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Abstract

We report on crystallographic behaviors of inclined GaAs nanowires (NWs) self-crystallized on GaAs (001)
substrate. The NWs were grown on hydrogen-silsesquioxane (HSQ) covered substrates using molecular
beam epitaxy (MBE). Commonly, the epitaxial growth of GaAs (111)B (B-polar) NWs is prominently
observed on GaAs (001); however, we yielded a remarkable number of epitaxially grown GaAs (111)A
(A-polar) NWs in addition to the majorly obtained B-polar NWs. Such NW orientations are always
accompanied by a typical inclined angle of 35° from (001) plane. NWs with another inclined angle of 74°
were additionally observed and attributed to be (111)-oriented, not in direct epitaxial relation with the
substrate. Such 74° NWs’ existence is related to first-order three-dimensional (3D) lattice rotation taking
place at the very beginning of the growth. It turns out that spatially 60° lattice rotation around (111)
directions at GaAs seeds is essentially in charge of A- and B-polar 74° NWs. Transmission electron
microscope observations reveal a high density of twinning in the B-polar NWs and twin-free characteristic

in the A-polar NWs.
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I. Introduction

One-dimensional (1D) structures such as nanowires (NWs) have been developed over the last two decades
into a large field and they are believed to be building blocks for a wide range of applications. Especially,
III-V semiconductor NWs have been intensively studied because they have potential to show high electron
mobility and saturate velocity that are important for future high-speed electronic applications [1]. Among
them, GaAs NWs have been widely studied so far for nanoelectronic, photonic and photovoltaic
applications [2-5]. Up to now, a plenty of work has been done on GaAs NW growth using vapor-liquid-solid
(VLS) method in molecular beam epitaxial (MBE) system with the help of metal nanoparticles (NPs) as
catalysts [6-8]. Au is the most commonly used catalyst in NW growth using VLS method due to high
chemical stability; however, there is a possibility of unintentional incorporation of Au into NWs as
impurities forming deep levels, which inherently limit the performance of NW-based devices [9-11]. To
avoid such unintentional incorporation of metal catalysts, one of the typical methods is self-catalyzed
VLS-MBE using Ga NPs with SiO2 [12], native oxide [13], or HSQ-based amorphous silicon oxide (SiOx)
[14]. The use of HSQ-based masks shows many advantages compared to the use of usual oxide masks. For
instances, uniform nanometer-thick HSQ layers have been achieved by a simple spin-coating method, and
the ability of pin-hole self-creation at growth temperature [11]. The self-catalyzed VLS-MBE has been
studied mainly on (111)-oriented substrates but less on (001)-oriented ones, which are commonly used in
various device applications. Moreover, the growth on GaAs (001) tends to induce a complex NW net [15]

due to polar-related or abnormal growth that needs to be systematically investigated.

In this paper, we present the self-catalyzed VLS-MBE growth of GaAs NWs on HSQ-coated GaAs (001)
substrates. Through a careful analysis, we show that NWs in optimized conditions are epitaxially grown
in not only (111)B but also (111)A directions, and the inclined angles are estimated to be about 35°.
Additionally, NWs slanting 74° from (001) plane are also observed along the same projections with the 35°
NWs. A model of first-order three-dimensional lattice rotation is comprehensively discussed to explain the
formation of the 74° NWs. Finally, a comparison between (111)B and (111)A NWs in terms of

morphology and crystallography is conducted.

II. Experimental Procedure

After removing native oxides on GaAs surface by an organic-ammonium chemical, the GaAs (001) wafers

were spin-coated with an HSQ solution at 5000 rpm in 1 min. The solution consists of Dow Corning Fox 14
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and methyl-isobutyl-ketone (MIBK) with the volume ratio of 1:30. Subsequently, the wafers were baked
on a hot plate in the air at 150°C in 2 min and then at 300°C in 10 min to transform the spin-coated HSQ
layer into SiOx. The obtained SiOx thickness was typically 20 nm measured with an ellipsometer. Before
loading the substrates into MBE system having three chambers, they were successively cleaned with
acetone, methanol, and deionized (DI) water for 5 min in each solution. After loading the substrates, they
were heated up and kept at 370°C for 1 hour in transfer chamber for degassing and then transferred to
growth chamber. After reaching growth temperature, the substrates were kept in 10 min for thermal
stabilization. Subsequently, Ga deposition without opening As shutter was carried out in 20 sec and
followed by Ga NP incubation process in 10 min. The NW growth was then started with simultaneously
opening both Ga and As shutters. The optimized growth conditions were substrate temperature of 620°C,
Ga BEP of 0.04 ML/s, As BEP of 1.3 x 106 Torr (V/III ratio of 24), and growth time of 4 hours. After the
growth, Ga NP removal procedure was carried out by closing Ga shutter, cooling the sample down to
490°C with keeping As exposure for 1 hour. At the final step, the As flux was continuously kept open

during cooling down process.

The NW morphology, density, and inclined angles were analyzed using a scanning electron microscopy
(SEM). NWs were transferred onto a copper mesh, and their crystal structure was investigated by means

of transmission electron microscopy (TEM).

II1. Results and Discussion

Figure 1 shows SEM images of the sample grown in optimized conditions. In Fig. 1a, the top-view image
shows two typical types of NWs located on the sample including lower contrast NWs presented by longer
lines and higher contrast NWs presented by shorter lines. The NWs of both types point along four
orthogonal directions ([1-10], [110], [-110], and [-1-10]). Around NW bottoms, polycrystalline GaAs islands
were alternately deposited on SiOx surface during the growth. From the side views as shown in Figs. 1b
and 1c, the NWs incline from (001) plane with two typical angles of 35° and 74°. As a result, the lower and
higher contrast NWs observed in Fig. 1a are clarified to be 35° and 74° NWs, respectively. Also, the 74°
NWs are marked by the arrows in the top-view image. The NW density of about 0.9 um2 was achieved
that is comparable to the highest value induced from the same growth method on HSQ-covered

GaAs(111)B substrates [11]. The lengths and diameters of all NWs are relatively uniform and estimated



to be ~4 um and ~160 nm, respectively. In addition, they possess the same hexagonal cross section with
side facets belonging to {110}. The two typical inclined angles are quantitatively confirmed by the angle
distribution plotted based on NWs observed in [110] and [1-10] zones as shown in Fig. 1d. The angle

deviation around 35° seems to be smaller than that around 74° in both two zones.

The 35° NWs in [110] and [1-10] zones could be crystallographically indexed to be in (111)B and (111)A
orientations, respectively, based on epitaxial relation with the substrate. In terms of NWs with respect to
the inclined angle of 74°, their orientations are indexed nearby (115)A/B. If that is the fact, they are
impossible to be crystallized into the hexagonal cross section, which is unique for (111) orientations. As
commonly observed in B-polar GaAs NWs, twin planes separate the NW into many segments, in which
two adjacent ones are mutually associated with a typical 60° rotation around growth axis i.e.(111)B
[15-17]. And such rotation shall lead to no change in growth direction. If we take 3D lattice rotation on the
B-polar NWs into account and set rotation axes to be not only (111)B but also (111)A, we would observe
kinking effect by which the NWs selectively switch to a new direction inclined 74° from (001) plane and
observable in both [1-10] and [110] zones. To avoid any confusion in naming (111)A and (111)B directions
attached to the rotation axes, we define them as directions pointing upwards from (001) plane. Different
from the already-mentioned 3D rotation on B-polar NWs, our observation showed no kinking effect on 74°
NWs. This indicates that the 3D lattice rotation solely takes place at the very beginning of the growth,
and we suppose that it occurred on GaAs seeds. The seeds are primary GaAs crystallites epitaxially
deposited on substrate. The 3D lattice rotation had been experimentally observed by Uccelli et al. with a
growth on non-polar Si(111) substrate [18]. In figure 2, we describe in detail the rotation-based 74° NWs,
in which crystal lattice at GaAs seed rotates 60° around both (111)A (Fig. 2a) and (111)B (Fig. 2b)
directions. The rotation around (111)A enables possible 74° B-polar NWs having an azimuth of 90° with
[1-10]. In contrast to the rotation around (111)A, 74° NWs with A polarization could be realized from
rotation around (111)B resulting in an azimuth of 0° or 180° with [1-10]. From the rotation model, the 74°
NWs in [1-10] and [110] zones are classified to be in {111)B and (111)A orientations, respectively (Fig. 2).
It is expected that the 35° A- and B-polar NWs are directly grown on substrate without any lattice change;
thereby, they keep epitaxial relation with the substrate. This reflects smaller angle deviation of 35° NWs
as already examined (Fig. 1c). Also, the larger angle deviations observed at 74° NWs might originate from

an imperfection of the 3D lattice rotation.



In Fig. 3a and 3b, images viewing from top of every single NWs of both A and B-polar types are shown.
There exists a tendency that B-polar NWs keep straight from base to top with keeping constant diameters.
Distinctly, the diameter is nonuniform on every single A-polar NW, and slightly tapering effect can be
seen at the middle part of the wire. The A- and B-polar NWs hold the hexagonal cross section with the
side facets of 1110} (Fig. 3a and 3b). Nevertheless, there is one nominal distinction being found in the
symmetry of the cross section, where 6-fold symmetric one is seen on B-polar NWs and 3-fold symmetric
one is observed on A-polar NWs. To approach the 3-fold symmetry characteristic in A-polar NWs, we took
into account the difference of angles at six corners of their hexagonal cross section. As a consequence,
there are two sets of angle being detected, the first set includes three angles at three corners regarding to
<-1-12> directions, together making three-fold symmetry through growth axis. These angles range from
120° to 130° beyond the standard value of 120°, and the average and the deviation are XXX nm and XXX
nm, respectively. The second set includes the angles at three remaining corners with respect to <11-2>
directions. As opposed to the first set, these angles keep below the standard value and range from 110° to
120°, and the average and the deviation are XXX nm and XXX nm, respectively . This fact demonstrates
two different growth rates settled for two different families <-1-12> and <11-2>, in which it is slightly
faster in <11-2>. This fact is true for both 35° and 74° A-polar NWs. The self-catalyzed A-polar NWs, in
this case, are far different from that synthesized by Wacaser et al. using metal-organic vapor phase
epitaxy (MOVPE) with Au catalyst [19, 20]. Literally, the MOVPE A-polar NWs were examined to possess
triangular cross section with side facets of {11-2} family [19, 20]. The difference in Miller indices of side
facets between the A-polar NWs in the MBE and MOVPE growths might stem from temperature disparity,
in which the MOVPE growth was conducted at a temperature less than about 100 °C compared to our
MBE growth. It is strongly supported by a B-polar NW growth that the temperature ranges used in the
two methods are in agreement to induce distinct side-facet indices, where {110} and {11-2} correspond to
the higher and lower temperature ranges, respectively [21]. Additionally, A- and B-polar NWs are solely
different at opposite polarity along growth direction, their crystallographic response to growth conditions

at sidewalls would, in principle, be similar.

GaAs and other III-V semiconductor NWs are likely to be incorporated by a high density of twinning
owing to low energy for the twin formation [22] induced from ionicity in their bonds. However, twinning

normal to growth direction mostly locates in B-polar NWs and tends to completely vanish in A-polar NWs



as presented in Fig. 3c¢-3f that is in accordance with the MOVPE growth [19, 23]. The twins with pure
zinc-blende phase in the B-polar wire are specified by a double pattern of selected-area electron diffraction
(SAED) as shown in the inset of Fig. 3f. The observed double spot structure in SAED pattern is caused by
symmetry in the crystal structure due to twin plane. The growth axis remains normal to (1-11) or (-111)
plane that is represented by ¢ spot in the diffraction pattern. Our observation of twinning along <111>B is
consistent with twinning usually observed in III-V NWs [23-25]. For the sake of clarifying between spatial
twinning causing 3D lattice rotation at GaAs seed as already proposed and twinning normally observed
along NWs, it is necessary to clearly separate the growth into two steps. The first step is dominated by the
formation of primary seeds, where twinning can spatially occurs in both A- and B-polar directions. The
second period is governed by NW growth in a specifically selected orientation. Twinning, in this stage, is
restricted by both growth direction and polarity of the NWs, in which twin planes always keep normal to

growth direction of B-polar NWs and disappear in A-polar NWs.

It is well known that the GaAs NWs are preferable to B-polar growth, thus GaAs (111)B substrates have
been commonly used for vertical GaAs NW synthesis. Indeed, a higher probability for B-polar NWs with
65.9 = 3.4 % in total was achieved than A-polar NWs with 34.2 + 5.2 % in total (Fig. 4). Nevertheless, such
amount of A-polar NWs located on the sample is remarkable. (111)A NWs tend to exhibit much difficulty
to be grown even on GaAs (111)A substrate; however, engineering wetting factor at droplet in order to
lower A-polar surface energy could strongly enhance {111)A NW growth [23]. In VLS method, the growth
dynamics is driven by droplet at NW top. In the initial stage, it essentially defines the nucleation of A- or
B-polar NWs through which surface energy is preferred. It turns out that the droplet shape with
corresponding wetting factor against substrate surface has a mortal impact [23, 27]. Manipulating mask’s
thickness was examined to be effective for handling wetting factor [27], hence the use of HSQ mask in our
growth might contribute to tuning wetting factor close to the favorable condition for A-polar NW growth.
A large proportion of NWs undergoes 3D lattice rotation (38.8 + 5.3 %) as revealed by 74-B and 74-A NWs
in Fig. 4. Although the proportion of 74-B is apparently larger than that of the 74-A, it is of importance to

note that the occurrence of 3D lattice rotation on each of (111) axes is equivalent.

IV. Conclusion



We investigated VLS-MBE growth of GaAs NWs on HSQ-covered GaAs (001). Both A- and B-polar NWs
were discovered and emerged with two typical inclined angles of 35° and 74°. First-order 3D lattice
rotation around (111)A and (111)B directions at GaAs seeds is analyzed to be responsible for the
formation of 74° B-polar and 74° A-polar NWs, respectively. Moreover, the occurrence of 3D lattice
rotation is equivalent for each of (111) axes. The A-polar NWs were also carefully characterized that they

possess twin-free characteristic. This research provides insightful interpretation for the growth behaviors

of GaAs (111) NWs commonly obtained on GaAs (001) substrates.
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FIGURE AND CAPTIONS

Figure 1: Scanning electron microscopy (SEM) images taken from (a) top view, (b) side view in [110] zone,
(c) side view in [1-10] zone. (d) Distribution of NWs’ inclined angles in [110] and [1-10] zones. The angle
distribution was calculated from a relatively large number of side-view SEM images at the same
magnification and without tilting. The equal numbers of images were taken into account for the two zones
[110] and [1-10].

Figure 2: Model of first-order three-dimensional lattice rotation at GaAs seed for the formation of 74°
NWs in [1-10] and [110] zones based on spatially 60° rotations around (a) (111)A and (b) (111)B
directions, respectively.

Figure 3: Cross-section SEM images of (a) 35° B-polar and 74° A-polar NWs, (b) 35° A-polar and 74°
B-polar NWs. To observe the cross sections of the 35° and 74° NWs, the substrate was tilted 55° and 16°,
respectively, with considering substrate crystallographic orientations. (¢, d TEM images of GaAs (111)A
and GaAs (111)B NWs, the corresponding high-resolution TEM images are shown in (e) and (),
respectively. The inset in (f) is selected-area electron diffraction pattern of twin region marked with the
white square, where the diffraction spots of two orientations of the twin are observed.

Figure 4: The probability distribution of A-polar and B-polar NWs over the two inclined angles of 35° and
74°. Where 35-B, 74-A, 35-A, and 74-B denote 35° B-polar, 74° A-polar, 35° A-polar, and 74° B-polar NWs,

respectively.



Figure 1

20.0kV X1S.0K 2.88sm

[110] zone

28.8kV X1S5.8K 2.88rm

2030405060708090 2030405060708090

[1-10] zone

Inclined angle [degree]

Figure 2

@®c: O A

(111)A
a) ooy
[110] 60° rotation
[1-10]
{(111)B 60° rotati
° rotation
. N
[1_10] ——
[110]

10




Figure 3

Figure 4

425

w
o
L

234

18.8
15.4

Percentage [%]

-
o
1

35-B 35-A 74-B 74-A

11



