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visible photodetector based on
vertical (In,Ga)N nanowires grown by molecular
beam epitaxy†

Jianya Zhang,ab Min Zhou,ab Dongmin Wu,ab Lifeng Bian,ab Yukun Zhao, *a

Hua Qin,ab Wenxian Yang,a Yuanyuan Wu,a Zhiwei Xingab and Shulong Lu*ab

Due to the wide applications of blue and red photodetectors, dual-wavelength (blue/red) photodetectors

are promising for future markets. In this work, a dual-wavelength photodetector based on vertical (In,Ga)N

nanowires and graphene has been fabricated successfully. By using the transparent graphene, both blue and

red responses can be clearly detected. The rise time of response can reach 3.5 ms. Furthermore, the

underlying mechanism of double responses has also been analyzed. The main reason contributing to the

dual-wavelength response could be the different diameters of nanowires, leading to different In

components within (In,Ga)N sections.
1. Introduction

Due to the high data rate, enhanced security, energy efficiency
and less vulnerable to electromagnetic interference, visible light
communication (VLC) has attracted more and more atten-
tion.1–3 With the gradually increasing demands in wireless light
communication, some reports have demonstrated using
photoelectronic devices in VLC systems.4–8 On the other hand,
dual-wavelength photodetectors are benecial to increase the
accuracy by reducing false positive detection.9 In general, dual
detectors are needed for the detection of dual-wavelength
bands, which not only increase the manufacturing cost, but
also put forward high requirements for system assembly and
compatibility.9 Hence, a single light detector with dual-
wavelength response is necessary to solve above problems.
Besides reducing mine detection errors, dual-wavelength
photodetector can provide more solutions for imaging,
sensing, optical communication, ame monitoring and other
elds in the future.9–11 However, very few publications have been
reported about the research of dual-wavelength detection in
visible band.

(In,Ga)N is an ideal material for visible detectors because of
its direct and adjustable band gap (0.7–3.4 eV).12 At present,
GaN-based detectors are mostly based on thin lm and bulk
materials.2,13,14 Compared with thin lms or bulk materials,
-Bionics (SINANO), Chinese Academy of
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nanowires (NWs) have larger surface-to-volume ratio, which will
increase optical absorption and photogenerated carrier
density.15,16 However, very few detectors are based on vertical
nanowires, not to mention the corresponding dual-wavelength
photodetector.17 In our previous work, a UV detector based on
(Al,Ga)N nanowires only achieved a single response in the UV
range.18,19 Therefore, the research of (In,Ga)N dual-wavelength
detectors is promising but still faces great challenges.

In this work, we fabricated a dual-wavelength detector based
on (In,Ga)N/GaN nanowires. The maximum responsivities at
dual ranges are both over 20 mA W�1. Graphene was utilized as
a current collecting layer for the good transparency and
conductivity. The underlying mechanism contributing to the
double responses has been studied systematically.
2. Experimental section
2.1 Preparation of (In,Ga)N nanowires

Prior to the molecular beam epitaxy (MBE, Vecco G20) growth,
the Si (111) substrates in the growth chamber should be heated
up to about 900 �C for 15 min to eliminate native oxides by
observing the 7 � 7 reconstruction. Initially, a �3.0 nm buffer
layer of AlN was grown. Subsequently, GaN nanowires were
grown with a Ga ux of �2.0 � 10�8 torr for about 2 hours. The
substrate temperature is set to be 770 �C. The deposited GaN
initially forms into islands which act as a material collector and
a seed for the nanowires.18 Aer the growth of GaN section, the
(In,Ga)N section was grown for 60 min with a growth rate of
�2.0 nm min�1. For a better In incorporation, the substrate
temperature was decreased from 770 �C to 650 �C with an In/Ga
ux ratio of �3.7. When starting and nishing growing the
(In,Ga)N segment, the shutters of In and Ga cells were opened
and closed simultaneously controlled by the soware. Finally,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a thin GaN cap was grown for 30 min with a growth rate of �1.7
nm min�1. To increase the nanowire uniformity, samples were
rotated with a rate of 120� s�1 during the growth process.
2.2 Fabrication of photodetector

To fabricate the photodetectors, a �200 nm-thick SiO2 lm was
deposited on the top of nanowires as an insulating layer by
means of inductively coupled plasma chemical vapour deposi-
tion (ICPCVD). Then the SiO2 lm was selectively removed by
photolithography to expose some nanowires. Graphene was
used as a transparent current collecting layer on the top of
nanowires. The transfer of graphene was carried out by etching
the copper foil with the assistance of polymethyl methacrylate
(PMMA). The specic processes are shown in Fig. S1 (ESI†).
Finally, Ti/Pt/Au lm was deposited on the graphene surface as
an electrode. Aer that, Ti/Al (50/200 nm) lm was deposited on
the backside of the Si substrate by electron beam evaporation.
2.3 Characterization methods

To characterize the surface morphology and element distribu-
tion of nanowires, scanning electron microscopy (SEM, S-4800,
HITACHI) and scanning transmission electron microscopy
(STEM, Talos F200x, FEI) with a high-resolution energy disper-
sive X-ray (EDX) mapping were used. Focused ion beam (FIB,
Scios, FEI) was utilized to prepare the STEM samples. To make
Fig. 1 (a) and (b) Top-view and (c) side-view SEM images of vertical (In,Ga
(In,Ga)N nanowires.

© 2021 The Author(s). Published by the Royal Society of Chemistry
nanowires more stable during the FIB preparation process, the
carbon layer covered by electron beam assisted deposition is
thicker (�200 nm) than normal (�50 nm).20 More details can be
found in ref. 20.

The current–voltage (I–V) and transient responses charac-
teristics of the (In,Ga)N photodetectors were measured by the
probe station (Agilent B1500A). The detection time accuracy of
the instrument is set to be 2 ms. Relay switch was used to adjust
the on/off time of lighting LED, and the time step of lighting
switch is 1 s. The spectral response measurement was employed
by a self-constructed photoelectric measurement system mainly
consisting of an optical chopper, a xenon lamp (ABET Tech-
nologies) and a power supply.

3. Result and discussion
3.1 SEM and STEM analyses of (In,Ga)N nanowires

From the top-view and side-view SEM images in Fig. 1, the
nanowires are formed and distributed on the Si substrate with
good verticality. It is known that such self-assembled GaN
nanowires grow in the N-polar direction,21–23 which result in
negligible polarity variations between nanowires. The dense
nanowires have small blank space among nanowires, which are
benecial to solidify nanowires during the processes of fabri-
cating detector, such as photolithography and cleaning
processes. As shown in Fig. 1(d) and (e), vertical (In,Ga)N
)N nanowires. The high-resolution EDXmapping of (d) thick and (e) thin

RSC Adv., 2021, 11, 15632–15638 | 15633
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Fig. 2 (a) PL spectra of (In,Ga)N nanowires measured at 10 K and 295 K. (b) The optical image of photodetectors and the schematic diagram of
one detector.
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sections have been fabricated as designed. The lateral surface of
(In,Ga)N segment is wrapped by GaN section, forming a core–
shell structure. For the higher accuracy, we integrated the In/Ga
EDX intensities of an (In,Ga)N section instead of a linear
scanning. Compared the surface integrations within the green
dotted frames in Fig. 1(d) and (e), the In/Ga ratio of thick (In,Ga)
N section is larger than that of thin (In,Ga)N section. Therefore,
the In component of thick nanowires is expected to be higher
than that of the thin nanowire.

3.2 Optical properties of nanowires and photodetector
structure

As shown in Fig. 2(a), two photoluminescence (PL) peaks of
(In,Ga)N nanowires can be clearly measured at both 10 K and
295 K. The wavelength of excitation light used in PL test is
405 nm. Fig. 2(b) shows a schematic diagram of the detector
under the measurement of responsiveness. When testing
responsiveness, a bias of �2 V is applied to the detector.

By comparing those at 10 K and 295 K, the peaks remain
stable, which indicate that the epitaxial stresses have been
signicantly released in the nanowires. As peak 2 still exists at
10 K, which demonstrates that it comes from the (In,Ga)N
section, not the defects. According to physical properties with
Vegard's law,24 the band gap of InxGa1�xN is calculated by the
following equation:

Eg(InxGa1�xN) ¼ xEg(InN) + (1 � x)Eg(GaN) � bx(1 � x) (1)

where b is the bowing parameter of (In,Ga)N. According to the
published paper, b is selected as 1.43 eV,25 the band gap of InN
is 0.7 eV, GaN is 3.4 eV.12 From eqn (1), the In components of as-
grown (In,Ga)N nanowires at 295 K corresponding to the peak 1
(�485 nm) and peak 2 (�667 nm) in Fig. 2(a) are �22% and
�44%, respectively.

In addition, we use the ratio of the integral area of the PL
spectra at both 295 K and 10 K [eqn (2)] to calculate the internal
quantum efficiency (IQE, hIQE).

hIQE ¼
Ð 800
450

f ðl295 KÞdlÐ 800
450

f ðl10 KÞdl
(2)
15634 | RSC Adv., 2021, 11, 15632–15638
f(l295 K) and f(l10 K) represent the PL curves at 295 K and 10 K,
respectively. The IQE and external quantum efficiency (EQE) of
(In,Ga)N devices should increase rapidly and then decrease with
the increase of current density, which normally regarded as
“Efficiency droop”.26,27 To simplify the calculation, the current
density corresponding to maximum EQE or IQE is set as 5 A
cm�2.26 It is assumed that each electron can excite a photon,
which means an electron corresponds to a photon. Therefore,
the light power (P) of the excitation source (PL laser) corre-
sponding to the current density (5 A cm�2) for maximum EQE or
IQE can be calculated by the following equations.

M ¼ Q

e
¼ j � S � t

e
(3)

P ¼ M
0 � E ¼

�
M � S

0

S

��
h
c

l

�
(4)

Q is the amount of charge passing through an area of S (1 cm2)
per unit time (1 s), j is the current density, e is the electron
charge, M is the number of electrons. E is the energy of a single
photon. h is the Planck constant. c is the speed of light. l is the
wavelength of the laser source. The spot area of laser on the
sample (S0) was about 0.005 cm2. By calculation, the power of
the laser source (P) is about 77 mW. The practical incident laser
power in our experiment (�14 mW) is much less than 77 mW. It
is pretty difficult to obtain such maximum IQE because of the
lack of high-power laser. By simulating the PL data from 450 nm
to 800 nm based on eqn (2), the IQE is �38%. Therefore, the
actual maximum IQE should be higher than 38%.

Fig. 3 shows the Raman spectra of as-grown nanowires and
graphene detected by an excitation wavelength of 532 nm. D
peak (�1347 cm�1) is used to represent defects, and G peak
(�1585 cm�1) is caused by the plane vibration of the sp2 hybrid
carbon atom.18 The quality of graphene is characterized by the
ratio of the peak value of G and the peak value of D (IG/ID). For
sp2 hybrid carbon materials, 2D peak (�2699 cm�1) is
produced by two phonons resonance, corresponding to the
coupling of two opposite wave vector photons at Brillouin
boundary. Fig. 3 proves that the D, G and 2D peaks come from
the graphene, not the nanowires. Hence, graphene exists when
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of (a) the as-grown nanowires without graphene and (b) the graphene on the top of nanowires.

Fig. 4 (a) Current–voltage characteristics of detector measured in dark and 450 nm/620 nm illuminations. (b) Spectral response of the detector
at the bias of �2 V.
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the device fabrication completed. Moreover, the ratio of peak
intensity (I2D/IG) reects the number of graphene layers. It has
been reported that the ratio of I2D/IG is less than 2, indicating
Fig. 5 (a) Transient blue response of the detector under 450 nm illumina
(c) Enlarged view of detector fall time under 450 nm illumination. (d) T
Enlarged view of detector rise time under 620 nm illumination. (f) Enlarg

© 2021 The Author(s). Published by the Royal Society of Chemistry
that graphene is multilayered.18 As shown in Fig. 3(b), this
ratio of the sample is 0.81, which means the graphene is
multilayered.
tion. (b) Enlarged view of detector rise time under 450 nm illumination.
ransient red response of the detector under 620 nm illumination. (e)
ed view of detector fall time under 620 nm illumination.
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Table 1 Comparison of response time between this work and some
state-of-the-art reports

Material

Response
wavelength
(nm) trise (ms) tfall (ms) Ref.

CsPbBr3NCs/graphene 532 7.9 125 30
0.1 M CdS 532 200 300 31
CH3NH3PbI3 895 220 160 32
Graphene/ZnO NWs/Si 480 1.48 � 10�6 1.27 � 10�6 33
Au/Bi2O2Se/Au 532 2.4 � 10�2 80 34
MoS2/GaN 405 1360 8310 35
(In,Ga)N/GaN NWs 450 3.5 14 This

work
620 8 27 This

work
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3.3 Performance and analysis of photodetector

The I–V characteristics of the detector were measured in dark
and 450 nm/620 nm illuminations. As shown in Fig. 4(a), the I–V
curves of the detector under no illumination are nonlinear,
which indicates that Schottky contact exists between graphene
and nanowires.28 In addition, the dark current of the detector is
about 44 mA at �3 V with an area of �0.46 mm2. The spectral
responsivity of the detector is dened as the photocurrent
output under the action of the unit incident radiation power.29

Fig. 4(b) clearly illustrates that the detector shows a dual-
wavelength response in the band of 400–700 nm. The
maximum responsivity of the rst response in the range of blue
band (467 nm) is around 26 mA W�1, while that of the second
response in the range of red band (637 nm) is about 25 mAW�1.
Fig. 6 Schematic diagrams of (In,Ga)N sections with (a) a thick diameter
under the (b) red illumination and (d) blue illumination.

15636 | RSC Adv., 2021, 11, 15632–15638
Fig. 5 shows the current switching characteristics of the
detector under 450 nm and 620 nm illumination at �2 V, cor-
responding to the rst and second responses, respectively. All
measurements have been conducted at room temperature in
air. The on/off current can increase/decrease in a certain period
of time with/without irradiations. The rise time (trise) is around
3.5 ms and 8 ms and the decay time (tfall) is about 14 ms and 27
ms at 450 nm and 620 nm illumination, respectively. In order to
better compare with some recent novel photodetectors, Table 1
lists the key parameters. By comparison, this work has the
advantages in the transient response.

The nanowire diameters can affect the In component, which
leads to the multiple-peaked distribution of PL spectra in
Fig. 2(a).36–38 To further study the underlying mechanism, Fig. 6
displays the kinetic processes such as atomic impinge,
adsorption, diffusion and desorption. Atomic ux (F) expresses
the atomic quantity per unit surface and unit time. Ftop,impinge

and Ftop,desorption mean the impinging ux and desorption loss
at top surface, respectively. Fside,impinge and Fside,desorption

represent the impinging ux and desorption loss at sidewall,
respectively. The comprehensive equations for effectively-
adsorbed atomic ux (Feff) are calculated under a steady state
growth as follows.39

Ftop,eff ¼ Ftop,impinge + Fdiff � Ftop,desorption (5)

Fside,eff ¼ Fside,impinge � Fdiff � Fside,desorption (6)

Fdiff is the diffusion ux from sidewall to top surface. As the
space among nanowires is quite small, few impinging uxes can
reach the nanowire sidewalls. That means a large amount of In,
Ga and N atoms are blocked because of the shadow effect of
and (c) a thin diameter. Energy band diagram of the (In,Ga)N nanowires

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanowires. Furthermore, as the nanowire height is much larger
than nanowire diameter (Fig. 1), Fside,eff should be much
smaller than Ftop,eff (Fside,eff � Ftop,eff) and Fdiff should be
minimal. Thus, Ftop,eff has a much more signicant effect on
the growth of (In,Ga)N section than Fside,eff. In addition, during
the MBE growth, Ftop,impinge can be regarded as a constant for
all nanowires. When the nanowire diameter becomes larger, In
atoms need more energy and time to diffuse or desorb from the
(In,Ga)N section, which may result in that more In atoms
remain. Therefore, Ftop,eff of In atoms could be larger for the
nanowires with larger diameters. The (In,Ga)N nanowire with
a larger diameter is more likely to have a higher In
component.40,41

Fig. 1 clearly illustrates that nanowires with both thick and
thin diameters can be grown by MBE simultaneously. In order
to further study the underlying mechanism of dual-wavelength
detector, we plot the schematic diagrams of structures and
energy bands in Fig. 6. At �2 V bias voltage, when red/blue light
irradiates on the photodetector (Fig. 2(b)), photons can reach
the nanowires through the graphene as it is thin enough and
transparent in the visible range. Then, photons can be absorbed
by (In,Ga)N sections. As illustrated in Fig. 6(b) and (d), electrons
in the valence band are excited to the conduction band,
producing electron–hole pairs. Therefore, when exposed to the
illuminations, nanowires with thick diameters play a key role in
the red response (Fig. 6(b)), while thin nanowires have the main
effect on blue response (Fig. 6(d)).

4. Conclusion

In summary, we demonstrate a dual-wavelength (red/blue)
photodetector based on vertical (In,Ga)N/GaN nanowires
grown by MBE. By using the transparent graphene, the
maximum responsivity of blue band is �26 mA W�1, while that
of the second response in the range of red band is�25 mAW�1.
Moreover, different nanowire diameters can lead to different In
components within (In,Ga)N sections, which could be the main
parameter contributing to the dual-wavelength response. It is
pretty promising for promoting the development of dual-
wavelength detectors based on vertical nanowires.
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