�.
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the observed nc is one order of magnitude higher but it will
be decreased if � is improved.

Figure 4�a� shows typical magnetoresistance curves ex-
hibiting SdH oscillations. The 2DEG density calculated from
oscillation periods f as nSdH=2fe /h shows good agreement
with n evaluated from Hall effect �see Fig. 2�b��, indicating
that the accumulated electron is well confined at the inter-
face. The Hall resistance ��xy� did not exhibit flat plateaus
due to a high measurement temperature but it is consistent
that weak shoulders corresponded to the �xx minima.

In conclusion, we have studied magnetotransport of two-
dimensional electrons in ZnO–Mg0.12Zn0.88O double hetero-
structure by the use of atomic-layer-deposited gate dielectric.
Unlike room-temperature characteristics in previously re-
ported TCO based FETs, low-temperature mobility of our
device showed remarkably large enhancement, more than
one order of magnitude as carrier density was doubled from
6�1011 cm−2. As a result, � reached 5000 cm2 V−1 s−1

across clear IMT, which confirms current upper bound for �
attainable in L-MBE-grown FETs. Ionized or neutral impu-
rities in MgxZn1−xO layers are thought to be predominant
carrier scattering centers. Although the observed SdH oscil-
lations and Hall plateaus were not very clear, partly due to

high temperature measurement, our experiments clearly
demonstrate the possibility of electric-field control of quan-
tum phase transition in diluted 2DEG at oxide semiconductor
heterointerface.

The work was supported in part by the Murata Science
Foundation and the Asahi Glass Foundation.
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