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Bandgap engineering of semiconductor nanomaterials is critical for their applications in nanoelectronics, opto-

electronics, and photonics.

Here we report, for the first time, the growth of single-crystalline quaternary alloyed

Gag 75In0.25A50.49Sbg 51 nanowires via a chemical-vapor-deposition method. The synthesized nanowires have a uniform
composition distribution along the growth direction, with a zinc-blende structure. In the photoluminescence investigation,
these quaternary alloyed semiconductor nanowires show a strong band edge light emission at 1950 nm (0.636 eV). Photode-
tectors based on these alloy nanowires show a strong light response in the near-infrared region (980 nm) with the external
quantum efficiency of 2.0 x 10*% and the responsivity of 158 A/W. These novel near-infrared photodetectors may find
promising applications in integrated infrared photodetection, information communication, and processing.

Keywords: GalnAsSb nanowire, quaternary alloy, near-infrared photodetector

PACS: 81.07.Gf, 74.70.Dd, 85.60.Gz

1. Introduction

One-dimensional semiconductor nanowires have at-
tracted considerable attention as unique building blocks for
various applications in integrated electronic and optoelec-
tronic devices, such as nanoscale lasers,lI™3! field effect
transistors, 40! solar cells,[”! and photodetectors (PDS).[8’9]
Nanowire-based PDs, as potential key functional units in
on-chip information communication and processing, have

10-121 Particularly, PDs con-

attracted considerable interest.!
structed by III-V semiconductor nanowires are widely used
in near-infrared and infrared detection due to their narrow

13,141 Compared to the binary III-V semiconduc-

bandgap.!
tor nanowires, the alloyed III-V semiconductor wires usu-
ally have wider and adjustable spectral response ranges due
to their tunable bandgap nature, which means that the III-V
alloy nanowires are ideal systems that are promising candi-
dates for constructing wide-spectral-response-range and high-
performance PDs in the infrared region.['3-2!] Among the
many III-V alloys, Ga;_,In,AsySby_, is an important quater-
nary alloy with tunable bandgap from 1.42eV (x=0,y=1)to
0.1 eV (x =1, y=0), this widely tunable bandgap range cov-
ers three important spectral regions 1-3 pm, 3-5 um, and 8-
14 pm. [221 S far, GalnAsSb layers based PDs have been suc-

23,24

cessfully constructed,! 1 however, the photoelectric mea-

surement based on quaternary GalnAsSb alloy nanowires is

DOI: 10.1088/1674-1056/27/7/078101

rarely reported in the literature.

Quaternary Gaj_,In,As,Sby_y alloys have usually been
grown by liquid phase epitaxy (LPE),!*! organometallic
vapor phase epitaxy (MOVPE),”®! molecular beam epi-
taxy (MBE),/?’! and metal-organic chemical-vapor-deposition
(MOCVD).!?8! For the preparation of GalnAsSb quaternary
alloy nanowires, there is a challenge to obtain the GalnAsSb
nanowires with compositions in the miscibility gap through
LPE or other thermodynamic equilibrium methods. Although,
the non-equilibrium growth techniques, such as MBE and
MOCVD, can effectively overcome this difficulty, the above
growth strategies usually have a high cost and the preparation
process is complicated. To the best of our knowledge, there is
no report on the GalnAsSb alloy nanowires synthesized via a
chemical vapor deposition (CVD) method, which is a cheaper
method and easy to operate.

In this work, high-quality GalnAsSb quaternary alloyed
nanowires were synthesized via a simple CVD method.
Both Raman spectrum and photoluminescence studies show
bandgap engineered optical properties consistent with the
composition of the alloy nanowires. Single-nanowire-PDs
with high responsivity and external quantum efficiency in the
near-infrared region were constructed. Our results of these
novel PDs will advance the development of photonics and op-
toelectronics as well as the integrated devices.
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2. Experiments

The samples were grown in a horizontal furnace, where
a moving source method was applied for the composition
modulation.*”! Typically, an alumina boat with GaSb pow-
der (Aladdin, 99.99%) was firstly pulled into the heating zone
of the furnace, and another boat with InAs powder (Aladdin,
99.99%) was placed far away from the heating zone. A quartz
rod driven by a step motor through magnetic force was used
to push the boats into or out of the heating zone during the
growth. Silicon wafers coated with 5-nm-thick gold film were
placed in the deposition area to collect the samples. Before
heating, mixed gas (Ar with 5% H;) was flowed into the sys-
tem at a rate of 45 sccm and the pressure was maintained at
4 Torr. Then the furnace was heated to 750 °C at a rate of
30 °C-min—!. After 60 min of growth at 750 °C, the InAs
powder was shifted to the center of the heating zone slowly.
After keeping on the growth for another 60 min, the furnace
was naturally cooled to room temperature.

The morphology and structure of the as-prepared sam-
ple were characterized by a field emission scanning electron
microscope (FE-SEM, Zeiss sigma-HD), an x-ray diffraction
spectrometer (XRD, Rigaku D/Max 2500), and a transmis-
sionelectron microscope (TEM, Tecai F20) combined with
energy-dispersive x-ray spectroscopy (EDX). The Raman
scattering spectra were collected on a laser confocal Ra-
man spectrometer (LABRAM-010, France), while PL mea-
surements were conducted via a home-built infrared micro-
PL setup with a femtosecond laser excitation source (Spectra
Physics Tsunami, 800 nm, 80 fs pulse duration, 80 MHz repe-
tition rate).

PDs were constructed with the as-prepared single
Gag 75Ing 25A80.49Sbg 51 nanowires. The nanowires were first
dispersed on a p-type Si substrate with a 300 nm thickness
SiO; layer. Then AMMA and PMMA were spin-coated on
the surface of the mask. The electron-beam lithography sys-
tem (RAITH: 150-TWO) was employed to design the elec-
trode patterns. Two Cr/Au (10/60 nm) electrodes that acted as
the source and drain were fabricated by a thermally deposited
process. The single nanowire connected with the Cr/Au Schot-
tky contact electrodes constitutes a typical M-S-M PD. The
as-fabricated PDs were investigated by a semiconductor pa-
rameter analyzer (Keithley 4200) under dark conditions and
the illumination of a monochromatic light beam, all the mea-
surements were carried out at room temperature.

3. Result and discussion

The SEM image of the as-grown sample (Fig. 1(a)) shows
that the synthesized nanowires have a length of up to 10 um
and a diameter ranging between 150 nm and 300 nm. The
inset of Fig. 1(a) shows a high-magnification SEM image of

a typical nanowire. Figure 1(b) exhibits the XRD pattern of
the as-deposited quaternary alloy nanowires. For compari-
son, we list the standard XRD patterns of zinc-blende (ZB)
GaAs (JCPDS card No. 89-2770; a = 5.65330 A) and ZB InSb
(JCPDS card No. 70-2515; a = 6.47937 A) in the top and bot-
tom of the graph, respectively. The sharp diffraction peaks
indicate that the as-grown nanowires are GalnAsSb alloy with
pure ZB crystallographic phase and high phase purity.

GaAs JCPDS-89-2770
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Fig. 1. (color online) (a) SEM image of the as-grown nanowires. Inset:
high-resolution SEM image of a single nanowire with catalyst. (b) The
XRD pattern of the as-deposited alloy nanowires.

(311)
|~ (400)(331)

Figure 2(a) is the TEM image of a representative
nanowire. There is a typical spherical catalytic particle
at the tip of the nanowire, which demonstrates that the
growth of these nanowires follows the typical metal-catalyzed
vapour—liquid—solid (VLS) mechanism.3%! Figure 2(b) shows
the high-resolution TEM (HRTEM) image taken from the
nanowire (the red rectangle in Fig. 2(a)). The d-spacing of
(220) planes was measured to be 0.2124 nm, falling in be-
tween the values of GaAs and InSb (Cf. dgaas = 1.9988 A
and dy,sp = 2.2907 A). The insert of Fig. 2(b) plots the cor-
responding reciprocal lattice space image extracted by fast-
Fourier transform (FFT) along the [1 10]zp zone axes. Accord-
ing to the FFT patterns, the crystal structure of the nanowire
can be confirmed to be the ZB structure, and their growth
direction is [110]. Meanwhile, the clear and orderly atomic
arrangement further reveals that the nanowire has a high-
quality single-crystalline structure without significant stack-
ing faults or twin-plane polytypic defects. Figure 2(c) plots

078101-2
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the EDS spectrum collected from the wire (the red dot in
the inset of the figure), which illustrates that the nanowire
consists of elements Ga, In, As, and Sb with the ratio of
0.75:0.25:0.49:0.51, revealing that the composition of the

Counts

15
Energy/keV

achieved wires is Gag 75Ing 25As0.49Sbg 51. Figure 2(d) dis-
plays the two-dimentional (2D) elemental mapping of this
nanowire, indicating that Ga, In, As, and Sb are homoge-
neously distributed across the whole nanowire.

dsop=0.2124 nm

100 nm
|

100“:11111
| —

100 nm
P

Fig. 2. (color online) (a) TEM image of a representative single GalnAsSb nanowire. (b) HRTEM image taken from the red rectangle
of (a), the insert is the diffraction pattern converted by fast-Fourier transform where the zone axis [110]zg can be identified. (c)
Corresponding EDX profiles measured at the red dot of the nanowire. (d) The 2D elemental mapping of the four detected elements

Ga, In, As, and Sb.
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Fig. 3. (color online) (a) The Raman spectrum of the Gag75Ing25As0.49Sbg 51 nanowire. (b) The PL spectrum of Gag 75Ing.25As0.49Sbg 51

nanowires at 77 K.

In order to further characterize the microstructural prop-
erties of the as-grown Gag 75Ing.25A50.49Sbg 51 nanowires, we
have performed the Raman and PL spectra measurements. As

displayed in Fig. 3(a), the Raman spectrum excited with a con-

tinuous 632.8 nm laser was performed on a single nanowire.
This spectrum shows a multi-mode phonon vibration behavior
of GalnAsSb quaternary mixed crystal lattice. Distinct peaks

in the broad spectrum ranging from 100 cm™! to 300 cm™! are

078101-3
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observed. The four phonon modes at 148 cm~', 236 cm™!,
260 cm ™', and 277 cm™! are related to the GaSb-like longitu-
dinal optical phonon (LO) modes, *! the GaSb-like transverse
optical phonon (TO) modes, the GaAs-like TO modes, and
the GaAs-like LO modes, respectively.[*?] This confirms that
the achieved nanowires have good compositional homogene-
ity and high crystal quality. The PL spectrum of the nanowires
at 77 K is shown in Fig. 3(b), which exhibits a single emission
band with peak wavelength at 1950 nm, corresponding to the
bandgap of ~ 0.636 eV. The bandgap can be calculated to be
0.615 eV through the equation>!

Eq(x,y) = 0.359+0.48x —0.78y —0.398xy + 0.6x>
+0.596y — 0.185xy 4 0.054x)°, (1)

and 0.49 derived from
Gag 75Ing 25As0.49Sbg 51. The difference between the bandgap

where x and y are 0.75

values obtained from the PL spectrum and the calculation is
less than 5%, indicating that the photoluminescence of the
nanowires results from the band edge emission of the semi-
conductor alloy Gag 75Ing 25As0.49Sbg 51. The Raman and PL
spectra are in good agreement with the structural composition
described above, further demonstrating the high-quality of the
Gay 75Ing 25A80.49Sbg 51 nanowires.
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160 |
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In order to investigate the photoresponse properties of
the as-grown nanowires, PDs were constructed with the as-
prepared single Gag 75Ing 25 As0.49Sbg 51 nanowires. The sin-
gle nanowire connected with the Cr/Au Schottky contact elec-
trodes constitutes a typical M-S-M PD. Figure 4(a) provides
the schematic image of the nanowire PDs. Figure 4(b) shows
the I-V curves of a representative nanowire PD (see the in-
set) with a wire diameter of ~ 200 nm and a channel length
of ~ 5.5 um, measured in dark conditions and under the il-
lumination of a monochromatic light beam with a wave-
length of 980 nm at different light intensities. It can be seen
that the electrical conductance of the device significantly in-
creases when the light intensity rises from 10 mW/cm? to
260 mW/cm?. Figure 4(c) plots the light intensity-dependent
photocurrent with the working voltage at 1.0 V, which demon-
strates an approximate linear dependency. The largest photo-
excited current can reach 0.32 pA when the light intensity is
raised to 260 mW/cm? (the dark current is about 150 nA ob-
tained in Fig. 4(b)), showing that the photon-generated carri-
ers are enhanced with the increased light intensity. The light
intensity-dependent photoconductive gain demonstrates that
the nanowire is a typical photon-dependent resistor, which is
beneficial for applications in light power detection.

—s—dark Vbs=1.0V
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—=—45 mW /cm? %
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Fig. 4. (color online) (a) Schematic image of Gag 75Ing 25A80.49Sbg 51 nanowire PDs. (b) I-V curves of the device under 980 nm illumination
at different light intensities. The inset shows the SEM image of a fabricated PD, scale bar: 1 pm. (c) Light intensity-dependence of the
photocurrent at Vps = 1.0 V. (d) Spectral responsivity R and EQE as functions of light intensity at Vpg = 1.0 V, respectively.
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The spectral responsivity (R) and external quantum effi-
ciency (EQE) are two critical parameters of a PD, which can

be expressed as34+3]

Iph
Rzﬁ, 2)
E

EQE =R x
Q o

where I, is the photocurrent, P is the light intensity, S is the

3)

effective illuminated area, / is Plank’s constant, ¢ is the ve-
locity of light, and A is the incident light wavelength. The
dependences of R and EQE on the light intensity under bias
1.0 V are shown in Fig. 4(d). When the incident light intensity
is 10 mW/cm?, the obtained R for this PD is 158 A/W and the
EQE can reach to 2.0 x 10*%, both of which are higher than
those reported for GaInAsSb thin-film PDs!**! and are com-
parable with other previously reported single-nanostructured
PDs. 36371 The high R and EQE of the representative PD can
be explained with two factors. Firstly, the large surface-to-
volume ratio of the nanowires can easily induce the hole-trap
states at the nanowire surface, and these trap states can some-
how increase the photocurrent density effectively.3831 Sec-
ondly, the synthesized alloy nanowires with high crystalline
quality can effectively facilitate the transport of carriers along

the axis and cause a large photocurrent gain, 40!

4. Conclusion and perspectives

In summary, the Gag75Ing25As0.49Sbg 51 quaternary al-
loy nanowires have been successfully synthesized through a
simple CVD method. Along the length of the nanowires,
the composition distribution of the nanowires is uniform,
and the nanowires are high quality zinc-blende single-crystal
structured. These nanowires have strong light emission at
1950 nm, which is in accordance with their bandedge emis-
sion. The constructed PDs based on the alloy nanowires show
a strong light response in the near-infrared region with high
R (158 A/W) and EQE (2.0 x 10*%). The synthesized qua-
ternary alloy nanowires in this work will be a good candidate
for construction of functional electronic and photoelectric de-

vices.

References

[1] FengJ G, Jiang X Y, Yan X Y, Wu Y C, Su B, Fu H B, Yao J N and
Jiang L 2017 Adv. Mater. 29 1603652

[2] Zhang Q L, Wang S W, Liu X X, Chen T R, Li HF, Liang J W, Zheng
W H Agarwal R, Lu W and Pan A L 2016 Nano Energy 30 481

[3] Jevtics D, Hurtado A, Guilhabert B, McPhillimy J, Cantarella G, Gao
Q, Tan H H, Jagadish C, Strain M J and Dawson M D 2017 Nano Lett.
17 5990

[4] Kim K, Rho Y, Kim Y, Kim S H, Kim S G and Park C E 2016 Adv.
Mater. 28 3209

[5] Wang M X, Yue G H, Lin Y D, Wen X, Peng D L and Geng Z R 2013
Nano-Micro Lett. 5 1

[6] Zhang W, Han W H, Zhao X S, Lv Q F, Ji X H, Yang T and Yang F H
2017 Chin. Phys. B 26 088101

[7]
[8]

[9]
[10]

(11]
[12]

[13]

[14]

[15]

[16]
(17]

(18]

(19]

[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]
[29]

[30]
(31]

[32]
[33]

[34]

[35]

[36]

(371

[38]
[39]

[40]

078101-5

Wu D, Tang X, Wang K and Li X 2016 Opt. Express 24 A1336

Gong X, Tong M H, Xia Y J, Cai W Z, Moon J S, Cao Y, Yu G, Shieh
C L, Nilsson B and Heeger A J 2009 Science 325 1665

Wang Q S, LiJ, Lei Y, Wen Y, Wang Z X, Zhan X Y, Wang F, Wang F
M, Huang Y, Xu K and He J 2016 Adv. Mater. 28 3596

Huang X, Yu Y Q, Jones T, Fan H, Wang L, Xia J, Wang Z J, Shao L
D, Meng X M and Willinger M G 2016 Adv. Mater. 28 7603

Zhuang X J, Ning C Z and Pan A L 2012 Adv. Mater. 24 13

Song Z M, Zhao D X, Guo Z, Li B H, Zhang Z Z and Shen D Z 2012
Acta Phys. Sin. 61 052901 (in Chinese)

Kuo HC H, WuJ M, Lin S J and Chang W C 2013 Nanoscale Res. Lett.
8327

Fang H H, Hu W D, Wang P, Guo N, Luo W J, Zheng D S, Gong F,
Luo M, Tian H J, Zhang X T, Luo C, Wu X, Chen P P, Liao L, Pan A
L, Chen X S and Lu W 2016 Nano Lett. 16 6416

LiLX,PanD, Xue Y Z, Wang X L, Lin M L, Su D, Zhang Q L, Yu X
Z, So H, Wei D H, Sun B Q, Tan P, Pan A L and Zhao J H 2017 Nano
Lett. 17 622

Tan H, Fan C, Ma L, Zhang X H, Fan P, Yang Y K, Hu W, Zhou H,
Zhuang X J, Zhu X L and Pan A L 2016 Nano-Micro Lett. 8 29

MalL, Zhang X H,LiHL, Tan H, Yang Y K, Xu Y D, Hu W, Zhu X L,
Zhuang X J and Pan A L 2015 Semicond. Sci. Tech. 30 105033

MaL, Hu W, Zhang Q L, Ren P Y, Zhuang X J, Zhou H, XuJ Y, Li H
L, Shan Z P, Wang X X, Liao L, Xu H Q and Pan A L 2014 Nano Lett.
14 694

RenP Y, Zhu X L,HanJ Y, XuJ Y, MaL, Li HL, Zhuang X Z, Zhou
H, Zhang Q L, Xia M G and Pan A 2014 Nano-Micro Lett. 6 301
Yang YK, Yang TE LiHL,QiZ Y, Chen XL, Wu W Q, Hu X L, He
P B, Jiang Y, Hu W, Zhang Q L, Zhuang X Z, Zhu X L and Pan A L
2016 Chin. Phys. B 25 118106

XuYD,LiuRP,MaL, LiD, Yang Y K, Dai G Z and Wan Q 2017
Appl. Phys. A 123 6

Glisson T H, Hauser J R, Littlejohn M A and William C K 1978 J.
Electron. Mater. 7 1

Ikyo A B, Marko I P, Hild K, Adams A R, Arafin S, Amann M C and
Sweeney S J 2016 Sci. Rep. 6 19595

Bhagwat V, Xiao Y, Bhat I, Dutta P, Refaat T F, Abedin M N and Kumar
V 2006 J. Electron. Mater. 35 8

Rakovics V, Téth A L, Podor B, Frigeri C, Baldzs J and Horvdth Z E
2002 Mater. Sci. Eng. B 91 83

Cherng M J, Stringfellow G B, Kisker D W, Srivastava A K and
Zyskind J L 1986 Appl. Phys. Lett. 48 419

Tsang W T, Chiu T H, Kisker D W and Ditzenberger J A 1985 Appl.
Phys. Lett. 46 283

Li S W, Koike K, Schulze-Kraasch F and Kubalek E 2001 J. Cryst.
Growth 223 456

Ren P Y, Hu W, Zhang Q L, Zhu X L, Zhuang X J, Ma L, Fan X P,
Zhou H, Liao L, Duan X F and Pan A L 2014 Adv. Mater. 26 7444
Wagner R S and Ellis W C 1964 Appl. Phys. Lett. 4 89

Lugstein A, Schondorfer C, Weil M, Tomastic C, Jauss A and Bertag-
nolli E 2007 Nucl. Instrum. Methods Phys. Res., Sect. B 255 309
Liang B L, Jiang C P, Xia G Q, Fan S P and Chu J H 2001 J. Infrared
Millim. Waves 20 315

Li S W, Jin Y X, Zhou T M, Zhang B L, Ning Y Q, Jiang H, Yuan G,
Zhang X 'Y and Yuan J S 1995 J. Cryst. Growth 156 39

MiaoJ S, Hu W D, Guo N, Lu Z Y, Zou X M, Liao L, Shi S X, Chen
PP, FanZ Y, HoJC,Li T X, Chen X S and Lu W 2014 ACS Nano 8
3628

GuoPF, XuJY, Gong K, Shen X, Lu Y, Qiu Y, XuJ Q, Zou Z J, Wang
CL,YanHL,LuoY S, Pan A L, Zhang H, Ho J C and Yu K M 2016
ACS Nano 10 8474

Chen XL, LiHL,QiZY, Yang TF, Yang Y K, Hu X L, Zhang X H,
Zhu X L, Zhuang X J, Hu W and Pan A L 2016 Nanotechnology 27
505602

Ali Z, Mirza M, Cao C B, Butt F K, Tanveer M, Tahir M, Aslam I,
Idrees F and Safdar M 2014 ACS Appl. Mater. Interfaces 6 9550

Xie X M and Shen G Z 2015 Nanoscale 7 5046

Xu W, Chin A, Ye L, Ning C Z and Yu H B 2012 J. Appl. Phys. 111
104515

Guo N, Hu WD, Liao L, Yip S P, Ho J C, Miao J S, Zhang Z, Zou J,
Jiang T, Wu S W, Chen X S and Lu W 2014 Adv. Mater. 26 8203


https://doi.org/10.1002/adma.201603652
https://doi.org/10.1016/j.nanoen.2016.10.045
https://doi.org/10.1021/acs.nanolett.7b02178
https://doi.org/10.1021/acs.nanolett.7b02178
https://doi.org/10.1002/adma.201506062
https://doi.org/10.1002/adma.201506062
https://doi.org/10.1007/BF03353724
https://doi.org/10.1007/BF03353724
https://doi.org/10.1088/1674-1056/26/8/088101
https://doi.org/10.1364/OE.24.0A1336
https://doi.org/10.1126/science.1176706
https://doi.org/10.1002/adma.201506338
https://doi.org/10.1002/adma.201602867
https://doi.org/10.1002/adma.201103191
https://doi.org/10.7498/aps.61.052901
https://doi.org/10.7498/aps.61.052901
https://doi.org/10.1186/1556-276X-8-327
https://doi.org/10.1186/1556-276X-8-327
https://doi.org/10.1021/acs.nanolett.6b02860
https://doi.org/10.1021/acs.nanolett.6b03326
https://doi.org/10.1021/acs.nanolett.6b03326
https://doi.org/10.1007/s40820-015-0058-0
https://doi.org/10.1088/0268-1242/30/10/105033
https://doi.org/10.1021/nl403951f
https://doi.org/10.1021/nl403951f
https://doi.org/10.1007/s40820-014-0002-8
https://doi.org/10.1088/1674-1056/25/11/118106
https://doi.org/10.1007/s00339-016-0590-x
https://doi.org/10.1007/s00339-016-0590-x
https://doi.org/10.1007/BF02656016
https://doi.org/10.1007/BF02656016
https://doi.org/10.1038/srep19595
https://doi.org/10.1007/s11664-006-0206-x
https://doi.org/10.1016/S0921-5107(01)00978-3
https://doi.org/10.1063/1.96517
https://doi.org/10.1063/1.95659
https://doi.org/10.1063/1.95659
https://doi.org/10.1016/S0022-0248(01)00616-9
https://doi.org/10.1016/S0022-0248(01)00616-9
https://doi.org/10.1002/adma.201402945
https://doi.org/10.1063/1.1753975
https://doi.org/10.1016/j.nimb.2006.11.116
http://www.irgrid.ac.cn/handle/1471x/380895
http://www.irgrid.ac.cn/handle/1471x/380895
https://doi.org/10.1016/0022-0248(95)00274-X
https://doi.org/10.1021/nn500201g
https://doi.org/10.1021/nn500201g
https://doi.org/10.1021/acsnano.6b03458
https://doi.org/10.1021/acsnano.6b03458
https://doi.org/10.1088/0957-4484/27/50/505602
https://doi.org/10.1088/0957-4484/27/50/505602
https://doi.org/10.1021/am501933p
https://doi.org/10.1039/C5NR00410A
https://doi.org/10.1063/1.4720080
https://doi.org/10.1063/1.4720080
https://doi.org/10.1002/adma.201403664

	1. Introduction
	2. Experiments
	3. Result and discussion
	4. Conclusion and perspectives
	References

