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Abstract: GaAs-based nanomaterials are essential for near-infrared nano-photoelectronic devices due to their ex-
ceptional optoelectronic properties. However, as the dimensions of GaAs materials decrease, the development of
GaAs nanowires (NWs) is hindered by type- I quantum well structures arising from the mixture of zinc blende (ZB)
and wurltzite (WZ) phases and surface defects due to the large surface-to-volume ratio. Achieving GaAs-based NWs
with high emission efficiency has become a key research focus. In this study, pre-etched silicon substrates were com-
bined with GaAs/AlGaAs core-shell heterostructure to achieve GaAs-based NWs with good perpendicularity, excel-
lent crystal structures, and high emission efficiency by leveraging the shadowing effect and surface passivation. The
primary evidence for this includes the prominent free-exciton emission in the variable-temperature spectra and the
low thermal activation energy indicated by the variable-power spectra. The findings of this study suggest that the
growth method described herein can be employed to enhance the crystal structure and optical properties of other Il -

V low-dimensional materials, potentially paving the way for future NW devices.
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1 Introduction

In recent years, there has been considerable in-
terest in researching low-dimensional semiconduc-
tors with a focus on nanoscale materials due to their
demonstration of novel electrical and optical proper-
ties at smaller scales that hold promise for diverse

. Among the various

optoelectronic applications'”
IT -V semiconductors, gallium arsenide (GaAs) shows
considerable potential for its direct bandgap and tun-
able characteristics, particularly in infrared applica-
tions. In integrated nanophotonics, ultra-low power
nanolasers are essential components to realizing key
functionalities and prompt extensive investigations
in the fields. However, from a materials preparation
perspective, while GaAs thin films with a stable zinc
blende (ZB) phase can be obtained via epitaxial
growth, a metastable wurtzite (WZ) phase may
emerge as the size decreases. The coexistence of
these two phases not only increases crystal defects
but also leads to the formation of type- I quantum
well structures, significantly diminishing emission ef-

12-13 . .
13 Furthermore, upon dimension reduc-

ficiency
tion, the significantly increased surface-to-volume ra-
tio and numerous surface defects lead to a notable
rise in surface recombination rate, further affecting
the emission efficiency of GaAs nanowires
(NWs)"" Therefore, despite the promising perfor-
mance of GaAs NWs in various potential applica-
tions, improving their emission efficiency remains a
prominent challenge in current scientific research.
Cutting-edge research reveals that wet chemical
passivation can effectively reduce the surface state
density by saturating dangling bonds on the GaAs
surface, enhancing emission intensity without intro-

14,16-19
18 Common wet

ducing new defect energy levels'
passivation methods include sulfur passivation and ni-
trogen passivation. However, the stability of improve-
ment brought by wet passivation is not satisfactory for
long-term storage and research. Additionally, the

chemical treatment can contaminate the environ-

ment. Alternatively, surface passivation can also be

il : GaAs KLk ; GaAs/AlGaAs B Fe 4 M ; daAl; bk

achieved by growing an aluminum gallium arsenic
(AlGaAs) shell layer, which offers two advantages.
First, the core-shell nanostructure ensures long-term
stability. Second, AlGaAs and GaAs form a type-1
energy band structure, facilitating charge carrier dif-
fusion into the GaAs layer, thereby enhancing light
absorption and ultimately boosting emission efficien-
cy®. To tackle mixed phases in GaAs materials,
optimizing growth parameters like growth tempera-

25

23 . (24 . . .
ture™, V/II beam ratio™, shear tension™', epitaxial

burying®”, annealing temperature”, and doping™
can control energy perturbations within a suitable
growth range. Nevertheless, due to the narrow
growth window and intricate control requirements, it
is complicated to successfully prepare pure-phase
structures. Moreover, scant focus has been directed
towards substrate processing to govern nanowire
phases and improve optical characteristics. In par-
ticular, the influence of substrate etching on the opti-
cal properties of the resulting NWs remains underex-
plored.

In a previous study, we suggested that pure ZB
phase GaAs NWs could be produced by etching on
silicon substrates with varying durations of natural

. 1291
oxide exposure™ .

However, deep-level defect lumi-
nescence persists in the optimized pure-phase GaAs
NWs, significantly hindering their application in
photonic devices. In this work, we introduce an Al-
GaAs shell layer on GaAs NWs grown on etched sub-
strates, effectively suppressing defect-related emis-
sions while maintaining the NW phase purity. Tem-
perature- and power-dependent PL measurements
demonstrate the successful fabrication of GaAs-
based NWs with high crystal quality and emission ef-
ficiency. Our work provides valuable insights into
achieving efficient luminescence in Il - V semicon-
ductors and supports the development of high-perfor-

mance nano-optoelectronic devices.

2  Experiment

2.1 Molecular Beam Epitaxial Growth of NWs
The GaAs/AlGaAs core-shell NWs arrays were
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grown on Si substrate using a Ga-assisted self-cata-
lyzed method with a DCA P600 molecular beam epi-
taxy system. Before growth, the Si substrates were
ultrasonically cleaned with ethanol and deionized
water. Expose the Si substrate to a 1:10 buffered hy-
drofluoric acid solution for 3 s to eliminate the native
Si0, layer and create nucleation sites, followed by
drying using nitrogen gas. The control group was not
subjected to substrate etching. Throughout the
growth process, Ga droplets were applied as a cata-
lyst by depositing them using a Ga beam equivalent
pressure (BEP) of 8.3x10™ Pa (6.2x10™° Torr).
The GaAs core NWs were grown at the same Ga BEP
with an As BEP of 2. 1x107°® Pa (1.6%X107° Torr).
The V/II flux ratio was fixed at 26 during growth,
with a growth time of 60 min. Following the com-
pletion of GaAs core NWs growth, AlGaAs shell
structures were deposited. Al BEP of 5.9x107° Pa
(4.4%x10™® Torr) was introduced to grow the Al-
GaAs shell, with a growth time of 30 min. The tem-
perature was maintained at 620 ‘C throughout the

growth. Finally, the GaAs/AlGaAs core-shell NWs

were obtained.

2.2 Material Characteristics

The morphology of GaAs/AlGaAs NWs grown
on both etched and unetched substrates was charac-
terized by the scanning electron microscope (SEM,
HITACHI S-4800). The NWs crystal structure was
determined by TEM (FEI Tecnai G2-F20) using se-
lected area electron diffraction (SAED) patterns.
The optical properties of NWs were measured using
a HORIBA iHRS550 spectrometer equipped with an
InGaAs detector. A 655 nm semiconductor diode la-
ser with a spot diameter of approximately 7 mm was
used as the excitation source. The laser power inten-
sity was modulated by an attenuator and determined
by an optical power meter. The PL spectra were

measured on as-grown NW arrays.

3 Results and Discussion

As mentioned in the previous literature, the
etching treatment of Si substrate could influence the
relative content of WZ and ZB phases in GaAs-
based NWs. The side-view SEM images in Fig.
1(a) = (b) clearly show that the GaAs/AlGaAs NWs

grown before and after substrate etching are vertically

=(.328 nm

Fig.1 Morphological characterization of unetched(a) and etched(b) substrate side-view SEM images of the GaAs/AlGaAs core-
shell NWs. (¢)=(d) The TEM image shows unetched and etched GaAs/AlGaAs core-shell NW. (e)—(f) High-resolution

TEM images of unetched and etched NWs, respectively
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aligned on the Si substrate with high uniformity.
The average diameters of the nanowire arrays before
and after etching are 85 nm and 66 nm, respectively,
with densities of 16. 47/wm’ and 23. 95/um’. To vi-
sually characterize the crystalline phase in the GaAs-
based NWs grown pre- and post-etching substrate,
TEM characterization of the NWs in the two samples
are performed respectively, with results shown in
Fig. 1. Fig. 1(¢)-(d) display the low-magnification
images of core-shell NWs before and after substrate
etching. Notably, regions with varying contrasts are
visible along the NW direction. A closer inspection
of the images near the NW core edges reveals that in
NWs grown without substrate etching, the WZ and
7B phases are intermixed at high density, as shown
in Fig. 1(e). In contrast, after etching the substrate,
only the ZB phase is observed, as shown in
Fig. 1(f). The WZ and ZB phases are identified by lat-
tice spacing, as shown in the insets of Fig. 1(e)—(f).
This can be attributed to the shadowing effect™,
which creats additional sites for nanowire self-cata-
lyzed growth by etching the substrate. Moreover, the
density of nanowire effectively regulates the V/II
flux ratio during growth, resulting in nanowires with a
pure ZB phase. Additionally, the observed shadowing
effect, amplified by increased nanowire density, is
consistent with our SEM test results.

The phase-pure nature of GaAs-based NWs can
be further confirmed by their photoluminescence
(PL) properties. Fig. 2 presents the normalized low-
temperature (10 K) PL spectrum of NWs before and
after substrate etching at an excitation power of 100
mW. For NWs grown on the unetched substrate,
three distinct emission peaks are observed at 1. 515
eV (P1), 1.496 eV (P2), and 1.488 eV (P3). As
is well known, based on the peak positions, P1 repre-
sents free exciton emission, P2 may stem from type-
I quantum well emission induced by the WZ/ZB
structure, and P3 likely originates from defect emis-
sion due to the mixed WZ and ZB phases or stacking
faults within the WZ or ZB phases"™". Interestingly,
after substrate etching, the PL emission shows a no-
table absence of type-Il quantum well emission com-

pared to the untreated sample. Concurrently, the

relative emission intensity ratio between free exci-
tons and defects increases significantly. These
observations can be explained as follows: substrate
etching influences the effective V/II flux ratio dur-
ing NW growth, reducing the WZ phase content with-
in the NWs™. Consequently, the distinct type-II
quantum well emission is not detected, and defect
emission from the stacking faults of ZB phases is al-

so significantly suppressed, leading to superior opti-

cal performance in the etched substrate sample.

N Y

—o— Unetched
—o— FKiched

Intensity/a. u.

1.35 1.40 1.45 1.50 1.55
Energy/eV

Fig.2 A comparative analysis of the optical properties of
NWs before and after the process of substrate etching

at 10 K

To further investigate the emission characteris-
tics of GaAs/AlGaAs core-shell NWs before and
after substrate etching, power-dependent PL mea-
surements were conducted on the sample at 10 K.
As depicted in Fig. 3 (a), under 1 mW excitation
power, no significant free exciton emission peak
(P1) is observed in the NWs without etched sub-
strates, with P2 and P3 emissions predominated.
As the excitation power increases from 1 mW to
100 mW, a gradual blue shift in the emission peak
of P2 is observed. This observation, combined with
the TEM test results shown in Fig. 1, suggests that
this emission peak originates from a type- [l quan-
tum well. Regarding P3, as excitation power in-
creases from 1 mW to 100 mW, its emission intensi-
ty relative to P1 gradually decreases due to the low-
er state density of defects compared to free exci-
tons. Under identical experimental conditions, the
emission in NWs grown on the etched substrate is
dominated by P1, accompanied by defect lumines-

cence related to stacking faults in the ZB phase, as
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shown in Fig. 3(b). This conclusion is further sup-
ported by the data in Fig. 1. Moreover, the ratio of

free exciton to defect emission in NWs grown post-

throughout all power tests, as illustrated in Fig.
3(c). This implies that the optical properties of

NWs grown after substrate etching are significantly

substrate etching surpasses that in unetched NWs improved.
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Fig.3 Evolution of the PL spectra measured at 10 K under different excitation powers. GaAs/A1GaAs NWs grown before(a) and

after(b) substrate etching. (c¢) Variation of the relative PL peaks intensity ratio of free exciton and defect with excitation

power

Next, we investigate the temperature dependence
of PL emission from GaAs/AlGaAs NWs grown before
and after substrate etching. As can be seen in Fig.
4(a) - (b), the PL intensity gradually decreases as the
temperature increases. The temperature-dependent inte-
grated PL intensity cannot be well fitted by a single ther-
mally activated Arrhenius plot. However, it can be ade-

quately described by a dual-activation energy model™:

where E, and E, represent distinct activation energies
for two different thermal activation processes, while
the parameters ¢; and ¢, denote the relative ratios of
non-radiative recombination. By fitting the tempera-
ture-dependent PL data to the dual activation energy
model (Fig. 4(c)), we can extract the values of the
two activation energies, which provide insights into
the

dominant recombination mechanisms in the

1 NWs. Using the least-squares fitting procedure with
1(T) = (1) - . :
(7) E, E, ’ Eq. 1, the activation energies obtained for the samples
1 +ciexp|—F1 |+ coexp| - )
kT kyT before substrate etching are 9.95 meV and 14.38
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Fig.4 Temperature-dependent PL spectra of GaAs-based NWs. GaAs/AlGaAs NWs grown before (a) and after (b) substrate

etching. (¢)The dependence of the PL intensity on the reciprocal of temperature, and the solid curve is the Arrhenius fit

with two activation energies
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meV, respectively, whereas these values change to
6.63 meV and 10.47 meV. The smaller activation
energy (E;) in each case corresponds to the thermal
energy required for free excitons to dissociate into
continuum states. Notably, the obtained activation
energies (6.63 meV and 9.95 meV) are compara-
ble to the exciton binding energies of bulk GaAs
(around 5 meV), which supports our assignment™’,
The larger activation energy (E,) likely relates to
the thermally activated capture of excitons by non-ra-
diative defects within the GaAs/AlGaAs NWs. It is
noteworthy that the activation energies for NWs
grown on etched substrates are smaller than those for
NWs grown on unetched substrates. This further
confirms that substrate etching before growth helps

eliminate internal defects and enhances the optical

properties of GaAs-based NWs™.

4  Conclusion

In conclusion, combining the substrate etching
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