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Although the two-dimensional electron gas (2DEG) in (001) Zni—»Mg,O/ZnO heterostructures
has been discovered for about twenty years, the origin of the 2DEG is still inconclusive. In the
present letter, the formation mechanisms of 2DEG near the interfaces of (001) Zni—.Mg,O/ZnO
heterostructures were investigated via the first-principles calculations method. It is found that the
polarity discontinuity near the interface can neither lead to the formation of 2DEG in devices with
thick Zn;_,Mg,O layers nor in devices with thin Zn;_,Mg,O layers. For the heterostructure with
thick Zni_,Mg,O layers, the oxygen vacancies near the interface introduce a defect band in the
band gap, and the top of the defect band overlaps with the bottom of the conduction band, leading
to the formation of the 2DEG near the interface of the device. For the heterostructure with thin
Zn; Mg, O layers, the absorption of hydrogen atoms, oxygen atoms, or OH groups on the surface
of Zni_,Mg,O film plays a key role for the formation of 2DEG in the device. Our results manifest
the sources of 2DEGs in Zni—zMg,O/Zn0O heterostructures on the electronic structure level.

Since the discovery of two-dimensional electron
gas (2DEG) at the interface of LaAlO3/SrTiO3 het-
erojunction [1], 2DEG has been found at various
oxide heterostructures, such as Zn;_,Mg,0/Zn0O [2-
4], AlOs/SrTiOs [, 6, EuO/KTaOs [d],
(Al,Ga;_,)203/Gas03 [§ and LaAlOs/KTaOs [d].
The 2DEG at oxide heterostructures not only provides
a platform for fundamental research, but also promotes
the development of novel all-oxide electronic devices.
Among these oxide heterostructures, Zn;_,Mg,O/Zn0O
heterostructures are particularly attractive due to
their ultra-high Hall mobility (up to 10%cm?V—1s~!
at low temperature HE]) However, the origin of the
2DEG at the Zn;_,Mg,0/ZnO interface is still unclear.
Researchers only empirically attribute it to the polar
discontinuity ]: since Zn;_,Mg,O (0 < z < 0.6)
and ZnO have different spontaneous polarization, the
polarization at the interface is discontinuous after
they form heterojunctions. This discontinuity causes
a large number of bound charges to be generated at
the heterointerface, creating a built-in electric field
throughout the heterostructure. This field drives
electrons toward the interface to form 2DEG. In con-
trast, some researchers believe that the 2DEG at the
Zn; Mg, O/Zn0 interface originates from the donor on
the Zn;_,Mg,O surface , ﬁ Experimentally, 2DEG
can also be formed when the thickness of Zn;_,Mg,O
layer is greater than 300nm in Zn;_,Mg,0/Zn0O
heterostructures ﬂﬂ—@] There would be no internal
potential gradient in the aforementioned heterostructure
with thick Zn;_,Mg,O layer, and the contribution of
surface donors to 2DEG could also be negligible [21, [29).
Thus the formation of 2DEG in this case cannot be
explained by the mechanisms mentioned above. On
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the whole, the origin of 2DEG at Zn;_,Mg,0O/Zn0O
heterointerface needs to be further studied. In this letter,
the origin of 2DEG at Zn;_,Mg,O/Zn0O heterointerface
is studied from the perspective of microscopic electronic
structures by first-principles calculations. Interestingly,
it is found that the polar discontinuity mechanism is
not responsible for the formation of the 2DEG. For the
heterostructures with thick Zn;_,Mg,O layers, 2DEG
mainly arises from oxygen vacancies, while the 2DEG
originates from surface adsorption for heterostructures
with thin Zn;_,Mg,O layers.

Considering that the 2DEG can be formed in
Zny Mg, O0/ZnO heterostructures with both thick
(~100 to 500n] and thin Zn; ,Mg,O layers
(~10 to 30nm) [14-16] experimentally, we construct the
configurations as follows. For Znj_,Mg,0/ZnO het-
erostructures with thick Zn;_,Mg,O layers, we passi-
vated the oxygen terminal of ZnO slab and the Zn-Mg
terminal of Zn;_,Mg,O slab by pseudo-H atoms with
fractional charges. ZnO slab with passivated oxygen ter-
minal can be used to simulate ZnO substrate, and the
charge of H is taken as 0.48e with e being the elementary
charge ﬂ2_1|] The charge of the pseudo-H atoms in the
passivated Zn-Mg terminal is taken as 1.52e [21]. After
passivation, the pseudo-H atoms not only saturate the
surface dangling bonds but also make the passivated sur-
face and the adjacent atomic layers exhibit bulk prop-
erties ﬂﬂ, @] In this case, the Zn;_,Mg,O and ZnO
slabs can be treated as semi-infinite thick films. Con-
sidering the Mg content = can be as high as 0.60 in
Zn;_,Mg,0/Zn0 heterostructures experimentally [24],
we set the Mg content x as 0.25 and 0.50, respectively.
For each doping level, the Mg ions are uniformly doped
into the ZnO film, which together with the ZnO sub-
strate forms a heterostructure with a clear interface.
For the Zn;_,Mg,O/Zn0O heterostructures with thin
Zn;_ Mg, O layers, the difference in the configuration is
that there is no pseudo-H atom at the Zn-Mg terminal.
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Generally, the unpassivated Zn;_,Mg,O (001) surface
is unstable and the surface adsorption or reconstruction
is inevitable ] Thus, the surface adsorption and
defects are considered to simulate the Zn;_,Mg,O/ZnO
heterostructures with thin Zn;_,Mg,O layers HE] As
an example, in Fig. [[{a) we give the structure diagram
of a Zn;_,Mg,0O/ZnO heterostructure with two surfaces
passivated by pseudo-H atoms. The heterostructure con-
tains a 2 x 2 in-plane (001) Zng 75 Mg .250/Zn0O supercell
and 18 Zn-Mg-O layers and 18 Zn-O layers. A 15-A-thick
vacuum layer is added along the [001] direction to prevent
any unintentional interactions between the slabs. From
the interface to surface, the atomic layers on the ZnO side
are labeled as L1, L2, - - -, L17, and L18, while the atomic
layers on the Zng 75Mgp.250 side are labeled as L1, L2,
.-+, L17, and L18, respectively. The top view of Fig.[I(a)
along the [001] direction is shown in Fig. [[(b). Three
adsorption sites named On-top, Fcc-hollow, and Hcp-
hollow, are indicated by the arrows. The positions of zinc
atoms in each layer are numbered as 1, 2, 3, and 4, respec-
tively. For the Mg doping level x = 0.25 case, the zinc
atoms at position 1 are substituted by magnesium atoms
in the odd layers, while the zinc atoms at position 3 are
replaced in the even layers. For the x = 0.50 situation,
the zinc atoms at positions 2 and 4 are replaced by mag-
nesium atoms in each layer. All calculations are carried
out in framework of density functional theory using the
Viennaab initio Simulation Package (VASP) [32]. The
in-plane lattice constants of Zn;_, Mg, O/ZnO (x = 0.25
and 0.50) heterostructures are fixed to those of ZnO dur-
ing the calculations.
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(b) Top view along the [001]direction

Fce-hollow

FIG. 1. (a) Schematic geometrical structure of
Zni_zMg,O0/ZnO (2=0.25 and 0.50) heterostructure
with two pseudo-H-passivated surfaces. (b) The top view

of the heterostructure along the [001] direction. Here the
“On-top, Fcc-hollow, and Hcp-hollow” are the adsorption
sites for exotic atoms or groups.

Figure [la) shows the band structure of
Zng 75Mgg.250/Zn0O heterostructure shown in Fig. [[a)
(i.e., the heterostructure has 18 Zn-O and 18 Zn-Mg-O
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FIG. 2. (a) The energy band structure of the

Zno.75Mgo.250/Zn0O heterostructure without oxygen vacan-
cies and with two pseudo-H-atoms-passivated surfaces. (b)
The plane average (solid curve) and macroscopic average
(dash-dot curve) electrostatic potential (seen by electron)
across the Zng.75 Mgo.250/Zn0 heterostructure along the [001]
direction.

layers and two pseudo-H-atoms-passivated surfaces).
Clearly, the valence band maximum (VBM) and the con-
duction band minimum (CBM) are both located at the T’
point, and the Fermi level lies in the band gap. Thus the
energy band of the Zng 75 Mg 250/Zn0O heterostructure
exhibits direct-gap semiconductor characteristics (the
calculated band gap is 1.45eV) and no 2DEG is formed
at the interface. For the x = 0.50 case, the band struc-
ture is similar to that of the z = 0.25 and the calculated
bad gap is 1.56 V. Therefore, 2DEG cannot appear near
the interfaces of the perfect Zn;_,Mg,O0/Zn0O (x = 0.25
and 0.50) heterostructures (without defects) with thick
Zn;_,Mg,O layers. We also calculated the electrostatic
potential distribution for the above heterostructures,
and Fig. BI(b) presents the results for the x = 0.25 case
as an example. There is a conspicuous bulge in the
macroscopic average potential curve near the interface
(from the L4 Zn-O layer to the L2 Zn-Mg-O layer). In
the atomic layers away from the interface, e.g., the Zn-O
layers from L4 to L18 or Zn-Mg-O layers from L2 to
L18, the average potential almost retains a constant.
Thus, a potential barrier rather than a quantum well
is formed near the interface of the Zng 75Mgg.250/Zn0O
heterostructure. Similar phenomena are also observed
in the macroscopic average potential curve of the
Zno.5Mgp50/Zn0O heterostructure. This potential
barrier should be caused by the polar discontinuity at
the interface, which could induce a localized polarization
field near the interface. The polarization field cannot
cause the bottom of the conduction band to overlap
with the top of the valence band as in the case of
LaAlO3/SrTiOs heterostructures [33]. Thus, the polar
discontinuity alone cannot explain the observed 2DEG
near the interface of Znj_,Mg,O/ZnO heterostructure
with thick Zn;_,Mg,O layers.

Then, why the 2DEGs can be
Zn; Mg, 0/ZnO heterostructures

formed in
with thick
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FIG. 3. Formation energies of oxygen vacancies at different
atomic layers in Zni_,Mg,O/ZnO heterostructures with two
pseudo-H-passivated surfaces. (a) For the z = 0.25, and (b)
for the x = 0.50 heterostructures.

Zni_,Mg,O layers? It should be noticed that as
intrinsic defects in ZnO and Zn;_,Mg,O films, oxygen
vacancies are inevitable during device fabrication and
could play crucial roles for the formation of 2DEG in
Zn;_,Mg,0/ZnO heterostructures [34-37]. Next, we in-
vestigate the effect of oxygen vacancies on the electronic
structures of Zn;_,Mg,0/ZnO (z = 0.25 and 0.50)
heterostructures with thick Zn;_,Mg,O layers. First,
we calculate the formation energy of oxygen vacancies
(E) in each atomic layer of the above heterostructures.
In the oxygen-rich limit, E¢ can be written as [38]

E:=E(NVo)— (Ey —0.5E0,), (1)

where F (Vo) and Ey are the calculated total energies of
the Zn;_,Mg,0/ZnO (x = 0.25 and 0.50) heterostruc-
tures with and without oxygen vacancies, and Eg, is the
calculated total energy of the single Oy molecule. For
the configuration in Fig. [ each in-plane supercell con-
tains four oxygen atoms, whose positions are labeled as
a, b, ¢, and d, respectively. The oxygen atoms at d po-
sition are removed in a certain fixed layer to create oxy-
gen vacancies in the calculations. Figure [3] shows the
formation energies of the oxygen vacancies in each layer
of the ZHO_75Mgov250/ZHO and Zn0_5Mg0_5O/ZnO het-
erostructures with 18 Zn-O and 18 Zn-Mg-O layers, and
two pseudo-H-passivated surfaces. Inspection of Fig. [
indicates that the overall variation trends of the Ef vs
layer number curves for the two heterostructures are sim-
ilar. Thus we only discuss the variation of Ff in the
Zng.75Mg.250/Zn0O heterostructure. On the ZnO side,
the value Ef keeps as a constant in the first two layers,
and then sharply increases with increasing layer number,
reaches its maximum at L4, then decreases with further
increasing layer number, and tends to be saturated as the
layer number is greater than 9. On the Zng 75Mgg.250
side, the values of Ef near the interface (L1 to L6 Zn-
Mg-O layers) vary between —0.3eV and —0.1eV, while
those for the layers with layer number being greater than
6 are almost fixed at —0.1eV. Obviously, the oxygen va-
cancies can be easily formed on the ZnO side, especially
in the first two Zn-O layers near the interface.

Considering the variation trends in electronic struc-
tures with Vg position for the x = 0.25 and 0.50 het-
erostructures with two pseudo-H passivated surfaces are
also similar, we only present and discuss the results ob-
tained from the z = 0.25 ones. We first discuss the
case that oxygen vacancies are located at the most eas-
ily formed position (L1 layer). Figure @{(a) presents the
band structure of this configuration. From this figure,
one can see that the oxygen vacancies in the L1 Zn-O
layer introduce a defect band in the band gap and the
top of the defect band is higher than the Fermi level.
At the same time, the Fermi level enters into the bot-
tom of the conduction band, i.e., the conduction band
overlaps with the defect band. Thus, part of the elec-
trons in the defect band would be transferred into the
conduction band and become conduction electrons. Fig-
ure @l(b) shows the partial density of states (DOS) pro-
jected onto atomic planes for the x = 0.25 heterostruc-
ture with oxygen vacancies in the L1 Zn-O layer and two
pseudo-H passivated surfaces. Clearly, only in L2 , L1,
and L1 layers the DOS near the Fermi level is nonzero,
i.e., the conduction electrons are concentrated in the two
7Zn-0 layers and one Zn-Mg-O layer near the interface.
These three layers occupy a space with thickness ~8.4 A,
which indicates that the 2DEG is formed near the in-
terface of the heterostructure. From the orbital DOS of
L2 to L1 layers, it is found that these conduction elec-
trons are mainly composed of Zn-4s and O-2p orbitals
(not shown). In addition, it is found that when the oxy-
gen vacancies are located in the L2 and L3 Zn-O lay-
ers and the L1 to L6 Zn-Mg-O layers, their band struc-
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FIG. 4. (a) The band structure of Zng.75Mgo.250/Zn0O het-
erostructure with oxygen vacancies in the L1 Zn-O layer.
(b) The partial DOS projected onto atomic planes for
the Zng.75Mgo.250/Zn0O heterostructure with oxygen vacan-
cies in the L1 Zn-O layer. (c) The band structure of
Zno.75 Mgo.250/Zn0O heterostructure with oxygen vacancies in
the L15 Zn-O layer. (d) The partial DOS projected onto
atomic planes for the Zng.75Mgo.250/Zn0O heterostructure
with oxygen vacancies in the L15 Zn-O layer.



tures are similar to that in Fig. dl(a). However, the band
structures of the heterostructures would reveal semicon-
ductor characteristics when the oxygen vacancies are far
from the interface (i.e., behind the L3 Zn-O layer and
L6 Zn-Mg-O layer). We take the Zng.75Mgg.250/Zn0O
heterostructure with oxygen vacancies in the L15 Zn-O
layer as an example. Figure [(c) shows the band struc-
ture of this configuration. The oxygen vacancies in the
L15 Zn-O layer also introduce a defect band in the gap,
while the top of the defect band is located at 0.11eV be-
low the bottom of the conduction band. The Fermi level
lies between the conduction band and the defect band.
Therefore, the introduction of oxygen vacancies in the
L15 Zn-O layer cannot induce 2DEG at the interface of
the heterostructure. Figure d(d) shows the partial DOS
projected onto atomic planes for the Zng 75 Mgg 250/Zn0O
heterostructure with oxygen vacancies in the L15 Zn-O
layer. From this figure, one can see that the defect band
of the oxygen vacancies is in fact composed of a large
number of deep energy levels as far as the energy band
of the inner atomic layer is concerned. These deep lev-
els cannot overlap with the conduction band even if the
bottom conduction band of the Zn-O layer near the in-
terface is lower than that of the inner Zn-O layer. On
the contrary, the defect levels of the oxygen vacancies
near the interface layers are so shallow that the bottom
of the conduction band overlaps with the top of the de-
fect band [see Fig. E[(b)]. This is why 2DEG exists only
when the oxygen vacancies are located near the interface
of the heterostructure. On the other hand, the defect
band formed by oxygen vacancies of inner Zn-O layers
could enhance the conductivity of the heterostructure:
the device will exhibit a thermal-activated form conduc-
tance with activation energy E,, where F, is about half
of the energy difference between the bottom of conduc-
tion band and the top of the defect band. Summarizing
the results mentioned above, one can readily conclude
that the oxygen vacancies near the interface are the ori-
gin of the 2DEGs in Zn;_,Mg,0/ZnO (z = 0.25 and
0.50) heterostructures with thick Zn;_,Mg,O layers.

Now, we study the origin of 2DEGs in
Zny Mg, O0/ZnO (z = 0.25 and 0.50) heterostruc-
tures when the Zn;_,Mg,O films are very thin. In this
situation, we calculate the electronic structures of the
heterostructures with 42 Zn-O and 18 Zn-Mg-O layers,
in which the surface of the Zn;_,Mg,O film is no longer
passivated. The reason for choosing 42 Zn-O layers
(instead of 18 layers) is to obtain the distribution range
of 2DEG on the ZnO side. Since the results obtained
from the x = 0.25 and 0.50 heterostructures are also
similar, we only present and discuss the results for the
2 = 0.25 heterostructure. Figure [Bl(a) shows the electro-
static potential of Zng 75Mg.250/Zn0O heterostructure
(with 42 Zn-O and 18 Zn-Mg-O layers) in which only
the surface of ZnO film is passivated by pseudo-H
atoms. Obviously, the macroscopic average potential
on the ZnO side is insensitive to the position, while it
decreases with increasing distance to the interface on
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FIG. 5. (a) The plane average (solid curve) and macroscopic
average (dash-dot curve) electrostatic potential (seen by elec-
tron) along [001] direction for the Zng.75Mgo.250/ZnO het-
erostructure, in which only the surface of ZnO film is pas-
sivated by pseudo-H atoms. (b) The plane average (solid
curve) and macroscopic average (dash-dot curve) electro-
static potential (seen by electron) along [001] direction of the
Zno.75Mgo.250/Zn0O heterostructure with a Zng.75Mgo.250
surface of H-atom adsorption.

the Zng 75Mgp250 side. A macroscopic field perpen-
dicular to the surface with the magnitude of 0.06 V/A
is obtained by linear fitting the macroscopic average
electrostatic potential. This kind of field or potential
would lead to an instability of the (001) polar (so-called
Tasker type ITI) surface [29, [39]. In the light of recent
experimental and theoretical results, the polar oxide
surfaces can be stabilized via charge transfer between the
upper and lower surfaces m, @], adsorption of external
atoms [25-129], and stoichiometry variations [25-128].
For Zn;_,Mg,0O/Zn0O heterostructures, we consider the
effects of adsorption (hydrogen atoms, OH groups, and
oxygen atoms) and stoichiometry variations (defects) on
the electronic structures of Znj_,Mg,O/ZnO (z = 0.25
and 0.50) heterostructures. Through structural relax-
ations, it is found that the hydrogen atoms prefer to
be adsorbed atop the zinc atom (On-top site), while
the preferred adsorption sites for the OH groups and
oxygen atoms are the Fec-hollow sites [see Fig. [i(b)].
Our results are consistent with those in Refs. m—iﬁ%
For the 2 x 2 in-plane (001) Zn;_,Mg,O supercell, the
numbers of the On-top and Fcc-hollow sites are both 4.
In our calculations, the coverages of hydrogen atoms,
OH groups, and oxygen atoms adsorbed on the surface
of Zny_,Mg,O are 50%, 50%, and, 25%, respectively,
while the concentration of vacancies on the Zn or Mg
sites is 25% [25-27]. Specifically, for the z = 0.25
heterostructure, the absorption sites of the hydrogen
atoms are set on the top of the zinc atoms at positions
1 and 4 [see Fig. [di(b)]; the adsorption sites for the OH
groups are set at Fcc-hollow positions located at the
top of the arrow and the position of the black dot; the
Fcce-hollow position at the top of the arrow is also set
as the adsorption site of oxygen atoms; the Zn vacancies
are obtained via removing the zinc atoms located at
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FIG. 6. The partial DOS projected onto the atomic layers for
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H-atom absorption, and (b) O-atom absorption.

position 1.

Figure [BIb) shows the electrostatic potential of
Zng 75Mg.250/Zn0O  heterostructures with hydrogen
atoms adsorbed on the Zng 75Mgp.250 surface (and with
42 7Zn-O and 18 Zn-Mg-O layers). The results for the
Zng.75Mgp.250 surface with oxygen atoms adsorption,
OH groups adsorption, and Zn or Mg vacancies are simi-
lar to that shown in Fig. Bl(b). The macroscopic average
potential on the ZnO side remains nearly a constant af-
ter adsorption of hydrogen atoms. On the Zng 75Mgg.250
side, the macroscopic average potential is almost insensi-
tive to the position from L1 to L9 layers, and then slightly
increases with increasing distance to the interface. An
electrostatic field (with magnitude of ~0.038 V/A) being
opposite to that shown in Fig Blb) exists between L10
and L18 layers. Thus surface adsorption or metal ion
vacancies could really stabilize the polar surfaces of the
Zn;_,Mg,0/Zn0O (x = 0.25 and 0.50) heterostructures.

The electronic structures of the Zn;_,Mg,O0/Zn0O
(x = 0.25 and 0.50) heterostructures with exotic-atoms-
adsorbed surfaces or with surfaces having metal ion va-
cancies, have been also calculated. It is found that
the electronic structures of the heterostructures reveal
semiconductor characteristics when the surface contains
metal ion vacancies, while the electronic structure ex-
hibits metallic characteristics as the hydrogen, oxygen
atoms, and OH groups are adsorbed on the surface, re-
spectively. Figure [B(a) show the partial DOS decom-
posed to the atomic layers for the Zng.75Mgg.250/Zn0O
heterostructures (42 Zn-O and 18 Zn-Mg-O layers) with
hydrogen atoms adsorption. For the oxygen-atom- or
OH-groups-adsorption case, the partial DOS plot is sim-
ilar to that in Fig.[B(a). Clearly, the adsorption of hy-
drogen atoms on the surface introduces defect states in
the gap. Although polarization field distributed in the
L10 to L18 Zn-Mg-O layers has significantly lifted up

the top of the valence band, the valence band is still far
from overlapping with the conduction band. However,
the defect states introduced by hydrogen atoms are lo-
cated near the Fermi level, and partially higher than the
Fermi level. As a result, the defect band overlaps with
the conduction band, which renders the heterostructure
to exhibit metallic characteristics in electronic structures.
Inspection of Fig.[6la) also indicates that the conduction
electrons are distributed from L12 to L10 layers, i.e., in
the range of ~5.53nm near the interface. Thus, the het-
erostructure would reveal 2D or quasi-2D behaviors in
transport properties. We also calculated the electronic
structures of the Zny_,Mg,0/ZnO (x = 0.25 and 0.50)
heterostructures with oxygen vacancies and surfaces ad-
sorbed with exotic atoms. It is found that the introduc-
tion of an oxygen vacancy in a certain atomic layer of the
2x2 in-plane supercell would also produce a defect band
in the gap. However, the defect band does not overlap
with the conduction band, i.e., the introduction of oxygen
vacancies does not change the ultimate properties of the
heterostructures. As an example, in Fig.[6lb) we give the
partial DOS projected onto the atomic layers for the H-
adsorbed Zng 75Mgp.250/Zn0O heterostructure (with 42
Zn-O and 18 Zn-Mg-O layers) with oxygen vacancies in
L1. Comparing the partial DOS of the heterostructure
without oxygen vacancies [Fig. [6la)], one can see that
oxygen vacancies in L1 introduce an extra defect band,
whose maximum is located at 0.15eV below the bottom
of the conduction band. In this situation, the 2DEG
distributes from L15 to L10 layers (~6.53nm) and still
originates from the adsorption of hydrogen atoms. The
electronic structure of the heterostructures with oxygen-
atoms-adsorbed or OH-groups-adsorbed surface is simi-
lar to that for the H-adsorbed heterostructure. In ad-
dition, the introduction of oxygen vacancies in Zn-O
layer near the interface does not change the semicon-
ductor characteristic of the electronic structure for the
heterostructure with metal ion vacancies in the surface
of Zn;_,Mg,O film. Thus, for Zng 75Mgp.250/Zn0O het-
erostructure with thin Zn;_,Mg,O film, the adsorption
of hydrogen atoms, oxygen atoms, or OH groups on the
surface of Zn;_, Mg, O layer is responsible for the forma-
tion of 2DEG near the interface.

In summary, to explore the origin of 2DEGs in
Zn;_,Mg,0O/Zn0O heterostructures, we constructed the
Zny_Mg,0/ZnO (z = 0.25 and 0.50) heterostruc-
tures with different surfaces and investigated their elec-
tronic structures by first-principles calculations. It is
found that the polarity discontinuity near the interface
can neither lead to the formation of 2DEGs in devices
with thick Zn;_,Mg,O layers nor in devices with thin
Zn;_,Mg,O layers. For the heterostructures with thick
Zn; Mg, O layers, the oxygen vacancies near the inter-
face are the source of the 2DEGs. For the heterostruc-
tures with thin Zn;_,Mg,O layers, adsorption of hydro-
gen atoms, oxygen atoms, or OH groups on the surface
of Zn;_, Mg, O films can not only stabilize the polar sur-
face of Zn;_,Mg,O layer, but also cause the formation



of 2DEGs near the interfaces of the devices.
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