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This paper reports the formation of two-dimensional electron gas 共2DEG兲 in rf-sputtered defective
polycrystalline MgZnO/ZnO heterostructure via the screening of grain boundary potential by
polarization-induced charges. As the MgZnO thickness increases, the sheet resistance reduces
rapidly and then saturates. The enhancement of the interfacial polarization effect becomes stronger,
corresponding to a larger amount of resistance reduction, when the Mg content in the cap layer
increases. Monte Carlo method by including grain boundary scattering effect as well as 2D
finite-element-method Poisson and drift-diffusion solver is applied to analyze the polycrystalline
heterostructure. The experimental and Monte Carlo simulation results show good agreement. From
low temperature Hall measurement, the carrier density and mobility are both independent of
temperature, indicating the formation of 2DEG with roughness scattering at the MgZnO/ZnO
interface. © 2010 American Institute of Physics. 关doi:10.1063/1.3475500兴
I. INTRODUCTION

ZnO has shown great potential in optoelectronic device
applications, such as UV light emitters, high-power electronic devices, and transparent electronics.1–13 Like GaN,
with which the high electron mobility transistor 共HEMT兲
heterostructure 共AlGaN/GaN兲 has been realized by the formation of two-dimensional electron gas 共2DEG兲 via electric
polarization effects, the polarization difference between two
heterojunction materials.14 ZnO also exhibits similar effect in
MgZnO/ZnO heterostructure but with several advantages
over AlGaN/GaN, including a higher saturation velocity, a
lower lattice mismatch, and the capability for bulk
growth.15–18
ZnO can be alloyed with MgO to form MgxZn1−xO, in
which the bandgap is dependent on the Mg content x.19 In
this fashion, the degree of polarization in MgZnO/ZnO heterostructure can be adjusted. Several studies in regard to the
2DEG formation at MgZnO/ZnO single-crystalline system
have been reported.20–22 Attributing to the polarization effect,
large amount of sheet carrier concentration is induced and
thus the electrical conductance of the high quality singlecrystalline or polycrystalline system is greatly enhanced.
However, these are mostly demonstrated by pulse laser deposition or molecular beam epitaxy 共MBE兲, which is not suitable for low-cost large-area electronic applications. Therefore, in this paper, we investigate 2DEG formation in a much
defective rf-sputtered polycrystalline MgZnO/ZnO material
system. One key point for this study is to find out whether
the 2DEG can be observed under the influence of the grain
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boundaries and/or other structural defects. Our previous
simulation work by Monte Carlo method23 indicates that the
grain boundary potential of a polycrystalline MgZnO/ZnO
heterostructure can be screened by the induced carriers. Thus
the 2DEG induced by the polarization and piezoelectric effects can occur in a defective polycrystalline MgZnO/ZnO
material system. Here, we report the experimental evidence.
The result can be further applied to the design and fabrication of low-cost large-area heterojunction thin film transistors.

II. EXPERIMENT

First a 300-nm-thick ZnO thin film is rf-sputtered on
Corning Eagle-2000 glass at room temperature, followed by
a post-annealing at 600° C for 30 min to reinforce the grain
formation.24,25 Then 200-nm-thick titanium is deposited by
e-beam evaporation and patterned as the coplanar electrical
contacts.26,27 Finally, MgxZn1−xO layer with various thicknesses and Mg contents 共x = 0.15, 0.2, 0.3, 0.4, and 0.5兲 is
rf-sputtered at room temperature upon ZnO to form the heterostructure. The deposition conditions for the ZnO and MgZnO layers are: argon/oxygen flow rate ratio of 6/1, power
density of 2.2 W / cm2, and processing pressure of 10 mtorr.
The crystalline structure and the grain size of the ZnO layer
are investigated by x-ray diffraction 共XRD兲. The electrical
characteristics of the heterostructure are evaluated by both
coplanar two-point current-voltage measurement and Hall
measurement with van der Pauw geometry.
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FIG. 1. 共Color online兲 XRD pattern of rf-sputtered ZnO layer before and
after 600° C post-deposition annealing.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of ZnO thin films before and after 600° C annealing, which indicates the polycrystalline nature of the ZnO layers with 共002兲 preferred orientation. Despite that the as-deposited ZnO already reveals
certain crystallinity, the post-annealing process reinforces the
grain formation and improves the quality of ZnO. This postannealing process turns out to be a critical step in observing
2DEG in our polycrystalline MgZnO/ZnO heterostructure.
Without this step, no improvement of electrical conductance
is obtained, which is attributed to small grain sizes with large
amount of grain boundary defects in the as-deposited material system.
Figure 2 shows the sheet resistance of the
MgxZn1−xO / ZnO heterostructure versus MgxZn1−xO thickness for x = 0.15, 0.2, 0.3, 0.4, and 0.5. The initial sheet resistance of the 600° C annealed ZnO layer is ⬃106 ⍀. After
depositing MgxZn1−xO cap layer, the electrical resistance of
the heterostructure reduces by two to three orders of magnitude. The amount of reduction increases rapidly and then
saturates as the MgxZn1−xO thickness increases. The onset
thickness of the saturation depends on the Mg content x in
MgxZn1−xO. As the Mg content increases, the degree of polarization effect is enhanced, which introduces larger amount
of carriers at the interface and thus provides stronger screening effect on the grain boundary potential. Therefore, a
greater amount of resistance reduction and a smaller onset
thickness are observed in the case of larger Mg content.
In polycrystalline system, the electron transport property
is greatly influenced by the grain boundary potential.28 The
2DEG, formed at the interface between MgZnO and ZnO,

FIG. 2. 共Color online兲 Sheet resistance of polycrystalline MgxZn1−xO / ZnO
heterostructure vs thickness of MgxZn1−xO cap layer for x = 0.15, 0.2, 0.3,
0.4, and 0.5. The lines are guides to the eyes.

(b)

FIG. 3. 共Color online兲 共a兲 Hall mobility and sheet carrier concentration of
MgxZn1−xO / ZnO heterostructure in saturation as functions of Mg content x.
共b兲 Comparison of experimental and calculated saturation sheet resistances
as functions of Mg content x. The lines are guides to the eye.

reduces the grain boundary potential, thereby improving the
mobility.23 The Hall mobility and sheet carrier concentration
in our annealed polycrystalline ZnO thin film are
1.46 cm2V−1s−1 and 5.69⫻ 1012 cm−2, respectively. As
shown in Fig. 3共a兲, both the mobility and the sheet carrier
concentration of the MgZnO/ZnO heterostructure in saturation show positive correlations with the Mg content and
reach maximum values of 39.4 cm2V−1s−1 and 1.15
⫻ 1014 cm−2 at x = 0.4. The carrier concentrations are measured using two different experimental setups in two different laboratories. The same order of magnitude is acquired.
The high carrier concentration, one order of magnitude larger
than that measured with samples grown by radical source
MBE,20 is probably due to the high defect density in our
samples, contributing more carriers to the interface.
We further study the polycrystalline heterostructure by
using Monte Carlo method with the effects of grain boundary
barrier impurity scattering as well as phonon scattering
included.29 Then the 2D finite-element-method Poisson and
drift-diffusion solver is used to determine the strength of the
grain boundary potential, carrier density, and the effects of
polarization and carrier screening in the device.23 Figure 3共b兲
shows the comparison between experimental and simulated
saturation sheet resistance as functions of Mg content x. The
simulation result, performed with a grain size of 75 nm,
grain boundary trap level of 0.85 eV, grain boundary trap
density of 5 ⫻ 1012 cm−2, and background bulk doping density of 1 ⫻ 1018 cm−3, agrees well with our experimental result. The decrease in conductance enhancement at x = 0.5 observed in experiment may be caused by the phase separation
of MgxZn1−xO at large x 共Refs. 21 and 30兲 due to the two
end components of MgZnO alloy system, ZnO and MgO,
crystallize in different structures, wurtzite and rocksalt, respectively. In comparison to the single crystalline system,
Tampo et al.20 discover that the mobility increases first and
saturates at x of ⬃0.2 as the Mg content x increases in
MgxZn1−xO / ZnO heterostructure, yet the sheet carrier con-
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suggests that polycrystalline MgZnO/ZnO material system
can be a potential candidate for the application of low-cost
large-area HEMT devices.
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FIG. 4. 共Color online兲 Hall mobility and carrier concentration of
Mg0.3Zn0.7O / ZnO heterostructure with Mg0.3Zn0.7O capping layer thickness
of ⬃30 nm as functions of temperature.

centration remains constant throughout the Mg concentration
up to x = 0.45. They further report that both the mobility and
sheet carrier concentration increase as the Mg content x increases up to 0.6, when the defect-induced phase separation
is suppressed in MgxZn1−xO / ZnO heterostructure by a thick
ZnO buffer layer.21 Our experimental result implies a competition between the grain boundary screening by the
polarization-induced charges and the defect-induced phase
separation at high Mg content.
To validate the charges are indeed two—dimensional
and are induced by the polarization effect at the interface, we
perform low temperature Hall measurement to obtain carrier
density and mobility as a function of temperature, as shown
in Fig. 4. No significant variation is found as the temperature
changes, indicating that the dominant carriers are not resulting from the thermal activation. In addition, the measured
sheet carrier density is about 1014 cm−2, which is much
higher than those in the pure ZnO or MgZnO layers. This
supports that the reduction in resistivity is due to the formation of 2DEG at the MgZnO/ZnO interface. Theoretically,
the mobility of a high quality crystalline semiconductor increases as the temperature decreases due to the reduction in
phonon scattering; the mobility of a defective semiconductor
should decrease as the temperature decreases due to ionized
impurity scattering.31 Our sample shows a temperature independent trend on carrier mobility, which is related to surface
roughness scattering of 2DEG at MgZnO/ZnO interface.32
The improvement of the surface smoothness would be essential to achieve higher mobility.
IV. SUMMARY

We study the formation of 2DEG in rf-sputtered polycrystalline MgZnO/ZnO heterostructure via the screening of
grain boundary potential by polarization-induced charges.
The sheet resistance reduces rapidly and then saturates
as the MgZnO thickness increases. Both the mobility and the
sheet carrier concentration in saturation increase as the Mg
content is raised and reach maxima of 39.4 cm2V−1s−1 and
1.15⫻ 1014 cm−2 at x = 0.4 at room temperature. The experimental and simulated saturation sheet resistance show good
agreement. Both carrier concentration and mobility are temperature independent, indicating the formation of 2DEG with
roughness scattering at the MgZnO/ZnO interface. Our result
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