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Synthesis of MgO/ZnO hetero-epitaxial whiskers
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A chemical-vapor-deposition (CVD) technique operated under atmospheric pressure is
available to synthesize metal oxide crystals with various morphologies. This CVD technique
provides highly supersaturating conditions that induce morphological instability of
growing crystallites. In this study, the metal oxide material with rock salt structure was
selected to confirm the possibility of whisker growth of the cubic system crystal. The MgO
whiskers grew epitaxially on the single crystalline substrate of (0001) sapphire under
appropriate conditions. The MgO whiskers were also formed epitaxially on the top of the
ZnO whiskers. The unique whisker with the MgO/ZnO hetero-junction was successfully
obtained. C© 2002 Kluwer Academic Publishers

1. Introduction
Synthesis of the crystalline phase of metal oxides
has been attempted using a chemical-vapor-deposition
(CVD) technique operated under atmospheric pressure
[1, 2]. The feature of this technique is to possess an
ability to synthesize various forms of the metal oxide
crystal with widely changing in the degree of super-
saturation on the reaction process. Under low supersat-
uration conditions, the growth rate of the metal oxide
crystallites is usually low, producing continuous poly-
crystalline films. With increasing the degree of su-
persaturation, morphological instability of the crystal
occurs; that is, the surface of the continuous films be-
comes rough. The growth rate also increases with the
degree of supersaturation. The resulting film consists
of the aggregation of the columnar crystals. When fur-
ther high degree of supersaturation is given to the re-
action process, the columnar crystals are clearly sep-
arated each other. This type of structure often forms
the aggregation of the crystalline whiskers. This tech-
nique is absolutely unique due to its ability to pro-
vide wide variation of morphologies of the metal oxide
crystal.

The CVD technique operated under atmospheric
pressure uses β-diketone or metal-alkoxides as
the source material. For example, when Zn 2,4-
pentanedionate was used as the source, ZnO homoge-
neous polycrystalline films and ZnO whiskers grew on
the solid-state substrate at low and high supersaturating
conditions of the precursor, respectively. On the sub-
strate of single crystalline Si, the whiskers grew nearly
normal to the substrate within a deviation of ±5◦. On
the other hand, on the substrate of single crystalline
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(0001) sapphire, the whiskers grew epitaxially [3, 4].
As the epitaxial relationship is ZnO [1̄010](0001) ‖ sap-
phire [1̄21̄0](0001), ZnO whiskers crowd together and
align to 〈0001〉 direction. The conductive whiskers of
aluminum-doped ZnO, Al : ZnO, are also obtained with
a combination of Al- and Zn-complexes [5].

As mentioned above, the CVD method operated un-
der atmospheric pressure is available for crystal growth
with morphological instabilities. Highly supersaturat-
ing condition that is favorable for growth of ZnO
whiskers may promote growth of various types of metal
oxide whiskers. The present work focuses on aspects of
synthesis of the MgO whiskers with rock salt structure.
There are two reasons why we select MgO for whisker
growth. The first reason is that cubic system may have
disadvantageous for whisker growth due to its isotropic
structure. Therefore, it is thought to be difficult to pro-
mote anisotropic growth of the isotropic crystals. Suc-
cess in whisker growth of cubic system implies that
the possibility of whisker growth with all crystal sys-
tems exists. The second reason is that the MgO/ZnO
hetero-junction is necessary for design of the funda-
mental photo-electronic devices. For example, it was
reported that the metal oxide semiconductor junction
between the aggregations of n-type ZnO microcrystals
and p-type MgO microcrystals would be a candidate
for ultraviolet solid-state lasers [6]. We expect that the
aggregation of MgO/ZnO hetero-whiskers also to be an
important candidate.

In this study, epitaxial growth of MgO whiskers was
attempted on the (0001) sapphire substrate followed by
successfully synthesis of the MgO/ZnO hetero-junction
whiskers. The morphology and epitaxial relationship
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between ZnO and MgO whiskers will be described and
discussed.

2. Experimental
Single crystalline (0001) sapphire substrates were ob-
tained from Dowa Co., and polished with a mis-cut
value of within 0.1◦. The substrate was cut into a size
of 5 × 10 × 0.5 mm3 and then ultrasonically cleaned se-
quentially with trichloroethane, acetone, and methanol.
After treatment, the single crystal was washed with
deionized water for 30 minutes. On the (0001) sap-
phire substrate, MgO, having a lattice constant of
a0 = 0.42112 nm at a temperature of 25◦C, grows along
〈111〉 orientation. Although there is a relatively large
difference on the three-dimensional arrangement be-
tween hexagonal system and cubic system, in-plane ar-
rangement between (0001) sapphire and (111) MgO is
nearly same. Regarding atomic configuration, the po-
sition of every 12th oxide ion of MgO overlaps with
the position of every 13th oxide ion of sapphire with a
mismatch of less than 9%.

MgO and ZnO whiskers were prepared using an
atmospheric CVD apparatus as shown in Fig. 1 that
was previously employed in obtaining epitaxial anatase
films [4], with titanium tetra-isopropoxide as the
source complex. The reactant, Mg(C5H7O2)2 and/or
Zn(C5H7O2)2 (Soekawa Chemical Co., quoted purity
of 99.9%), was loaded into a vaporizer and vaporized
using an electric heater. The inside temperature of the
vaporizer measured using a K -type thermocouple is de-
fined as the vaporizing temperature. The reactant vapor
was first carried by nitrogen gas flowing at a rate of
1.2–1.5 dm3/min and then sprayed from the metal-
lic nozzle directly onto the single crystalline (0001)
sapphire substrate mounted on the electric heater. The
surface temperature measured using the K -type ther-
mocouple is defined as the substrate temperature. The
reactant vapor was immediately decomposed by ther-
mal energy from the substrate heater to form whiskers.
The deposition duration of MgO and ZnO crystallites
was maintained for 100 minutes for each experiment
using a metallic shutter placed below the nozzle. The
substrate was heated to 500–650◦C using the electric
heater. The distance between the nozzle and the sub-
strate was maintained at 15 mm throughout the experi-
ments. X-ray diffraction analysis (using M03XHF, Mac
Science Co.) was conducted to reveal the crystal struc-
ture, the growth direction and the epitaxial relation-

Figure 1 Schematic diagram of CVD apparatus operated under atmo-
spheric pressure.

ship between the whisker and the substrate. The sur-
face and cross-sectional morphology of the whiskers
was observed by scanning electron microscopy (SEM,
using JEOL, JSM T-300). The growth rate of the film or
the whisker was determined by the thickness or length
observed using cross-sectional observation.

3. Results and discussion
3.1. MgO epitaxial whiskers on sapphire
A first series of growths were performed at a substrate
temperature of 600◦C and the vaporizing temperatures
ranging from 220◦C to 240◦C in 5◦C steps. The MgO
whiskers grew on the substrate at the vaporizing tem-
peratures more than 225◦C. As supersaturation of the
precursor generated from source material in the reac-
tion process is dependent upon the vaporizing temper-
ature, the dependency of morphological instability on
the vaporizing temperature should be observed. The
morphology of the metal oxide whisker was also sen-
sitive to the substrate temperature. A second series of
growths were performed at the substrate temperatures
ranging from 550◦C to 640◦C. Fig. 2a–d show SEM
micrographs of the MgO samples grown at a vaporiz-
ing temperature of 240◦C. While the homogenous film
of MgO was obtained at the substrate temperatures less
than 550◦C, whiskers grew on the substrate tempera-
tures more than 600◦C. One of conditions for whisker
growth requires presence of a precursor suction with
high reaction rate on the specific crystalline face [4].

When the reaction rate on the specific face is de-
pendent upon the temperatures in the reaction process
with a positive correlation, the growth rate should in-
crease with the substrate temperature. Fig. 3 indicates
the growth rate and the diameter of the MgO crystals
observed in Fig. 2. The growth rate was dependent
upon the substrate temperature with the positive cor-
relation. At a substrate temperature of 640◦C, a growth
rate of 10.6 nm/s was obtained as a maximum value.
The diameter of the whisker also increased from 3.8 µm
to 9.0 µm, when the substrate temperature increased
from 600◦C to 640◦C. These results suggest that the
growth rate increases not only along vertical axis but
also along horizontal axis with the temperature rise.
However, since it is thought that only the growth front
of the whisker becomes the precursor suction, growth
of the diameter occurs only at the whisker tip.

Fig. 2d was obtained during the SEM observation
along the surface normal of the sample grown at a sub-
strate temperature of 600◦C. The crystalline particles
with about 2–5 µm in size created relatively small space
at the grain boundary. The hexagonal edge direction of
each crystallite was completely aligned. This type of
morphology often suggests that the possibility of that
crystals grow epitaxially on the substrate is relatively
high. The top view shows that the MgO crystallites pos-
sess two distinct heteroepitaxial arrangements with the
sapphire lattice. The reason for the coexistence of two
directional images will be discussed later.

The result of SEM observation suggested that the
whiskers grew epitaxially. The epitaxial relationship
between MgO and sapphire single crystals along to in-
plane and out-of-plane was examined. Fig. 4 shows the
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Figure 2 SEM micrographs of MgO crystallites: (a), (b) cross-sectional view of the crystallites grown at the substrate temperatures of 550◦C and
600◦C; (c) top view of the broken whiskers grown at the substrate temperature of 640◦C; and (d) top view of the whiskers grown at the substrate
temperature of 600◦C.

Figure 3 Growth rate (�) of the MgO crystallites and diameter (•) of
the MgO whiskers.

2θ X-ray diffraction pattern of the sample formed at var-
ious substrate temperatures. The most major change is
the growth direction of MgO crystals. From the sam-
ple deposited at the substrate temperature of 550◦C,
only (200) diffraction line was observed, implying the
preferential orientation toward (100) direction. On the
other hand, only (111) diffraction line was seen from
the sample deposited at the substrate temperature of
600◦C −640◦C, suggesting that the MgO crystals ori-
ented toward (111). Although the substrate temperature
gives a strongly influence on the preferential growth di-
rection, no morphological instability was occurred.

To understand the degree of preferential orientation,
rocking curve measurement was performed. Although
the full width half maximum (FWHM) value of the
sample grown at the substrate temperature of 550◦C
was 0.64◦, those of the samples obtained at 600◦C and

Figure 4 2θ X-ray diffraction patterns of MgO crystallites grown on
c-cut sapphire.

640◦C were 0.86◦ and 0.96◦. These values were slightly
larger than that of the epitaxial ZnO whiskers, 0.47◦,
implying that perturbation of the growth direction from
the normal axis is slightly large.

In-plane orientation was also evaluated. First, that of
the single crystalline c-cut sapphire was examined. The
sapphire crystal was rotated from the standard angle
φ = 0, then ω scan was measured each angle φ as shown
in Fig. 5. As sapphire has (112̄9) plane showing six-fold
symmetry, ω scan indicates two diffraction lines (1̄1̄29)
and (112̄9). For example, at the standard angle φ = 0,
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Figure 5 φ-ω X-ray rocking curves of (a) c-cut sapphire and (b) MgO
crystallites grown on c-cut sapphire.

(1̄1̄29) and (112̄9) planes that incline ±31.3◦ from the c
axis should be obtained at ω = 7.6◦C and 69.9◦. X-ray
diffraction shows the results expected above. Similar
patterns were also obtained at φ = 1/3nπ , where n is
integer. For (111) oriented MgO crystal, similar mea-
surement was performed as shown in Fig. 5b, where
that the standard angle φ = 0 is coincides to that in
Fig. 5a. The (311) plane of MgO has (311) peaks show-
ing three-fold symmetry. Therefore patterns should be
obtained every φ = 2/3nπ . For example, MgO (311)
appears ω = 66.8◦ at φ = 0 followed by the next ap-
pearance at φ = 2/3π . In addition, MgO (113) or (131)
line may be observed at ω = 7.8◦ when the crystal is
rotated by φ = 1/3π , and therefore next appearance is
located at φ = π . However, in Fig. 5b, MgO (311), and
(131) or (113) diffraction lines were observed at both
ω = 7.8◦ and ω = 66.8◦ every 1/3nπ .

A reason why two diffraction lines appear on both
ω = 7.8◦ and ω = 66.8◦ at the same φ is explained us-
ing the atomic configuration as shown in Fig. 6. In
Fig. 2, two types of triangle images aligned toward two
different directions were observed. With considering
the crystallographical relationship obtained from the
results in Fig. 5, it is found that a possibility of presence
of two crystalline directions along in-plane configura-
tion exists. Because the angle difference between two
crystalline directions is just π , two diffraction patterns
are superimposed together, resulting that the pattern is

Figure 6 Atomic configuration of MgO crystallites epitaxially grown
on c-cut sapphire.

Figure 7 Pole figure of MgO crystallites grown on c-cut sapphire.

equal to that with the six-fold symmetry. Consequently
two (311) and (131) or (113) diffraction lines appear at
every φ = 1/3nπ .

For the MgO (200) pole figure, 2θ is set to 42.9◦,
therefore the poles in the stereograms reveal the tilt
and azimuthal angles for all MgO (200) planes present
in the sample. The pole figure displaying the pole po-
sitions in the equiangular Wulff net projection for a
sample grown along to (111) direction at the substrate
temperature of 600◦C is shown in Fig. 7. The six promi-
nent poles at a tilt angle, α = 35.3◦ are the MgO (200)
poles from (111) MgO crystals, since the angle be-
tween MgO (111) and MgO (200) is 54.7◦. This shows
that most of the sample has a MgO (111) orientation.
Since MgO has three-fold symmetry about [111] di-
rection, there are six prominent poles from MgO crys-
tals having two in-plane orientations. To establish the
herteroepitaxial relationship, we examine the c-cut sap-
phire stereogram. Here we observe poles with six-fold
symmetry at the angle of 58.7◦, the angle between sap-
phire (0001) and (112̄9). The sapphire (112̄9) poles
lie at precisely the same azimuthal angles as the MgO
(200). This establishes the heteroepitaxial arrangement
of the MgO (111) crystals as MgO[111]‖Al2O3[0001]
and MgO[112̄]‖Al2O3[112̄0].

3.2. MgO/ZnO whiskers
ZnO whiskers were epitaxially synthesized on the sin-
gle crystalline c-cut sapphire. The perturbation of the
c-axis was held in ±0.5◦ from the normal axis. On the
epitaxial ZnO whiskers, crystal growth of MgO was
attempted. While only a small amount of MgO crystal
grew on the tip of the ZnO whisker at the vaporizing
temperature of 220◦C, MgO whiskers grew on them at
the temperature of 240◦C.

Fig. 8a shows the cross-sectional image of the
MgO/ZnO whiskers deposited at a vaporizing tem-
perature of 240◦C and a substrate temperature of
600◦C. Fig. 8b indicates the top view of the MgO/ZnO
whiskers, showing that the MgO whiskers possess two
distinct heteroepitaxial arrangements with the ZnO
whiskers. Crystalline particles with about 2–5 µm in
size created space at the grain boundary. The hexago-
nal edge direction of each crystallite was completely
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Figure 8 SEM micrographs of MgO crystallites grown on ZnO epitaxial wiskers: (a) cross-sectional view and (b) top view of the crystallites.

aligned. This type of morphology often suggests that
the possibility of that crystals grow epitaxially on the
substrate is relatively high. Here, we call it MgO/ZnO
heterowhiskers.

Only four diffraction lines, ZnO(0002), ZnO(0004),
MgO(111) and MgO(200), were obtained from the
2θ measurement of the MgO/ZnO hetero-whiskers as
shown in Fig. 9, indicating ZnO[0001] and MgO[111]
are aligned along the normal to the surface of the sub-
strate. For the MgO(200) pole figure, 2θ is set to 42.9◦,
therefore the poles in the stereograms reveal the tilt and
azimuthal angles for all MgO(200) planes present in the
sample. The pole figure displaying the pole positions
in the equiangular Wulff net projection for a sample
grown along to (111) direction at the substrate tem-
perature of 600◦C is shown in Fig. 10. Three types of
diffraction line were observed: a broad line at α = 90◦,
relatively weak six-fold lines at α = 47◦ and relatively
strong six-fold lines at α = 35◦. The first line is at-
tributable to the MgO (200) diffraction that is role out
from the epitaxial relationship ZnO(0001)‖MgO(111).
At the initial stage of the whisker growth, X-ray diffrac-
tion revealed that both MgO(111) and (100) oriented

Figure 9 2θ X-ray diffraction pattern of the MgO/ZnO hetero-whiskers.

whiskers nucleated. However only MgO(111) whisker
can finally be grown due to the faster growth rate
than that of MgO(100) crystallite. The second diffrac-
tion lines at α = 47◦ is examined. This α angle of the
diffraction is attributable to the (101̄2) reflection of
the ZnO(0001) whisker appeared at the theoretical α

angle 47.2◦, indicating perfect six-fold in-plane align-
ment of the ZnO whiskers. Finally, diffraction lines at
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Figure 10 Pole figure of MgO crystallites grown on epitaxial ZnO
whiskers.

Figure 11 Atomic configuration of MgO crystallites epitaxially grown
on ZnO lattice.

α = 35◦ is examined. This α angle of the diffraction
is attributable to the (200) reflection of the MgO(111)
whisker appeared at the theoretical α angle of 35.5◦,
indicating perfect six-fold in-plane alignment (three-
fold multiplied by two) of the MgO whiskers. The
ZnO (101̄2) poles lie at precisely the same azimuthal
angles as the MgO(200). This establishes the het-
eroepitaxial arrangement of the MgO(111) crystals as
MgO[111]‖ZnO[0001] and MgO[110]‖ZnO[112̄0] or
MgO[112̄]‖ZnO[101̄0]. Fig. 11 shows the atomic con-

figulation of the MgO(111) lattice grown epitaxially on
the ZnO(0001) lattice. Regarding atomic configuration,
the position of every 12th oxide ion of MgO overlaps
with the position of every 11th oxide ion of ZnO with
a mismatch of less than 9%.

4. Conclusion
First, MgO whiskers were synthesized epitaxially on
the single crystalline c-cut sapphire using the atmo-
spheric CVD apparatus. The sapphire (112̄9) poles lie at
precisely the same azimuthal angles as the MgO(200).
This establishes the heteroepitaxial arrangement of
MgO(111) crystals as MgO[111]‖Al2O3[0001] and
MgO[112̄]‖Al2O3[112̄0] or MgO[110]‖Al2O3[101̄0].
Next, MgO whiskers were also synthesized epitaxially
on the epitaxial ZnO whiskers using the same tech-
nique. The ZnO (101̄2) poles lie at precisely the same
azimuthal angles as the MgO(200). This establishes the
heteroepitaxial arrangement of the MgO(111) crystals
as MgO[111]‖ZnO[0001] and MgO[110]‖ZnO[112̄0]
or MgO[112̄]‖ZnO[101̄0].
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