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ABSTRACT: The identical crystal phase is one of the most critical and challenging subjects in the fabrication of low dimensional
III-V semiconductors for electronic and optoelectronic applications. The polytype boundaries induced by the coexistence of
wurtzite (WZ) and zinc blende (ZB) phases in the nanowire (NW) limits the device performance. It is interesting to find that the
epitaxially grown GaAsSb shell outside the WZ/ZB mixed-phase GaAs NW will induce the complete transformation of WZ segments
of GaAs to ZB structures due to the shear tension. The underlying physical mechanism was proposed and verified by first-principle
transition barrier calculations and the Shockley partial dislocations theory. Based on the fabricated pure-phase NW, a proof-of-
concept high-performance avalanche photodiode was demonstrated, which shows responsivity and a multiplication factor up to 3.3 X
10° A/W and 8.62 X 10° at —11.5 V, respectively. This work promises shear tension as an effective strategy for the controlled
syntheses of single-phase semiconductor NWs and other nanostructures.

KEYWORDS: III-V semiconductor nanowire, shear tension, crystal phase, strain, molecular beam epitaxy

In the past decades, III-V semiconductors have drawn elimination of WZ/ZB mixed-phases and structure defects is of
extensive research interest due to their unique properties as great significance for improving the properties of NWs and
well as various applications in electronics,1 photonics,2 and life device performance.

sciences.” The development of nanotechnology enables the It is known that the mixed-phases and stacking faults in
materials for superior electrical and optical properties, which GaAs NWs are created due to the energy perturbation during
have been utilized for nanowire (NW) photodetectors,4’5 the growth process. Therefore, controlling or eliminating the
transistors,” light-emitting diodes,” solar cells,” lasers,” single- perturbation is an effective way to achieve the perfect single-

electron memory devices,'’ and DNA detectors.'' It is known
that the cubic zinc blende (ZB) phase is the only stable phase
in bulk III-V semiconductors. However, with the decrease of
dimension, the hexagonal wurtzite (WZ) phase appears. It is
reported that a higher ON—OFF ratio has been observed in
WZ InAs NW transistors.''® Therefore, the existence of the
WZ structure of III—V materials at a low dimension opens the
possibility to tune the properties of material through the crystal

phase GaAs NWs. Up until now, the fabrication of pure-phase
NWs has been realized by precise regulation of parameters
during growth, such as growth temperature,n_25 V/III flux

ratio,>®*’ droplet shape,zg_30 annealing temperature,‘”’32
epitaxial burying,” and doping.”***™*" Researchers control

the energy perturbation through seeking an appropriate growth

phase. Unfortunately, ZB and WZ structures always coexist Received:  August S, 2021 (Phtonics
with each other and accompany defects like stacking faults and Published: October 7, 2021
twins,'*"'® which greatly influence the properties of the

materials and devices.'”~"” The WZ/ZB mixed-phase structure
greatly decreases the carrier recombination efficiency, carrier
lifetime, and carrier mobility of the materials.'”™>* Therefore,
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Figure 1. Growth mechanism, morphology, and structure of the GaAs/GaAsSb NWs. (a) Self-catalyzed GaAs NWs are grown by the VLS growth
mechanism. (b) After adding Sb, the GaAs/GaAsSb NWs are grown by VLS and VS mechanisms. (c) Schematic diagram of the GaAs/GaAsSb
NWs. (d—f) The side-view, 45° tilted, and top-view SEM images of GaAs/GaAsSb NWs grown on the Si(111) substrate. (g) The diameter
distribution of GaAs/GaAsSb NWs. (h) EDXs mapping and axial line scanning of a single GaAs/GaAsSb NW; Ga (red), As (green), and Sb
(yellow). (i) HAADF STEM micrograph of the segment highlighted in the blue frame of (h). EDXs mapping and line scanning of (j) Ga, (k) As,
and (1) Sb elements across the black lines in (i). The element percentages are normalized.

window. However, the successful fabrication of the pure-phase
structure by the above methods is complicated due to the small
growth window and difficult control. Seeking an easier and
repeatable method to fabricate pure-phase crystalline samples
is urgent.

We herein report an interesting investigation to control the
aforementioned energy perturbation during the growth of
GaAs NWs through shear tension. The ZB GaAsSb shell is
grown on the mixed-phases GaAs core by molecular beam
epitaxy (MBE). Due to the strain induced by the atomic
arrangement difference between GaAs (WZ) and GaAsSb
(ZB), the Ga—As planes slip and promote the rearrangement
of atomic planes to achieve pure-phase. The phase transition of
GaAs from WZ to ZB has been clearly revealed by Raman
spectroscopy and high-resolution transmission electron mi-
croscopy (HRTEM) characterizations. Based on the synthe-
sized pure-phase GaAs NWs, a high-performance GaAs/
GaAsSb NW avalanche photodiode (APD) has been
demonstrated. The APD shows a high responsivity of 3.3 X
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10> A/W and a multiplication factor up to 8.62 X 10° under a
reverse bias of 11.5 V at room temperature. Our research
proposed a new crystal structure regulation method, which is
beneficial for nanomaterials preparation and device applica-
tions.

B RESULTS AND DISCUSSION

A self-catalyzed vapor—liquid—solid (VLS) growth mechanism
and catalyst-free vapor—solid (VS) growth mechanism are
applied during the NWs growth. First, vertical GaAs NWs are
grown by a VLS mechanism where Ga droplets are served as a
catalyst. Then, the Sb source is introduced and the GaAsSb
structures are grown. It is needed to mention that the GaAsSb
structures follow two different mechanisms during the growth,
corresponding to form pure GaAsSb NWs on top of the initial
GaAs NWs and the GaAsSb shell layer outside the GaAs NWs.
The GaAsSb NWs are grown based on the VLS growth
mechanism, and the growth of GaAsSb NWs is terminated
under Sb overpressure. Finally, GaAsSb NWs with high Sb

https://doi.org/10.1021/acsphotonics.1c01196
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Figure 2. Raman spectra of GaAs and GaAs/GaAsSb NW. (a) The Raman spectra of GaAs and GaAs/GaAsSb core—shell NWs. Standard GaAs
and GaSb related mode peaks are used as reference. The resolved peaks are fitted by multi-Lorentzian functions. #-Raman spectra of the different
locations along (b) a single GaAs NW and (c) a single GaAs/GaAsSb core—shell NW.

composition are formed, while the GaAsSb shells are grown by
the VS growth mechanism. The detailed growth mechanism of
GaAs/GaAsSb NWs is shown in Figure la—c, and the growth
conditions can be found in the Supporting Information. The
morphology and crystallization properties of the GaAs/
GaAsSb NWs are studied by scanning electron microscopy
(SEM) and shown in Figure 1d—f. The length of the NWs is
about 1.0 um, while the diameter follows the Gaussian
distribution with an average value of 52 nm (Figure 1g). A
morphology characterization of the as-grown GaAs NWs
without GaAsSb is shown in Figure S1. The average diameter
and length of GaAs NWs are around 43 nm and 1.3 um,
respectively.

The energy-dispersive X-ray (EDX) line scanning of a single
GaAs/GaAsSb NW is shown in Figure l1h. The whole NW
composes of three elements, Ga, As, and Sb, with a high Sb
component at the top and a low one at the bottom. The EDX
mapping of the whole NW is shown in Figure S2. The high-
resolution, high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) fragment of a
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middle section of a GaAs/GaAsSb NW (as indicated by blue
frame in Figure 1h) is shown in Figure 1i. The line scanning
collected from two different positions labeled as I and II are
plotted in Figure 1j—I. The Ga is homogeneously distributed
over the sample (Figure 1j), while the Sb is more concentrated
at the shell layer of the bottom segment (Figure 11). The
curves indicate that position I is GaAsSb NW, while position II
is the GaAs/GaAsSb core—shell structure. Based on the
characterization, the Sb composition of the GaAsSb shell is
determined to be around 0.15—0.18 (Figure S3), and the
thickness of the GaAsSb shell at position II is around 8 nm.
To understand the structural change of the GaAs NW before
and after GaAsSb shell growth, confocal y-Raman spectrosco-
py is employed. The Raman spectra and multi-Lorentzian
fitting of the single GaAs NW and GaAs/GaAsSb NW are
shown in Figure 2a. It is known that the WZ GaAs structure
can be determined by the characteristic peak of the E,” mode.
Figure 2a shows that the Raman scattering of the GaAs NW is
composed of E,", E; (TO), surface optical (SO), and A, (LO)
mode at 257.1, 267, 288.3, and 291.4 cm™, respectively. This
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Figure 3. Crystal structure of GaAs/GaAsSb NW. (a) TEM image of a typical GaAs/GaAsSb NW with a diameter of ~50 nm. (b—h) HRTEM
images taken along the [111] zone axis from the bottom to middle regions of the GaAs/GaAsSb NW in (a). The interface of the heterojunction is
indicated by red arrows. (b—e) HRTEM images of the GaAs/GaAsSb core—shell NW. (f) Typical SAED pattern of the selected region of the NW
from panel (d). (g) HRTEM image of the GaAs/GaAsSb heterojunction interface. A twin plane is indicated by a white arrow. Inset shows the
corresponding temperature colored details and FFT pattern. (h) HRTEM image of GaAsSb NW and the inset showing its FFT pattern.

. . . . . 14,15,38
is consistent with previously reported literature, as

shown in the inset of Figure 2a. In addition, the Raman
characterizations of large-area GaAs NWs shown in Figures S4
and S5 can also find the E," mode, which indicates the
presence of WZ structure in the bare GaAs NWs. For the
Raman measurement of GaAs/GaAsSb NW, three gray peaks
at low frequency are found to be related to GaAsSb, namely,
GaSb-like E, (TO), GaSb-like A; (LO), and GaAs-like E,
(TO), respectively. The peak located at 260 cm™' can be
ascribed to the GaAs E; (TO) mode, while the blue-shift of the
peak can be ascribed to the replacement of As with Sb. The
peak at 265.5 cm™" can be assigned to the E; (TO) mode of
the GaAs core. E; (TO) mode of GaAs NW and core is
marked with a cyan dashed line. The red-shift of the GaAs E;
(TO) mode indicates that the GaAs core suffers with tensile
stress.”” ™" It is worth noting that the E,” mode of the GaAs
core is absent in the GaAs/GaAsSb core—shell structure, which
implies the disappearance of the WZ GaAs structure. Similar
results have been recorded for the Raman data of large-area
GaAs/GaAsSb NWs shown in Figures S6 and S7.

The p-Raman characterizations of various positions on the
bare GaAs NW (Figure 2b) are carried out to analyze the
structure of GaAs with or without shell. The crystal phase of
positions 1, 3, and 4 belong to the ZB structure and the other
two are WZ structure, which is distinguished by structural
characteristic peak of E," mode. For an easier comparison, the
Raman spectra of WZ and ZB GaAs are plotted. As shown in
Figure 2c, a single GaAs/GaAsSb core—shell NW displays the
modes of GaSb-like E; (TO), GaSb-like A; (LO), GaAs-like E,
(TO), and GaAs E, (TO). The red-shift of the GaAs E; (TO)
mode implies that the whole GaAs core suffers tensile stress. In
addition, no E,™ mode has been observed in the GaAs/GaAsSb
core—shell NW, which indicates that the GaAs core is a pure
ZB structure.*”*™ More characterizations of NWs have been
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performed, and similar results have been obtained, which can
be found in Figures S8 and S9.

To further verify the structure of the NW, TEM character-
ization was performed on single GaAs/GaAsSb core—shell NW
is shown in Figure 3. Figure 3a shows a bright-field TEM
image of typical GaAs/GaAsSb NW. The interface of the
heterojunction is indicated by red arrows. The left region of
the arrow is GaAs/GaAsSb core—shell structure while the right
is GaAsSb NW. From the results shown in Figure 3b-e, the
core—shell NW possesses same crystal orientation without
stacking faults. In addition, the GaAs/GaAsSb core—shell
structure and ZB crystal phase are also verified by selected area
electron diffraction (SAED) shown in Figure 3f. The
diffraction spots and crystal orientations of the GaAs coreand
GaAsSb shell are marked as red and blue, respectively. The
HRTEM of other positions on GaAs/GaAsSb core—shell NW
can be found in Figure S10. Therefore, it is concluded that the
GaAs/GaAsSb core—shell NW is of a pure ZB structure. Many
other GaAs/GaAsSb core—shell NWs are measured (Figures
S11-S15), and the large-area Raman characterization of
GaAs/GaAsSb NWs with a larger GaAs core is shown in
Figures S16 and S17. It is interesting to find that for bare GaAs
NWs (Figures S18—S21), regardless of the size of the GaAs
NWs, their crystal structure shows WZ/ZB mixed-phases. It is
needed to mention that Sb has been incorporated into III-V
semiconductor NWs as surfactant to modify the crystal
structure of the material.**~*® In contrast, we grow GaAs
core first and then GaAsSb shell, where Sb component is in the
shell layer but not the core. Therefore, the surfactant effect of
Sb to modify the GaAs core can be ruled out. For GaAs/
GaAsSb core—shell NWs discussed herein, both pure ZB phase
and WZ/ZB mixed-phases have been observed, which is found
to be related to the size of GaAs core. This size-dependent
phenomenon will be discussed later.
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Figure 4. Mechanism of transformations from WZ to ZB. (a) Schematic diagram of the transformations from WZ to ZB. (b) The schematic graph
of the GaAs phase transition (top panel). Energy transition barrier obtained from the dislocation theory (left panel) and the NEB calculation (right
panel). (c) Atomic model of WZ and ZB in radial direction of NW. (d) The relationship between the maximum energy of phase transition and the

diameter of the GaAs core.

The HRTEM image of the interface between the GaAs/
GaAsSb core—shell and GaAsSb is shown in Figure 3g, where a
twin plane is indicated by white arrow. The lattice sequences of
ZB structure is ABCABC and misplacement of a bilayer to
yield a sequence of ABCABCACBACBA results in a symmetry
structure with a mirror plan A, which is known as a twin plane.
The twinning angle is measured to be about 141° (70.5° +
70.5°), which is in accordance with the relative rotational angle
of (111) twin crystals in face centered cubic (fcc) structures.
Moreover, the FFT pattern reveals that the crystalline phase is
a pure ZB structure. Figure 3h shows a HRTEM of the GaAsSb
NW, while the inset displays the corresponding FFT pattern.
Again, it can be clearly seen that the GaAsSb NW is a pure ZB
phase. Consequently, the entire GaAs/GaAsSb NW is the
perfect single-phase.

Figure 4a shows the schematic diagram of the trans-
formations from WZ to ZB crystal structure due to partial
dislocations. WZ and ZB structures can be described as stacks
of Ga—As monolayers (MLs) along the [0001]y;/[111]g.
The two stacking modes are usually denoted as ABABAB...
(WZ) and ABCABC... (ZB), where the letters represent
distinct positions of the ML (Figure 4a). Due to the influence
of external force, the Ga—As ML slips from point A to point C,
which leads to the transformation of the ABA structure to
ABC. The slip direction is [1010]y/[121]25. Similarly, the
stacking faults and twins will be eliminated due to the atomic
rearrangement. According to the established phases transition
model (top panel of Figure 4b), the maximum energy required
to transform the single GaAs atom pair from the WZ to ZB
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structure is calculated by the dislocation theory””*® (left panel
of Figure 4b) and the nudged elastic band (NEB)*"*® (right
panel of Figure 4b). Details of the calculations are provided in
the Supporting Information. The maximum transition barrier
obtained from these calculations is the same as 0.22 eV/GaAs
atom pair.

At the same time, the Shockley partial dislocations
theory"”*° has been employed to analyze the transition
mechanism. The crystal structures at the interface before and
after transformation are shown in Figure 4c. The difference of
interplanar spacing between GaAs (0001)y, and GaAsSb
(111),5 is negligible, and the stress is perpendicular to the slip
plane, which has no contribution to the transformation.
However, the different atomic arrangements between the
(0001)yy,/(111),y plane should be taken into consideration. It
will introduce stress perpendicular to the interface of core
((1010)yy;) and shell ((121),3), which leads to the slip of
Ga—As MLs and promotes the rearrangement atoms. The six
GaAs MLs ABABAB (WZ) and ABCABC (ZB) sequences are
the minimum repeated units at the core—shell interface. In one
period, only two GaAs MLs are matched, and the other four
MLs are lattice mismatched, as shown in Figure 4c (left panel).
The shear tension and the strain energy at the interface
between the shell and core during the transformation process
are calculated. The detailed calculation process can be found in
Figures S22 and S23. As a result, the relationship of the
maximum energy per GaAs atom pair and the GaAs NW
diameter is constructed, and the curve is plotted in Figure 4d.
We have measured a series of GaAs/GaAsSb core—shell NWs
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Figure S. Photodetection performance of GaAs/GaAsSb NW APD (532 nm laser). (a) Schematic diagram of GaAs/GaAsSb NW APD device. (b)
The I-V characteristics of the APD device under dark conditions and 532 nm light illumination with a density of 77.36 mW/ cm?. Inset is the -V
characteristic curves in normal coordinates. (c) Responsivity of the APD device. (d) I—V characteristics at 300—380 K in the reverse voltage under
dark conditions, and the inset shows the dependence of the avalanche breakdown voltage with temperature.

with different GaAs core diameters. It shows that when the
GaAs core diameter is smaller than 55 nm, the GaAs/GaAsSb
core—shell crystal structure is of the pure ZB phase. In
comparison, when the GaAs core diameter is bigger than 55
nm, the maximum energy received from the interfacial stress is
not sufficient for phase transition and NW is either WZ/ZB
mixed-phases or a ZB structure with defects. The experimental
results are consistent with the theoretical calculations.
Therefore, the critical diameter of GaAs core for successful
phase transition can be determined to be 55 nm.

The unique property of single crystal benefits nano-
optoelectronics devices. The schematic diagram of the GaAs/
GaAsSb NW photodiode is shown in Figure Sa. Figure Sb
shows the current—voltage (I—V) characteristic curves of the
pure ZB phase GaAs/GaAsSb heterojunction photodiode. The
inset of Figure Sb shows the dark and photocurrent of the
GaAs/GaAsSb heterojunction photodiode in linear scale. The
I-V curves present the characteristic of forward conducting
and reverse cutoff, as shown in Figure Sb. When the reverse
voltage is higher than 11 V, the current increases dramatically,
which implies the breakdown of the photodiode. To show the
response of the current to the incident optical power, the
responsivity (R) can be calculated by using the equation

R = (Ilight - Idark)/(P X A) (1)
where Iy, is the current under illumination, I, is the current
before illumination, P is the power intensity, and A is the
effective illuminated area.””>' When the reverse bias is near
11.5 V, the responsivity reaches a maximum of 3.3 X 10° A/W
(Figure Sc).

Figure 5d shows the reverse I=V curves under a temperature
from 300 to 380 K, from where the increases of the breakdown
voltage (from —9.0 to —10.6 V) can be clearly observed. A
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positive temperature coefficient of 19 mV/K is obtained for
this device, which supports the avalanche breakdown
phenomenon. These results suggest that our device is an
APD, and the avalanche multiplication dominates the internal
gain. The multiplication factor (M,) of the heterojunction
structure can be determined using
Ma = (Iph - Id)/(IphO - IdO) (2)
where I, and I are the multiplied photocurrent and dark
current, and Lo and Iy, are the unmultiplied photocurrent and
dark current, respectively.’>> The M, of the APD device
reaches a maximum value of 8.62 X 10° under the reverse bias
of 11.5 V, which is larger than the value of GaAs nanopillar
APDs (216).%° The excellent performances are mainly ascribed
to the single crystal structure of GaAs/GaAsSb NWs. In single
crystal NWs, there are no polytype boundaries, twin-planes,
stacking faults, and so on, which reduce the scattering of
carriers and decrease the uncertainty of collision ionization.

B CONCLUSIONS

In conclusion, we propose a novel approach to achieve pure-
phase single crystal NWs by stress, which is verified by u-
Raman spectroscopy and atomic-level TEM. In III-V core—
shell NWs, the crystal structure is related to the size of the core
NW. The Shockley partial dislocations theory is used to
calculate the shear tension and strain energy at the core—shell
interface, which reveals the underlying physical mechanism in
accompany with first-principles energy barrier calculations.
The critical diameter of the GaAs core for the phase transition
is evaluated to be 55 nm. An APD has been fabricated based
on the pure ZB phase GaAs/GaAsSb NW, which shows a high
performance in terms of high responsivity (3.3 X 10° A/W)
and a superior multiplication factor (8.62 X 10°) under —11.5
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V bias. Our work opens the door for the crystal phase control
of nanomaterials and performance improvement of optoelec-
tronics devices in the future.
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