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Abstract The ZnO-based oxide and GaN-based nitride
semiconductors have been explored for applications to pho-
tonic devices in the UV wavelength region and high power
electronic devices, where the control of crystal polarity is one
of the key issues. This paper will deal with the control of crys-
tal polarity in ZnO/GaN heterostructures and ZnO/sapphire
heterostructures by interface engineering.
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1 Introduction

Wide bandgap materials like GaN and ZnO are used to fab-
ricate short-wavelength light emitters [1] and high-electron-
mobility transistors [2]. Especially, ZnO is an attractive ma-
terial for high efficiency ultraviolet laser and light emitting
diodes, because of a direct band gap (3.37 eV) with a large ex-
citonic binding energy (60 meV). Excitonic lasing from ZnO
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at room temperature has been reported [3, 4], and excitonic-
stimulated emission have been observed at temperatures up
to 550°C [5]. Recently, III-nitrides have promoted great ad-
vances in LEDs. High efciency GaN-based LEDs attract
great interest for applications such as displays, traffic signals,
back light for Liquid crystal display (LCD) and white-light
sources.

Those devices have been mostly fabricated on c-
sapphire substrates. Since the lattice mismatch between c-
sapphire/GaN (0001) and c-sapphire/ZnO (0001) is as large
as 15% and 18%, respectively, GaN and ZnO epilayers di-
rectly grown on c-sapphire contain tremendous number of
defects [6]. The primary role of a buffer layer inserted in be-
tween GaN or ZnO and a c-sapphire substrate is crucial to
improve crystal quality of these epilayers.

In GaN epitaxy, the control of crystal polarity of GaN
epilayers is very important, since Ga-polar GaN films show
better crystal quality [7], electrical and optical properties than
N-polar GaN [8, 9]. The growth of Ga-polar GaN layers has
been achieved using AIN buffer layers [9]. Wurtzite ZnO is
considered to be an appropriate template for wurtzite GaN
epitaxy, since lattice mismatch between GaN and ZnO is as
small as 1.8%. High-quality ZnO layers with O polarity can
be grown on c-sapphire with a thin MgO buffer layer by
plasma-assisted molecular-beam epitaxy (P-MBE) [10].

ZnO has crystal polarity, Zn-polar and O-polar, and con-
trolling polarity is an important factor for designing optical
devices due to the piezo electric field and spontaneous polar-
ization field. Impurity incorporation is dependent on crystal
polarity [11]. We have employed a very thin MgO buffer
layer to grow high quality ZnO thin films on c-Al,O3 sub-
strate using P-MBE [12]. ZnO thin films grown on c-Al,O3
substrate using a few monolayer thick MgO buffer were al-
ways O-polar [13], which is the same as for ZnO directly
grown on c-Al,O3 [14].
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In this paper, we report the successful growth of Ga-polar
GaN epilayers on O-polar ZnO templates pre-deposited on
c-plane sapphire by NHj3 pre-exposure onto ZnO templates.
Also, we will show that the crystal structure of MgO buffer
varies with thickness and that the crystal polarity of ZnO lay-
ers grown on MgO buffer is controlled by only changing the
MgO buffer layer thickness. Possible atomic configurations
of the ZnO/MgO/Al,O; interface are discussed.

2 Experimental

ZnO films used for templates were grown on c-sapphire
substrates by oxygen plasma-assisted MBE using a MgO
buffer. After the growth of a ZnO template, reflection high-
energy electron diffraction showed a streaky pattern with
the bright specular spot, which is indicative of a smooth
surface. The root mean square (rms) value of the surface
roughness measured by atomic force microscopy (AFM)
was less than 1nm over a 5 pm x 5um area. The de-
tails of the growth procedures for ZnO can be found else-
where [10]. The growth of GaN epilayers was carried out
on such ZnO(~1.3 um)/MgO(~3 nm)/c-sapphire templates
by ammonia-assisted MBE, where solid Ga and NHj3 gas
were used as Ga and N sources, respectively. The substrate
temperature for GaN growth was 800°C and the growth rate
of GaN was ~1 um/h, in which the Ga beam pressure was
2.8 x 1077 Torr, and NH; flow rate was 10 sccm. Prior to GaN
growth, NH3 was exposed onto the ZnO template at 800°C
to grow a Zn3N, layer, which should allow the growth of
Ga-polar GaN on O-polar ZnO. In order to investigate the
polarity of GaN layers grown on ZnO templates, we etched
the surface of GaN, since Ga-polar is extremely harder to
etch compared to N-polar GaN [15]. In order to confirm the
polarity of both GaN and ZnO layers, we have used con-
vergent beam electron diffraction (CBED) technique. The
CBED experiments were performed using JEM-2010 (JEOL
Ltd.) at 100keV. The CBED patterns were obtained with a
20nm probe for several parts of the sample. Experimental
CBED npatterns from ZnO and GaN layers were compared
with simulated patterns [16].

ZnO/MgO/c-Al, O3 structure thin films were grown by
plasma assisted molecular beam epitaxy (P-MBE). c-Al,0;
substrates were degreased in acetone, methanol for 10 min
and then etched in H,SOy4 :H,PO4 = 3:1 for 10 min at 160°C,
followed by rinse in de-ionized water. The cleaned substrates
were mounted on a substrate holder and then loaded into
the MBE chamber. Conventional effusion cells were used to
evaporate elemental Zn and Mg. Atomic Oxygen was gen-
erated from O, gas by an rf-plasma cell with power fixed
at 250 W and a flow rate of 2.0 sccm. c-Al,O3 substrates
were thermally cleaned at 800 °C for 30 min in a preparation
chamber. The c-Al,O3 substrate was loaded into the growth
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chamber, following by thermal cleaning at 850°C for 10—
30 min. Thermally cleaned c-Al, O3 substrates were exposed
to O-plasma to make the surface of c-Al,O3 substrates O-
terminated [17]. Following the substrate treatment, 0.8—5 nm
thick MgO buffer layers were grown at a substrate temper-
ature (Tgp) and Mg-flux (Jyg) of 570°C and 0.01-0.03 Ass,
respectively. ZnO layers were grown on MgO/c-Al,O3 tem-
plates at a Zn-flux (Jz,) of 2.0 A/s and Teup of 800°C em-
ploying a low temperature (LT-) ZnO buffer layer at J, of
0.1 A/s and Tsup of 570°C followed by subsequent annealing
at Tqyp of 850-900°C.

The Polarity of these samples was characterized by wet
etching using trifluoroacetic acid (3 vol.%, 0°C) and conver-
gent beam electron diffraction (CBED). The growth evolu-
tion of MgO buffer layers was observed with reflection high
energy electron diffraction (RHEED). The interface structure
of ZnO/MgO/c-Al,O3 was investigated by high-resolution
transmission electron microscopy (HRTEM). Grazing inci-
dent X-ray diffraction (GIXRD) was carried out to character-
ize the epitaxy relationship, and to measure lattice constants.

3 Results and discussion
3.1 Polarity control of GaN on ZnO template substrate
3.1.1 Surface morphology and etching rate

Figure 1(a) shows an AFM image of an as-grown GaN sur-
face. The rms surface roughness value is 23.8 nm. Etching
of the GaN was performed in 0.5M KOH(10%) solution.
Figure 1(b) shows an AFM image of the GaN epilayer after
etching. We note that the GaN surface morphology shows
only slight change. Additionally, the etching rate of GaN is
less than 0.1 nm/min which is very slow compared to typical
etching rate (3.9 nm/min) of a N-polar GaN layer. These re-
sults suggest that GaN grown on NHj-treated ZnO templates
has Ga polarity.

3.1.2 Polarity characterized by CBED

CBED techniques have been widely used to determine the
polarity of a wurtzite-structure material [18, 19]. When po-
larity is inverted, the symmetry of a CBED pattern along
the c-axis is inverted. Figures2(a) and (b) show simulated
CBED patterns of (a) O-polar ZnO and (b) N-polar GaN
obtained for a thickness of 26 nm with the zone axis of [11-
20]. Since both GaN and ZnO have the same crystal structure
with almost the same lattice constant, the simulated CBED
pattern for O-polar ZnO and N-polar GaN should show sim-
ilar patterns. Figures2(c) and (d) show measured CBED
patterns with the same zone axis of the (c) ZnO template
and (d) GaN layer from a GaN/ZnO/c-sapphire specimen.
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Fig. 1 AFM images of (a) an
as-grown GaN epilayer grown
on an NHj treated ZnO
template, and (b) after etching in
0.5M KOH (10%) solution for
60 min. The scan area is

2.5 umx2.5 pm

By comparing the simulated CBED pattern of O-polar ZnO
with the measured one (Figs. 2(a) and (c)), we confirm that
the ZnO template has O polarity. The measured CBED pat-
tern of the GaN (Fig. 2(d)) unequivocally show that the GaN
layer has Ga polar through a comparison with the simulated
CBED pattern of N-polar GaN (Fig. 2(b)). Thus, we have suc-
ceeded in growing Ga-polar GaN on an O-polar ZnO template
by pre-exposure of NHj3 onto the ZnO template. Based on
these experimental results, we discuss the bond sequence at
the interface of Ga-polar GaN/O-polar ZnO. Figure 3 shows

Fig.2 Simulated CBED patterns of (a) O-polar ZnO (thickness: 26 nm)
and (b) N-polar GaN (thickness: 26 nm). The measured CBED patterns
of (c) ZnO template and (d) GaN layer, respectively. The zone axis is
[11-20]

28

Mm .

schematic diagrams of Ga-polar GaN and O-polar ZnO with
a Zn3N, interface layer in between. It is likely that the NH3
pre-exposure onto ZnO surface induced the formation of a
Zn3N, interface layer. Since Zn, N3 has a cubic structure with
a space group of [a3, it possesses inversion symmetry. Such
an interface layer with inversion symmetry can invert crystal
polarity [20]. Since the (1 1 1)Zn3N; plane is composed of Zn
atoms, we tentatively propose a bond sequence of ...—Zn—
O—(Zn-ZnyN3;—Zn)-N-Ga-. . ., which can invert the crystal
polarity from anion polar to cation polar.

3.2 Polarity control of ZnO on MgO buffer layer
3.2.1 Growth and characterization of ZnO/MgO/Al, O3

We observed the growth evolution of the MgO buffer layer
using RHEED as shown in Fig. 4. Initially, the MgO buffer
layer grew 2-dimensionally on c-Al,O3 substrate as indi-
cated by a streaky RHEED pattern (Fig.4(a)). After the
growth of 0.8 nm thick MgO layer, the growth mode changes
from 2-dimensional to 3-dimensional, as shown by an elon-
gated streaky RHEED pattern (Fig.4(b)). When the MgO

— Ga (o001

— Ga
— N

Zn

GaN

(12017 [io70]
Zn;N,
Inversion
center

; 0 [000T]
— Zn Zn0
— O

— Zn [1120] (1010]

Fig. 3 Schematic diagram for bond sequence at a Ga-polar GaN/O-
polar ZnO interface, where NH3 was pre-exposed onto the O-polar
ZnO prior to GaN growth
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Fig. 4 The evolution of RHEED pattern during growth of MgO
buffer layer. (a) The thickness of the MgO buffer layer is 0.2 nm. 2-
dimensionally growth on c-Al,O3 as indicated by a streaky pattern. (b)
tmgo = 0.8 nm. The growth mode of MgO buffer layer changed from

2-dimensional to 3-dimensional. (¢) tygo = 1.3 nm. Extra spots appear
due to 3D growth (d) tygo = 2.3nm

2.3 nm grown

thickness exceeds about 1.3 nm, extra RHEED spots appear
(Fig. 4(c)), which suggests that the crystal structure of the
MgO buffer layer changes with increasing layer thickness. A
spotty RHEED pattern was preserved for thicker MgO layers
(Fig. 4(d)).

The in-plane lattice constants of the MgO buffer layer were
estimated from RHEED pattern and plotted against MgO
buffer thickness in Fig.5. When the MgO layer thickness
is 0.3 nm, the in-plane lattice constant measures 0.312 nm,
which is very close to the lattice constant (amgo) of Wurtzite
(WZ-) structure MgO [21]. As the MgO buffer layer thick-
ness increases, the in-plane lattice constant decreases and
saturates at the MgO layer thickness of 1.3nm. The in-
plane lattice constant for the thick MgO layers is 0.295 nm,
which is almost equal to the in-plane lattice constant of Rock
Salt (RS-) structure MgO (aMgo(\/Z). The observed evolu-
tion of the in-plane lattice constant implies that the crys-

Fig. 6 HRTEM images of
ZnO/MgO/Al,04
heterostructure with the zone
axis of ZnO[11-20]. (a) The
thickness of MgO is 3 nm. Main
part of the MgO layer consists of
Rock Salt structure with a small
mixture of Wurtzite structure.
(b) The thickness of MgO is

1.5 nm. The MgO buffer consists
of Wurtzite structure layer with
small mixture of Rock Salt
structure. The insets are FFT
images of MgO buffer layers
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Fig. 5 Plot of in-plane lattice constant of MgO buffer layer against
layer thickness estimated from RHEED pattern

tal structure of MgO changes with increasing layer thick-
ness: Wurtzite structure for MgO thickness less than 0.8 nm;
Rock Salt structure for MgO thickness larger than 1.3 nm.
We note that Al;MgO, (spinel structure) is not formed at
the MgO/Al,O3 interface in our case, although the forma-
tion of Al,MgOy (spinel structure) by interdiffusion between
Al,O3 and MgO was reported [22]. The RHEED observation
suggests the epitaxy relationship: ZnO(11-20)/RS-MgO(1-
10)/WZ-MgO(11-20)/Al,05(1-100).

ZnO layers were grown on MgO/c-Al,O3 with systemati-
cally varying the MgO buffer layer thickness. The growth rate
of ZnO grown on MgO buffer thicker than 3 nm was about
1.5 times faster than that of ZnO grown on MgO buffer thin-
ner than 2.7 nm. The difference in growth rate is likely due
to inversion of polarity [23]. The growth rate of ZnO layer is
limited by the sticking coefficient of Zn atoms under O-rich
growth condition. The sticking coefficient of Zn-atoms on
Zn-polar ZnO is larger than on O-polar ZnO because the sur-
face O-atoms of Zn-polar ZnO have 3 dangling bonds, while
the surface O-atoms of O-polar ZnO have just 1 dangling
bond [23].

To precisely determine the crystal structure of the
MgO and ZnO/MgO/c-Al,O; interface, we carried out
HRTEM observation. We chose 2 samples, one consisting
of ZnO/3 nm-thick MgO/c-Al,O3 (Fig. 6(a)) which showed

(b)
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Fig. 7 260—w GRIXRD for 30 nm-thick ZnO/MgO/Al, O3 structures.
MgO layer thickness is (a) 0.8 nm, and (b) 4 nm

Zn-polarity as will be indicated in the next section, and
the other consisting of ZnO/1.5 nm-thick MgO/c-Al,0O;
(fig. 6(b)) which showed O-polarity. Figure 6 shows HRTEM
images with the zone axis of ZnO[11-20]. Figure 6(b) shows
that the 1.5 nm-thick MgO buffer is single crystalline. The
MgO buffer consists of Wurtzite structure layer as indicated
by FFT analysis (Fig. 6(a)) with small mixture of Rock Salt
structure. Figure 6(a) shows that the 3 nm thick MgO is also
single crystalline. The main part of the MgO layer consists
of Rock Salt structure as indicated by FFT analysis with
a small mixture of Wurtzite structure. The HRTEM data
show the epitaxy relationships: ZnO(11-20) RS-MgO(1-
10)//WZ-MgO(11-20)//Al,03(1-100). We note that these
epitaxy relationships are the same as determined by RHEED
observation.

Figure7 shows 20—w GRIXRD for 30nm-thick
ZnO/MgO/Al, 05 structures, where MgO layer thickness
were (a) 0.8 nm, and (b) 4 nm. The diffraction peak at 20 =
63° is assigned to RS-MgO (2-20) diffraction. Although
the diffraction peak of WZ-MgO is masked by the diffrac-
tion peak of ZnO, the existence of RS-MgO is evident even
in a thin 0.8 nm thick MgO layer. It is interesting to note
that the in-plane lattice constant of MgO as measured by
GRIXRD is not changed with layer thickness, which sug-
gests that RS-MgO grown on WZ-MgO surffers from strain
relaxation from the very beginning of growth. A ¢ scan for
(2-20) diffraction from RS-MgO (2.5 nm thick) shows clear
six-fold symmetry (Fig. 8). The epitaxy relationship is deter-
mined to be ZnO[11-20]// RS-MgO [1-10] //WZ-ZnO[11-
20]//Al,03[1-100] as revealed from the result of 2-axis mea-
surement of GIXRD (Fig.9), which is consistent with the
RHEED and TEM investigation.

3.2.2 Characterization of polarity of ZnO films

To characterize the polarity of ZnO films, we carried out
wet etching and CBED. In general, Zn-polar ZnO is more

F MgO(2-20)

Intensity (a.u.)

o

-150  -100  -50 0 50 100 150

20(°)
Fig.8 ¢ scanfor (2-20) diffraction from RS-MgO (2.5 nm thick) show-
ing clear six-fold symmetry

resistant to acid than O-polar ZnO [24]. The surface of O-
polar ZnO is O-terminated, while Zn-polar ZnO surface is
Zn-terminated [24, 25]. A charge transfer from Zn atoms to
underlying O atoms occurs on a Zn-polar sirface due to the
large electronegativity difference between Zn and O atoms
[24, 26]. So, there are fewer electrons to react with H* in
acid on the surface of Zn-polar ZnO. The etched rates of ZnO
grown on 1.5 nm thick WZ-MgO buffer layer and 3 nm thick
RS-MgO buffer layer were >130 nm/min and 23 nm/min,
respectively. Thus, ZnO grown on 3 nm thick MgO buffer
layer was Zn-polar while ZnO grown on 1.5 nm thick MgO
buffer layer was O-polar.

Figure 10 shows the measured CBED pattern of ZnO
grown on 3nm thick MgO buffer layer and a simulated
pattern of Zn-polar ZnO since the simulated CBED pattern
of Zn-polar ZnO (Fig. 10(a)) closely matches the measured
CBED pattern, we can conclude that Zn-polar ZnO grew on
a 3 nm thick MgO buffer layer. Thus, it is clear that the MgO
buffer layer thickness is crucial in determining the polarity
of the subsequent ZnO layer.

RS-MgO(2-20)

4 -3 2 -1 0 1 2 3 4
$(”

Fig.9 2-axis GIXRD mapping. The epitaxy relationship is determined
to be ZnO[11-20]// RS-MgO [1-10] //WZ-ZnO[11-20] //Al,05[1-
100]
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Growth direction

(a) (b)

Fig. 10 (a) Measured CBED pattern of ZnO grown on 3 nm thick MgO
buffer layer (b) Simulated pattern of Zn-polar ZnO

3.2.3 Atomic configuration at the ZnO/MgO/Al, O
interface

Let us first consider why WZ-MgO is formed on O-
terminated c-Al,Osz. The ion radius (rj,,) of Al (Tjon) is
67.5 pm for 6-fold coordination as in Al,O3. The ion ra-
dius of Mg is 86 pm for 6-fold coordination, while 71 pm for
4-fold coordination. Considering the difference in ion radius
between Al and Mg, MgO with 4-fold coordination (Wurtzite
structure) would be more easily formed on c-Al, O3 in terms
of ion-radius matching.

Figure 11 shows schematics of the ZnO/MgO/Al,O3 in-
terface structure. When the thickness of MgO is thinner than
2.7nm, WZ-MgO is formed. The polarity of WZ-MgO is
considered to be O-polar like as O-polar ZnO grown directly
on O-terminated Al,O3 [27]. Since the crystal polarity will
be retained in the growth of the same crystal structure, the
polarity of ZnO grown on O-polar MgO should be O-polar
(Fig. 8(a)). As MgO becomes thicker than 3 nm, the crystal
structure of MgO changes to RS-MgO. Since RS-MgO has an
inversion symmetry, RS-MgO can invert the crystal polarity
[28]. The underlying MgO layer is O-polar and the polarity

Fig. 11 Atomic configuration
of ZnO/MgO/Al, 03
heterostructures. (a) The
thickness of MgO is thinner than
2.7nm, in which (b) tygo >

3 nm, when the crystal structure
of MgO is changed to RS-MgO
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of ZnO grown on RS-MgO will be changed to Zn-polar as
schematically shown in Fig. 8(b). Similar mechanism for po-
larity inversion is proposed by Kato et al. [23].

4 Conclusion

We have succeeded in growing Ga-polar GaN epilayers on an
NH; pre-exposed ZnO/MgO/c-sapphire template. The crys-
tal polarity of the ZnO layer was confirmed by CBED, while
that of the GaN layer was characterized by etching and
CBED. An interface model for the Ga-polar GaN/O-polar
ZnO is proposed, where a Zn; N3 layer was suggested to be
formed during NH; pre-exposure.

We confirmed that we can control the polarity of ZnO
layers grown on c-Al, O3 by varying MgO buffer layer thick-
ness. ZnO grown on 3 nm or thicker MgO buffer layers is
Zn-polar, and ZnO grown on 2.7 nm or thinner MgO buffer
layer resulted in O-polar. Zn-polar ZnO showed about 1.5
times higher growth rate than O-polar ZnO.

From RHEED and TEM observations, it is revealed that
the crystal structure of MgO buffer layers grown on c-
Al,O3 substrates is changed with increasing MgO buffer
layer thickness from Waurtzite to Rock Salt structure. Fur-
ther more, GIXRD revealed that six-fold symmetry single
domain RS-MgO was epitaxially grown on WZ-MgO with
strain relaxation. The epitaxy relationship is ZnO[11-20]//
RS-MgO[1-10]//WZ-ZnO[11-20] //Al,03[1-100] revealed
from the result of RHEED, HRTEM and 2-axis measurement
of GIXRD. The origin of Wurtzite structure MgO is discussed
in terms of difference of ion radius between Al and Mg. The
polarity controlling mechanism of O-polar ZnO is, when the
thickness of MgO is thinner than 2.7 nm, WZ-MgO is formed.
The polarity of WZ-MgO is considered to be O-polar on O-
terminated Al, O3, which resulted in O-polar ZnO on O-polar
WZ-MgO. Since RS-MgO has an inversion symmetry, RS-
MgO can invert crystal polarity. The underlying MgO layer
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is

O-polar and the polarity of ZnO grown on RS-MgO should

be changed to Zn-polar. In conclusion, we can realize selec-
tive growth of Zn- or O-polar ZnO on c-Al,O3 without any
especial ex-situ treatment by controlling MgO buffer layer
thickness.
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