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Abstract: Through comparing ZnO directly grown on the substrates of a-plane, c-plane, and (11-22)
plane GaN and AlxGa1−xN (0.06 ≤ x ≤ 1), the roles of different factors that may influence growth have
been studied. Seeded by surface pits, ZnO nanowire (NW) preferentially grew along the polarized
direction on top of the nonpolar GaN (laterally aligned), polar GaN and AlGaN (vertically aligned),
and semipolar GaN (obliquely upward aligned). Nanosheets were easily formed when the polarized
surface of the AlGaN film was not intact. The kinetic effect of polarization must be considered to
explain the high aspect ratio of NWs along the polarized direction. It was found that dislocation
affected NW growth through the surface pits, which provided excellent nucleation sites. If the surface
pits on GaN could be controlled to distribute uniformly, self-organized ZnO NW array could be
controllably and directly grown on GaN. Moreover, surface pits could also seed for nanosheet growth
in AlN, since Al(OH)4

− would presumably bind to the Zn2+ terminated surface and suppress the
kinetic effects of polarization.

Keywords: a-plane GaN; c-plane GaN; semipolar GaN; AlxGa1−xN; surface pits; polarization; dislocation

1. Introduction

Over the past decades, wide bandgap semiconductors based on AlGaN, GaN, and ZnO have
attracted considerable attention for applications in optoelectronics and microelectronics. Among them,
ZnO is well known for diverse nanostructures [1,2] with distinct properties, such as carrier confinement
and the high surface-to-volume ratio [3,4], and GaN is known to be superior in its high stability and
epitaxial film quality. ZnO nanostructures combined with GaN-based film are a promising structural
candidate to design many devices, such as LEDs [5–7], pressure sensors [4,8], UV sensors [9–12],
gas sensors [13], etc. For example, related to UV sensors, so group [14] demonstrated that a ZnO
nanowire array on GaN possessed a much higher switch ratio than bare GaN. Dogan et al. [3]
demonstrated nanowires (NWs) prepared on the gate area of high electron mobility (HEMT) could
improve the UV response speed and responsivity.

Controlling the formation of ZnO nanowire arrays on GaN substrates is crucial for their efficient
integration into such nanoscale devices mentioned above, because the ZnO/GaN heterojunction,
which is quite important to its device performance, depends highly on how ZnO NWs are grown on
GaN [11]. Usually, a seed layer [15] or catalyst layer [16] is adopted between ZnO NWs and GaN,
which may affect the electron transport and cause parasitic effects. Direct growth of ZnO NW on bare

Crystals 2019, 9, 663; doi:10.3390/cryst9120663 www.mdpi.com/journal/crystals

http://www.mdpi.com/journal/crystals
http://www.mdpi.com
https://orcid.org/0000-0003-2726-8042
http://dx.doi.org/10.3390/cryst9120663
http://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/9/12/663?type=check_update&version=2


Crystals 2019, 9, 663 2 of 13

GaN could avoid such problems; however, little work has specifically studied it. Most of the current
research regarding the ZnO NW/GaN structure focuses on device design without much attention
to the growth mechanism, partially because ZnO nanostructures have been studied for a long time.
The (vapor-liquid-solid) VLS mechanism in chemical vapor deposition (CVD) and supersaturation
nucleation mechanism in hydrothermal growth are both well known. However, these can only explain
the growth in a general way. We need to consider the growth of the ZnO NW/GaN structure on a case
by case basis.

The ZnO NW/GaN structure is unique: ZnO and GaN are both polarized semiconductors, where
the lattice mismatch between ZnO and GaN is small (~1.8%), and GaN possesses a high dislocation
density, and its surface is comparatively rough. All these factors may influence the growth of ZnO
NWs on the GaN-based substrate. However, in most of the current researches, usually, one aspect
is focused, while the others are neglected. For example, some studies have only emphasized the
role of dislocations, and they believed that the solution growth of ZnO NWs are seeded by screw
dislocations in GaN substrates [17,18] and demonstrated this by showing that ZnO NWs grow directly
from dislocation etch pits of heavily etched GaN surfaces [18]. Also, some focus has been given on
the anisotropy of ZnO: the strong tendency of growth along c-direction of ZnO is attributed to its
anisotropic surface energies [19–21] and the different diffusion lengths of adatoms along polar and
nonpolar surfaces in chemical vapor deposition (CVD) [19]. While others mentioned that the effect of
surface topography of GaN and the lattice mismatch with ZnO would lead to the misalignment of
ZnO NWs grown on GaN [22].

In fact, the growth of ZnO NWs on GaN-based substrate should be a combined effect of all these
factors, including polarization, lattice mismatch, surface morphology, and dislocations. To study the
interplay between these factors and to figure out the real driving force, there is a need to observe and
compare all kinds of GaN-based substrates because different substrates convey different information;
for example, GaN grown under different conditions possess different dislocation densities and surface
pits [23–26], and AlxGa1−xN have various surface morphologies changing with Al compositions [27,28];
hence, they would help to study the interplay between dislocation and surface topography in the substrate
during growth. Therefore, in this paper, a systematical study of ZnO nanostructures directly grown on
polarized GaN, nonpolar and semipolar GaN, and AlGaN with various Al compositions were performed.
On comparing different substrates, the roles of different factors that might influence the hydrothermal
growth of ZnO nanostructures on GaN were studied, such as polarization, lattice mismatch, surface pits,
and dislocations. Growth was a combined effect of these factors.

2. Experiments

The GaN films were grown using a cold-wall showerhead metal-organic chemical vapor deposition
(MOCVD) system. Triethylgallium (TEGa), ammonia (NH3), and trimethylaluminum (TMAl) were
used as Ga, N, and Al sources, respectively, and H2 was used as a carrier gas. The (0001) c-plane GaN
was grown on a c-plane sapphire substrate with a V/III ratio setting at 2945 and temperature variation
from 865 ◦C to 915 ◦C. The (11-20) a-plane GaN was grown on (1-102) r-plane sapphire substrate with
V/III ratio setting at 2945 and temperature varying from 865 ◦C to 915 ◦C. The (11-22) semipolar GaN
was grown on a (10-10) m-plane sapphire substrate with a V/III ratio of 2945 and a temperature of
865 ◦C. The reactor pressure was 40 Torr. The Al compositions x in AlxGa1−xN varied from 0.06 to 1 by
alternating the TEGa/TMAl flux ratio.

The growth of ZnO nanostructures on these GaN-based samples was by the hydrothermal
method. The reactant solution was 1:1 Zn(NO)3·6H2O and hexamethylenetetramine (HMTA), with
the concentration varying from 2.5 mmol/L to 100 mmol/L. The clean substrates were floated upside
down on the surface of the aqueous solution and then aged under 80 ◦C for 8 h. After the growth was
terminated, the samples were rinsed with deionized water and dried with nitrogen. The morphology
and microstructures of GaN compounds and ZnO nanostructures on them were characterized
by scanning electron microscopy (SEM) (Nova FEI NanoSEM-650, Hillsboro, Oregon, OR, USA),
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transmission electron microscopy (TEM) (JEOL JEM ARM200F, Mitaka, Tokyo, Japan), atomic force
microscopy(AFM) (Dimension ICON, Bruker, Madison, Wisconsin, WI, USA), and X-ray diffraction
(XRD) (Bruker D8 Advance, Karlsruhe, Germany).

3. Experimental Results

3.1. ZnO Nanostructures on Nonpolar GaN

Large triangular surface pits are the typical surface morphology for a-plane GaN [23], which were
produced by incomplete nucleation islands coalescence. Figure 1a is the AFM image in a 10 µm × 10 µm
sampling area, and Figure 1b is the SEM image of an a-plane GaN grown at 915 ◦C. It could be seen
that there were some randomly distributed triangular surface pits bound by the inclined {1011} and
vertical (0001) facets with sizes ranging from 500 nm~2 µm. When the solution concentrations were
2.5 mmol/L and 10 mmol/L, ZnO turned to grow into a thin film, as shown in Figure 1c,d. As the
solution concentration increased to 100 mmol/L, ZnO NWs formed along the (0001) direction on the
surface of a-plane GaN, as shown in Figure 1e. The ZnO NW array distribution just copied the surface
pits distribution of GaN. However, it is interesting to see that on another a-plane GaN grown under low
temperature (865 ◦C), as the size and density of the large triangular surface pits increased, ZnO NWs
were not formed irrespective of the solution concentration, as shown in Figure 2.

Crystals 2019, 9, 663 3 of 13 

transmission electron microscopy (TEM) (JEOL JEM ARM200F, Mitaka, Tokyo, Japan), atomic force 
microscopy(AFM) (Dimension ICON, Bruker, Madison, Wisconsin, WI, USA), and X-ray diffraction 
(XRD) (Bruker D8 Advance, Karlsruhe, Germany). 

3. Experimental Results 

3.1. ZnO Nanostructures on Nonpolar GaN  

Large triangular surface pits are the typical surface morphology for a-plane GaN [23], which 
were produced by incomplete nucleation islands coalescence. Figure 1a is the AFM image in a 10 μm 
× 10 μm sampling area, and Figure 1b is the SEM image of an a-plane GaN grown at 915 °C. It could 
be seen that there were some randomly distributed triangular surface pits bound by the inclined 

}1110{  and vertical (0001) facets with sizes ranging from 500 nm ~ 2 μm. When the solution 
concentrations were 2.5 mmol/L and 10 mmol/L, ZnO turned to grow into a thin film, as shown in 
Figure 1c,d. As the solution concentration increased to 100 mmol/L, ZnO NWs formed along the 
(0001) direction on the surface of a-plane GaN, as shown in Figure 1e. The ZnO NW array 
distribution just copied the surface pits distribution of GaN. However, it is interesting to see that on 
another a-plane GaN grown under low temperature (865 °C), as the size and density of the large 
triangular surface pits increased, ZnO NWs were not formed irrespective of the solution 
concentration, as shown in Figure 2.  

 
Figure 1. (a) 10 μm × 10 μm AFM image and (b) SEM image of the surface morphology of a-plane 
GaN grown under the temperature of 915 °C. The large triangle surface pit density was 9.1 × 106 cm–2. 
(c,d) SEM images of ZnO grown on this a-plane GaN substrate under the solution concentration of 
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Figure 1. (a) 10 µm × 10 µm AFM image and (b) SEM image of the surface morphology of a-plane
GaN grown under the temperature of 915 ◦C. The large triangle surface pit density was 9.1 × 106 cm−2.
(c,d) SEM images of ZnO grown on this a-plane GaN substrate under the solution concentration of
2.5 mmol/L and 10 mmol/L, respectively. (e) SEM image of ZnO NW (nanowire) array grown on this
a-plane GaN substrate under the solution concentration of 100 mmol/L.
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Figure 2. (a) 10 µm × 10 µm AFM image and (b) SEM image of the surface morphology of a-plane
GaN grown under the temperature of 865 ◦C. The large triangle surface pit density was 9.7 × 106 cm−2.
(c–e) SEM images of ZnO grown on this a-plane GaN substrate under the solution concentration of
2.5 mmol/L,10 mmol/L, and 100 mmol/L, respectively.

3.2. ZnO NWs on Semipolar GaN

Figure 3a shows the SEM image of the surface morphology of (1122) semipolar GaN. There were
ripples along the [1100] direction, which were caused by anisotropic incorporation probability and
diffusion length of reaction atoms in the growth front [24]. Observed from the AFM image, these ripples
were decorated with sags and crests, as shown in Figure 3b. Observed by the cross-sectional TEM
image in Figure 3c,d, these sags were tiny surface pits that connected with dislocations. The defect

type was identified to be Shockley type partial dislocation (PD) with
⇀
b = ± 1

3 [0110] by taking

images under different diffraction vectors
→
g according to the invisible criteria [29], as shown in

Figure 3c–f. When
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ZnO NWs were grown obliquely upward on (1122) GaN at an angle of θ = 32◦, as observed in
the SEM images in Figure 4a–c. Figure 4d is the TEM image of a single ZnO nanowire, where the
diffraction spots shown in the inset are bright and sharp. It could be seen that NW was a hexagonal
single crystal. Figure 4e shows the high-resolution TEM image, proving that the nanowire has good
crystallinity and grows along the c-axis with lattice constant d of 2.6 Å.
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(b) Cross-sectional SEM image of the ZnO NWs array. (c) Analysis of the angle between ZnO NW and
GaN substrate. (d) The TEM image of a single ZnO nanowire grown on (1122 GaN surface, inset is its
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3.3. ZnO NWs on Polarized GaN

c-plane GaN is much smoother than a-plane GaN; however, there were still some of the small
hexagonal surface pits formed at the intersection positions of surface steps, as could be seen from the
AFM image in Figure 5a,b. It is generally accepted that these pits are formed when threading screw
dislocations extending to the surface [25]. The pit density was 1.25 × 108 cm−2. The (002) full width at
half maxima (FWHM) of the XRD rocking curve of this sample was 0.144◦, and the (102) FWHM was
0.419◦. Under low growth temperatures, these small surface pits became more significant, as shown in
Figure 6a,b. Its pit density increased to 1.50 × 109 cm−2, while its (002) FWHM of the XRD rocking
curve of this sample decreased to 0.138◦, and the (102) FWHM reduced to 0.369◦. As for the ZnO NW
grown on these two kinds of GaN substrates (Figures 5c and 6c), it is interesting to note that the NW
density showed a slight increase from 9.4 × 10−7 cm−2 to 1.25 × 108 cm−2 with increased surface pits
in GaN. The symmetric (002) reflection is related to tilt caused by screw component dislocation for
c-plane GaN, and the asymmetric reflection (102) contains the information of the twist produced by
edge component dislocation [30]. NW density did not show a strong correlation with the XRD FWHM,
partially because not all dislocations could propagate to the surface and produce a pit, where some
may bend or annihilate with each other [26].
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NWs grown on this polarized GaN substrate under the concentration of 10 mmol/L. (d) XRD rocking 
curve of (002) reflection. (e) XRD rocking curve of (102) reflection. 

Figure 5. AFM image of the surface morphology of the c-plane GaN grown under the temperature of
915 ◦C: (a) 10 µm × 10 µm sampling area and (b) 2 µm × 2 µm sampling area. (c) SEM image of ZnO
NWs grown on this polarized GaN substrate under the concentration of 10 mmol/L. (d) XRD rocking
curve of (002) reflection. (e) XRD rocking curve of (102) reflection.
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Figure 6. AFM image of the surface morphology of the c-plane GaN grown under the temperature of 
865 °C: (a) 10 μm × 10 μm sampling area and (b) 2 μm × 2 μm sampling area. (c) SEM image of ZnO 
NWs grown on this polarized GaN substrate under the concentration of 10 mmol/L. (d) XRD rocking 
curve of (002) reflection. (e) XRD rocking curve of (102) reflection.

3.4. ZnO NWs on AlxGa1−xN 

When the Al composition x varied from 0.06 to 1, the AlxGa1-xN surface morphology changed 
significantly, and the ZnO nanostructure on top of it changed accordingly, as shown in Figure 7.
Table 1 summarizes the variation of AlxGa1−xN surface morphology, the types of ZnO nanostructure, 
and the NWs density. 

The surface morphology of Al0.06Ga0.94N was similar to that of c-plane GaN. Atomic surface 
steps could be seen in the AFM image, as shown in Figure 7a. The inset is the SEM image of this 
sample. There is no contrast in this SEM image. The black spots are carbon contaminations.
However, the ZnO NW density on top of the Al0.06Ga0.94N (Figure 7g) was one order of magnitude 
lower than that on c-plane GaN. When the Al composition increased to 0.15, its surface morphology
deteriorated. There was still no contrast in the SEM image (inset of Figure 7b), but in the AFM image, 
there were uniformly distributed small surface pits, as shown in Figure 7b. ZnO NW density grown
on top of the Al0.15Ga0.85N sample increased significantly, as shown in Figure 7h. 

(a) (b) (c) 

(e) (d) 

Figure 6. AFM image of the surface morphology of the c-plane GaN grown under the temperature of
865 ◦C: (a) 10 µm × 10 µm sampling area and (b) 2 µm × 2 µm sampling area. (c) SEM image of ZnO
NWs grown on this polarized GaN substrate under the concentration of 10 mmol/L. (d) XRD rocking
curve of (002) reflection. (e) XRD rocking curve of (102) reflection.

3.4. ZnO NWs on AlxGa1−xN

When the Al composition x varied from 0.06 to 1, the AlxGa1-xN surface morphology changed
significantly, and the ZnO nanostructure on top of it changed accordingly, as shown in Figure 7. Table 1
summarizes the variation of AlxGa1−xN surface morphology, the types of ZnO nanostructure, and the
NWs density.

The surface morphology of Al0.06Ga0.94N was similar to that of c-plane GaN. Atomic surface
steps could be seen in the AFM image, as shown in Figure 7a. The inset is the SEM image of this
sample. There is no contrast in this SEM image. The black spots are carbon contaminations. However,
the ZnO NW density on top of the Al0.06Ga0.94N (Figure 7g) was one order of magnitude lower than
that on c-plane GaN. When the Al composition increased to 0.15, its surface morphology deteriorated.
There was still no contrast in the SEM image (inset of Figure 7b), but in the AFM image, there were
uniformly distributed small surface pits, as shown in Figure 7b. ZnO NW density grown on top of the
Al0.15Ga0.85N sample increased significantly, as shown in Figure 7h.
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Figure 7. (a) 2 μm × 2 μm AFM image of Al0.06Ga0.94N, inset is the corresponding SEM image; (b) 
10 μm × 10 μm AFM image of Al0.15Ga0.85N, inset is the corresponding SEM image; (c) SEM image of 
Al0.27Ga0.78N, inset is the cross-sectional TEM image; (d) SEM image of Al0.38Ga0.62N; (e) SEM image of 
Al0.46Ga0.54N; (f) SEM image of AlN, inset is the cross-sectional TEM image; (g) SEM image of ZnO 
NWs grow on Al0.06Ga0.94N, inset is the image under large magnification; (h) SEM image of ZnO NWs 
grown on Al0.15Ga0.85N, inset is the image under large magnification; (i) SEM image of ZnO NWs and 
nanosheets grown on Al0.27Ga0.78N; (j) SEM image of ZnO NWs and nanosheets grown on 
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of Al0.27Ga0.78N, inset is the cross-sectional TEM image; (d) SEM image of Al0.38Ga0.62N; (e) SEM
image of Al0.46Ga0.54N; (f) SEM image of AlN, inset is the cross-sectional TEM image; (g) SEM image
of ZnO NWs grow on Al0.06Ga0.94N, inset is the image under large magnification; (h) SEM image of
ZnO NWs grown on Al0.15Ga0.85N, inset is the image under large magnification; (i) SEM image of ZnO
NWs and nanosheets grown on Al0.27Ga0.78N; (j) SEM image of ZnO NWs and nanosheets grown on
Al0.38Ga0.62N; (k) SEM image of ZnO NWs grown on Al0.46Ga0.54N; (l) SEM image of ZnO NWs and
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Table 1. Variations of AlxGa1−xN surface morphology and ZnO nanostructure with Al composition of
AlxGa1−xN (0.06 ≤ x ≤ 1).

Sample AlxGa1−xN Morphology ZnO Nano Structure NW Density, cm−2

x = 0.06 Smooth NWs 3.6 × 107

x = 0.15 Small pits NWs 1.0 × 108

x = 0.27 Pits, groove NWs, nanosheets 7.9 × 107

x = 0.38 Pits, small groove NWs, nanosheets 3.0 × 107

x = 0.46 Smooth with few pits NWs 3.0 × 107

x = 1.0 Pits NWs, nanosheets 4.9 × 106
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When the Al composition achieved 0.27, the film was not intact. There were large surface
pits together with irregularly shaped grooves on the surface, as shown in Figure 7c. The inset is
the cross-sectional TEM image of the sample, showing that the pits were connected with threading
dislocations, and the groove had not expanded to the sapphire substrate. As for the ZnO nanostructures
grown on top of the Al0.27Ga0.73N, it is interesting to note that in addition to NWs, there were nanosheets,
as shown in Figure 7i. The nanosheets covered the entire surface of Al0.27Ga0.73N. When the Al
composition further increased to 0.38, the surface pits and irregularly shaped grooves decreased,
as shown in Figure 7d. There were also ZnO nanosheets grown on top of this Al0.38Ga0.62N (Figure 7j),
but they did not cover the entire surface. In addition, the ZnO NWs density also decreased.

When the Al composition was 0.46, the surface became smooth again, as shown in Figure 7e.
This agreed with the literature that the Al0.54Ga0.46N alloy showed the best crystal quality and surface
morphology [27]. The ZnO nanosheets disappeared (Figure 7k), and the NW density was maintained
as that on Al0.38Ga0.62N. As Al composition further increased, its surface morphology deteriorated
again. As shown in Figure 7f, the surface was full of pits in AlN, which could be reduced by increasing
the growth temperature [28,29]. However, ZnO nanosheets could be produced on this pitted surface,
as shown in Figure 7l. Compared with the nanosheets on the Al0.27Ga0.82N surface, more of the ZnO
nanosheets were vertically aligned on the AlN surface.

4. Discussion

Through comparing ZnO nanostructure grown on various GaN and AlxGa1-xN substrates, it could
be seen that the kinetic effect of polarization and surface pits played an important role. Polarization is
the intrinsic property that influences growth, while surface pits provide necessary nucleation sites that
can be controlled. Figure 8 summarizes the results and comparison procedure.
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4.1. Kinetic Effect of Polarization

The reason for the ZnO NW preferential growth along the c-axis is generally believed to be the
anisotropic surface energies [19–21]. Since the (0001) plane of ZnO possesses the minimum energy
amongst all its lattice planes, high growth speed will be along the c-axis. However, the surface energies
for the (0001) and (10-10) planes of ZnO are 2.15 J/m2, and 1.15 J/m2, respectively [31]. According to
the free energy minimization principle, the aspect ratio of ZnO NWs should be approximately 2:1,
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which is not the case; the aspect ratio of ZnO NWs would be at least 10:1. This is because the free
energy minimization principle is based on equilibrium conditions and fits homogeneous nucleation.
The kinetic and substrate factors have not been considered.

In many cases, surface charges and polarization have been considered as the driving force of
many nanostructures, such as ZnO nanosprings and nanorings [1] and AlN nanonecklaces and CrSi2
nanowebs [32]. Until now, it has not been reported how polarization influences hydrothermal growth in
a kinetic view. We proposed that in the ZnO hydrothermal process, the spontaneous polarization field
could help to separate NH4

+ and OH− near the growing surface, so as to accelerate the decomposition
of NH3 · H2O↔ NH4

+ + OH−. Thus, nucleation would be at the polarized surface of the substrate.
In further growth, the polarization filed that already established in ZnO NWs would also attract OH−

anions and accelerate preferential growth along the polarization direction.
Comparing the ZnO NWs directly grown on a-plane, c-plane, and (11-20) plane GaN substrate could

demonstrate this. It could be seen that in all lattice orientations, ZnO NWs nucleated from the polarized
facet of GaN and grew along the c-axis. Figure 9 schematically illustrates this. Although a-plane GaN
was nonpolar, there were many large surface pits bound by the (0001) polarized facet. So, ZnO NWs
seemed to grow laterally on the substrate. In the semipolar sample, ZnO NWs were grown obliquely
upward on (1122) GaN with an angle of θ = 32◦, which was the value of the angle between the
GaN c-axis and (1122) plane of GaN, indicating that growth was along the polarized direction of the
GaN substrate.
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In the AlxGa1-xN sample, since aluminum is an amphoteric metal, it can be dissolved into the
solution under alkaline conditions in the presence of ammonia, and Al(OH)4

− ions are first formed
by the reaction between OH− and the substrate [33]. Al(OH)4

− would presumably bind to the Zn2+

terminated polarized surface and suppress the kinetic effect of the polarization field. As a result,
NW density in AlGaN was comparatively smaller than that in GaN samples. In the samples where
the polarized surfaces were not intact, such as Al0.27Ga0.73N, lateral growth of ZnO was triggered,
and nanosheets were formed, as shown in Figure 7i. In AlN, although the polarized surface had not
been destroyed by pits, ZnO nanosheets still formed because there were more Al atoms to bind to the
Zn2+ terminated surface to suppress the kinetic effects of the polarization field.

4.2. Surface Pits vs. Dislocation

It was reported that screw dislocation defects provide self-perpetuating growth steps to enable
the anisotropic growth of various nanomaterials at low supersaturation [17]. However, note that screw
dislocation is typically connected with surface pits when propagated to the crystal surface. In fact,
screw dislocation defects could provide self-perpetuating growth steps lying in that screw dislocation,
which would cause a surface displacement equal to the component of the Burgers vector normal to
the surface in order to achieve a balance between the surface energy and dislocation strain energy,
according to the classical dislocation mediating growth theory proposed by Frank. This step-growth
around the screw dislocation core would result in an inverted pyramid pit on the free surface [34],
as observed in many materials, including GaN [25]. We believed that it was the surface pit that seeded
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for NW growth. It could be seen that on the c-plane GaN substrate, more significantly pitted GaN
surfaces yielded higher ZnO NW density, as comparatively shown in Figures 5 and 6. In contrast,
ZnO NW density did not show correlations with the dislocation density of GaN observed by XRD.
Since the pits on the GaN surface can be produced either by screw component dislocation or by other
mechanisms, such as incomplete island coalescence, dislocation is not the driving force for ZnO NW
growth on GaN substrate. It could be seen that ZnO NWs grew from sites of the large surface pits of
a-plane GaN (Figure 1e), which were produced by incomplete nucleation islands coalescence. For the
AlGaN substrate samples, although the mismatch between Al0.06Ga0.954N and ZnO was smaller than
that between Al0.15Ga0.85N and ZnO, ZnO NW density grown on Al0.15Ga0.85N was higher than that
on Al0.06Ga0.954N because there were more surface pits in Al0.15Ga0.85N.

The reason for surface pits to serve as nucleation sites is because the solid-liquid reaction takes
place at the interface between the two phases, and the solid surface properties determine the densities
and structure of the active centers. Atomic-level steps, terraces, and kinks would be the nucleation
centers according to the terrace-step-kink (TSK) model [35]. Since GaN surface pits were composed
of the terrace, steps, and kinks, they were the excellent nucleation sites for NW growth. From the
catalytic point of view, these sites have higher catalytic activity, and nucleation can preferentially occur
in the pits under low super-saturation.

Not only screw dislocations, but PD could also produce surface pits to serve as nucleation sites,
as in the (1122) semipolar GaN, shown in Figure 3b. Those small pits enable the surface full of sags
and crests, which are similar to the granular morphology of the ZnO seed layer. The functions of the
ZnO seed layer on a substrate in hydrothermal growth are to provide matched lattice and nucleation
sites [36,37]. Correspondingly, the uniformly distributed small pits on the GaN surface serve the same
function as the ZnO seed layer. This can provide a way to directly grow ZnO NW on the GaN substrate
by controlling the surface pits in GaN.

Note that surface pits were the nucleation sites not only for NW growth but also for ZnO
nanosheets and film. For AlN, the surface pits were the nucleation sites for nanosheets, as shown in
Figure 7f,l. Under low solution concentrations, ZnO formed a roughened film on the a-plane GaN
surface, as shown in Figures 1c and 2c. In addition, it should be pointed out that the pit size and
density should be controlled. If the GaN surface pit was large enough, and its density was high
enough, ZnO NW tended to grow laterally and connected with each other to produce a film with a
rough surface, even under high solution concentrations, as shown in Figure 2e.

5. Conclusions

The growth of ZnO NWs directly grown on GaN-based materials is a combination of many factors,
such as polarization, small lattice mismatch, and high density of defects in GaN. Polarization took
effect through the kinetic process of hydrothermal growth of ZnO. Dislocation in GaN affected ZnO
NW growth through the surface pits. More specifically:

1. Since there were big surface pits in a-plane GaN, c-axis ZnO NW could grow from the polarized
side facet of the pit and laterally align on GaN. However, if the pit size was too large, ZnO NWs would
grow laterally and merge to form a film.

2. Uniformly distributed small surface pits in (1122) GaN, which were produced by PD with
→

b = ± 1
3 [0110] when propagated to the surface, could seed ZnO NW growth. ZnO NWs grew obliquely

upward on (1122) GaN at an angle of θ = 32◦, which was the polarized orientation.
3. c-plane GaN with more surface pits yielded more ZnO NWs, while the GaN FWHM of the

XRD rocking curve did not show strong correlations with NW density.
4. Al0.15Ga0.85N with more lattice mismatch with ZnO than Al0.06Ga0.954N gained more ZnO NWs

on its top because there were more surface pits in Al0.06Ga0.95N. When the polarized surface of AlGaN
was not intact, such as Al0.27Ga0.73N, nanosheets were formed.

5. In AlN, surface pits served as seeds to grow nanosheets since Al(OH)4
− would presumably

bind to the Zn2+ terminated polarized surface and suppress the kinetic effects of the polarization field.
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