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The self-catalyzed growth of GaAs nanowires (NWs) on silicon (Si) is an effective way to achieve integration between
group III-V elements and Si. High-crystallinity uniform GaAs NW arrays were grown by solid-source molecular beam
epitaxy (MBE). In this paper, we describe systematic experiments which indicate that the substrate treatment is crucial to
the highly crystalline and uniform growth of one-dimensional nanomaterials. The influence of natural oxidation time on
the crystallinity and uniformity of GaAs NW arrays was investigated and is discussed in detail. The GaAs NW crystallinity
and uniformity are maximized after 20 days of natural oxidation time. This work provides a new solution for producing
high-crystallinity uniform III-V nanowire arrays on wafer-scale Si substrates. The highly crystalline uniform NW arrays
are expected to be useful for NW-based optical interconnects and Si platform optoelectronic devices.

Keywords: GaAs, nanowire arrays, self-catalyzed, molecular beam epitaxy
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1. Introduction

The II-V semiconductor nanowires (NWs) not only
have the dimensional characteristics of one-dimensional
materials, but also retain the good photoelectric prop-
erties of semiconductor materials. Nanomaterials ex-
hibit superior electrical and optical properties at low-
dimensional levels, and are utilized for electronic and photonic
devices, including nanowire transistors,!!! nanolasers,!>]
photodetectors,*! light-emitting diodes,! solar cells,[®! and
single-electron memory devices.!”! Vertically aligned NW ar-
rays are widely used in optoelectronic devices, such as so-
lar cells,®°! photodetectors,!'?! light emitters!'!l and for bi-

12131 due to their high efficiency

ological/chemical sensing!
and potential sensitivity. Compared with conventional thin
film devices, they have enhanced light absorption!'* and im-
proved carrier collection efficiency.!'>! Moreover, NW arrays
also achieve good performance in thermoelectric devices, due
to the high ratio of cross-sectional areas and device areas. 6]
In order to introduce nano devices into practical applications,
it is necessary to grow NW arrays with high density and uni-
formity.

Fabrication methods for Si-based vertically aligned
NWs

taxy (MBE),['"1"1 metal-organic vapor phase epitaxy

are numerous, including molecular beam epi-

(MOVPE)?% and top-down fabrication methods using reac-

DOI: 10.1088/1674-1056/abf920

tive ion etching (RIE).I?!! As such, arrays of vertically aligned
NWs can be obtained by substrate treatments, such as electron

[22]

beam lithography, >?! nanoimprint lithography, >/ nanosphere

(241 and laser interface lithography.!>>! All of the

lithography,
above methods can increase the NWs’ verticality by the use
of patterned substrates. In addition, the control of NW density
can be achieved by hole spacing. However, due to technical
limitations, the growth of NWs by these methods involves a
high cost, and is unsuitable for the preparation of large-area
NW arrays and wafer-scale production. In our previous re-
search, a chemical solution etching method was successfully
used to fabricate GaAs NW arrays.[?) Due to the violent
chemical reaction, there is still a lack of control of the surface
state of the substrate and the crystal quality of the resulting
materials. Therefore, a gentler way is needed to change the
surface state of the substrate, so as to realize the preparation
of high-crystallinity uniform GaAs NW arrays.

In this paper, we describe the growth of GaAs NWs on n-
type Si (111) substrates using a self-catalyzed growth mecha-
nism by molecular beam epitaxy (MBE). The morphology and
crystallinity were studied using scanning electron microscopy
(SEM) and x-ray diffraction (XRD). The natural oxidation of
substrates is an effective way to obtain high-crystallinity uni-
form GaAs NW arrays. A natural oxidation time of 20 days
represents the best conditions for obtaining high-crystallinity
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uniform GaAs NW arrays with a verticality of 98.4% and
an optimal GaAs (111) Bragg diffraction peak. This work
promises a simple and effective way to fabricate large-area I1I—
V semiconductor NW arrays on wafer-scale Si substrates.

2. Material and methods

All Si substrates surfaces were cleaned by ultrasonic with
ethanol and deionized (DI) water cleaning. Sample A was
ultrasonically cleaned with ethanol and deionized water for
5 min and then nitrogen blow dried. For sample B, compared
to sample A, we first removed the native SiO; layer of sample
B by 2 min of wet etching with diluted BOE (HF : DI = 1: 10).
The substrate was then ultrasonically processed for 5 min in
an ethanol solution to remove the remains. Subsequently, we
placed the dried substrate in a super-clean chamber at a tem-
perature of 21 0.5 °C and a humidity of 40% under natu-
ral oxidation for 10 days. In order to obtain high-crystallinity
uniform GaAs NW arrays, we used the same treatment as for
sample B. The Si substrates were naturally oxidized for 5, 15,
20, 25 and 30 days. Finally, the Si substrates were treated by
the ultra-high vacuum environment of our MBE system (DCA
P600).12¢!

The self-catalyzed GaAs NWs were grown on n-type
Si (111) substrates by MBE. Ga droplets were deposited on
Si substrates at a beam equivalent pressure (BEP) of 6.2 x
10~8 Torr, using a deposition time of 35 s and a temperature of
~ 600 °C. The BEPs for group III and group V elements were
measured by a beam flux monitor (BFM). Subsequently, GaAs
NW arrays were grown with a Ga BEP of 6.2 x 10~8 Torr, an
As BEP of 1.4 x 107 Torr and a V/III flux ratio of 22.5. The
growth temperature was ~ 600 °C and the growth time was
30 min. After the growth, the Ga flux was switched off and
the samples were cooled to 300 °C under As overpressure. Fi-
nally, the samples were naturally cooled to room temperature.

The morphology of the GaAs NWs was examined by
scanning electron microscopy (SEM, HITACHI S-4800) sys-
tem. The crystal quality of the GaAs NWs was determined
by x-ray diffraction (XRD). XRD patterns were recorded in
a 20 range of 20-100° with an x-ray diffractometer (Model
ULTIMA 1V, Rigaku, Japan) using Cu Ko radiation (A =
1.5418 A) as the x-ray source.

3. Results and discussion

The morphology of the GaAs NWs (sample A) was stud-
ied by SEM, as shown in Figs. 1(a) and 1(b). Most of the GaAs
NWs are tilted with respect to the Si substrate, and sparsely
distributed on the Si substrate. The verticality, density, av-
erage length and average diameter of sample A are 42.6%,
2.32 x 103 cm™2, 1.68 um and 86 nm, respectively. The
morphology of the GaAs NWs grown on naturally oxidized Si

substrate (sample B) is shown in Figs. 1(c) and 1(d). The GaAs
NW arrays show higher verticality and density, at 95.8% and
5.63 x 10% cm~2, respectively. Moreover, XRD measurements
were carried out in order to further determine the crystalliza-
tion of the GaAs NWs. Figures 1(e) and 1(f) show the XRD
patterns of sample A (black curve) and sample B (10 days)
(red curve). The XRD standard spectra of GaAs (cyan line)
were verified using the Joint Committee on Powder Diffrac-
tion Standards (JCPDS) standard database. The full width at
half maximum (FWHM) and Bragg diffraction peak intensity

106 (e)
Si (111)
—— sample A Si (333)
105L —— sample B/10 days
0
=
g 4l
g 10 ‘
4 Si (222)
g
< 10%
>
I8
.g} w
g 10%F
=
=]
=
10tE 3,%\ §5§ §§§ QE
-4 8 28 3 8% 3 8
I I O N P I I O
20 40 60 80 100
260 (°)
L(f
— (A) Si (111)
£ 102
=) =]
= L=
3 el
f% 0.8 %
N :: —— sample A
>> +
7 —— sample B/10 days
G 0.6 Z ple B/10 day
= . L .
= g4l 270 27.2 274 276
8 20 ()
I
=
-
o
Z
1 1 . 1 1

26 27 28
20 (%)
Fig. 1. SEM images of sample A, side view (a) and planar view (b). SEM
images of sample B (10 days), side view (c) and planar view (d). (e, f) XRD
patterns of sample A (black curve) and sample B (10 days) (red curve). The
inset shows the GaAs (111) diffraction peak of samples A and B (10 days).
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of XRD profiles are used to characterize different material
crystallinities. The GaAs (111) diffraction peak intensity of
sample B is denoted by Iy, and its FWHM is 0.155° . Fur-
thermore, the GaAs (111) Bragg diffraction peak FWHM and
intensity of sample A are 0.183° and 0.431j, respectively.
Based on a crystallinity comparison of the GaAs NWs ob-
tained from the sample A and sample B above, it can be seen
that Si substrate processing is essential for the growth of high-
crystallinity NW arrays.

In addition, two morphologies of sample B (10 days) are
shown in the inset of Fig. 2. One class of GaAs NWs is long
and thin (defined as type-I), and the other class of GaAs NWs
is short and coarse (defined as type-II). The lengths and diam-
eters of type-I and type-II are shown in Fig. 2. The orange
and purple histograms represent the lengths and diameters of
type-I and type-II, respectively. The average length and diam-
eter of type-I are 1.78 um and 34 nm, and those of type-II are
0.87 pm and 48 nm, respectively. According to the morpho-
logical comparison of the GaAs NWs (samples A and B), it
can be seen that Si substrate processing is significant for the
growth of uniform NW arrays.

type-I1

type-1

Length (pm)

Diameter (nm)

Sample B/10 days
Fig. 2. Two morphologies of sample B (10 days), showing the length and
diameter of sample B (10 days). The inset shows the morphology of sample
B (10 days).

In order to obtain high-crystallinity uniform GaAs NW
arrays, GaAs NWs were grown on Si substrates with different
natural oxidation times. Figure 3 shows SEM images of GaAs
NWs grown on Si substrates with different natural oxidation
times. Among them, side views of GaAs NWs corresponding
to natural oxidation times of 5, 10, 15, 20, 25 and 30 days are
shown in Figs. 3(a)-3(f). Moreover, planar views of the six
samples are shown in the inset of Figs. 3(a)-3(f). These im-
ages also indicates that naturally oxidized Si substrates can ob-
tain highly vertical GaAs NW arrays. In order to better charac-
terize the high-density uniform vertically aligned NW arrays,
we measured the verticality, density, length and diameter of
the GaAs NWs. The particle size distribution and density of
all GaAs NWs were counted, and the number of GaAs NWs
was not less than 200. The measurement results are shown in
Table 1.

Table 1. The verticality, density, average length and diameter of GaAs NWs
grown on Si substrates with different natural oxidation times.

Vertical Density Average length  Average diameter
Samples g o
(%) (10° cm™) (pem) (nm)

5 days 98 2.69 0.53 150

10 days 95.8 5.63 1.78/0.87 34/48

15 days 96.8 6.65 1.8/0.91 30/45

20 days 98.4 73 1.82 41

25 days 94.6 5.96 1.84 36

30 days 100 224 1.45 30

20 days 1 ym

25 days

Fig. 3. GaAs NW growth on substrates with different natural oxidation times.
SEM images of samples oxidized for 5 days, side view (a); 10 days, side view
(b); 15 days, side view (c); 20 days, side view (d); 25 days, side view (e);
30 days, side view (f). The insets show the planar views of the six samples.
In addition, in order to observe the verticality and density
of the GaAs NWs more intuitively, the distribution of verti-
cal and density with natural oxidation time were plotted, as
shown in Fig. 4(a). Overall, most of the GaAs NWs grown on
the natural-oxidation Si substrate were vertically aligned; the
verticality of the NWs exceeded 95%. Figure 4(a) shows that
the density of GaAs NWs first increases and then decreases
with oxidation time, and that at an oxidation time is 20 days,
the density of NWs is maximized, reaching 7.3 x 103 cm~2.
When the oxidation time is 20 days, the verticality of the ver-
tically aligned GaAs NWs is 98.4%. The inset orange rectan-
gle of Fig. 4(a) shows the morphology of GaAs NWs grown
on the naturally oxidized Si substrate after 20 days. Compared
with sample B of GaAs NWs grown on a naturally oxidized
Si substrate for 10 days, the morphology of the GaAs NWs
grown on the naturally oxidized Si substrate for 20 days is
more uniform. To provide a further determination of the op-
timal conditions for uniform GaAs NWs, a distribution his-
togram of length and diameter with natural oxidation time was
plotted, as shown in Fig. 4(b). The morphology of GaAs NWs
grown on the naturally oxidized Si substrate for 5 days is short
and coarse. GaAs NWs grown on the naturally oxidized Si
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substrate for 10 and 15 days show two morphologies. With
an increase in the natural oxidation time, uniform GaAs NWs
were grown. As a result, we find that the optimal growth con-
ditions for obtaining high-density vertically aligned uniform
GaAs NW arrays grown on a Si substrate is a natural oxida-

tion period of 20 days.
(a) 18
100 f ]
46 P
:TA
o 98f g
E Ja 2
S -
5 96 =
> g
o
a
12
5 30
200 2400
(b)
160 |- 12000
B type \& {1600 E
£ 120 I\ 11/ 1\11 =
- -
< 41200
8 3
= 80t
a
1800
401 1400

5 10 15 20 25 30
Oxidation time (days)

Fig. 4. (a) The verticality and density distribution of GaAs NWs grown on
Si substrates with different natural oxidation time. The inset shows the mor-
phology of GaAs NWs grown on Si substrates for 20 days. (b) The length
and diameter distribution of GaAs NWs grown on Si substrates with different
natural oxidation time.

In order to better determine the effects of natural oxida-
tion time on the crystalline quality of the GaAs NW arrays,
the samples were characterized by XRD, as shown in Fig. 5.
All the diffraction peaks were identified using the JCPDS stan-
dard database. The XRD spectra show that the Bragg diffrac-
tion peaks of GaAs are similar for the six samples, as shown
in Fig. 5(a). Figure 5(a) shows that GaAs (111) is the main
diffraction peak in GaAs NWs. In contrast, the FWHM and
diffraction peak intensity of the GaAs diffraction peaks are
different for the six samples, as shown in Fig. 5(b). With an
increase in the natural oxidation time, the GaAs (111) Bragg
diffraction peak position is constant and the peak strength is
obviously different, as shown in the inset of Fig. 5(b). The
FWHM and diffraction peak intensity of the GaAs (111) Bragg
diffraction peaks are shown in Fig. 5(c). Figure 5(c) shows
that with an increase in the natural oxidation time, the FWHM

of the GaAs (111) Bragg diffraction peak first decreases and
then increases; at an oxidation time of 20 days, it reaches a
minimum. Meanwhile, the intensity of the GaAs (111) Bragg
diffraction peak first increases and then decreases; the natural
oxidation time required to reach the maximum is 20 days. As
a result, we can state that the optimal growth condition for ob-
taining high-crystallinity uniform GaAs NW arrays grown on
Si substrate is the natural oxidation time of 20 days.

10¢
Si (111) 5days
;m\ 105 —— 10 days Si (333)
5 —— 15 days
. 10° —— 20 days
5 Si (222) 25 days
~ —— 30 days
3
» 10
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S 10?
=]
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Fig. 5. (a) XRD patterns of GaAs NWs and (b) GaAs (111) Bragg diffrac-
tion peaks with different natural oxidation time. The inset shows the GaAs
(111) diffraction peaks of the six samples. (c¢) FWHM and diffraction peak
intensity of GaAs (111) Bragg peaks with different natural oxidation time.

4. Conclusion

In conclusion, we have demonstrated the natural oxida-
tion patterned self-catalyzed growth of high-crystallinity uni-
form GaAs NW arrays on n-type Si (111) substrates by MBE.
The influence of the natural oxidation time on the morphol-
ogy and crystallinity of GaAs NW arrays was studied and dis-
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cussed in detail. The morphology and crystallinity of the GaAs
NW arrays were studied by SEM and XRD, and we then deter-
mined the best conditions for handling the substrate. When the

natural oxidation time is 20 days, the GaAs NW uniformity is
optimized. Meanwhile, the FWHM and the intensity of GaAs
(111) Bragg diffraction peak are minimized and maximized,

respectively. A simple and effective fabrication method for

high-crystallinity uniform III-V NW arrays on wafer-scale Si

substrates for various device applications is to be expected.
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