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Graphene is considered to be a valuable material in the field of photodetection due to its ultra-high
electron mobility. However, its weak light absorption, short carrier lifetime and lack of gain mechanism
limit the light responsivity of graphene at the magnitude of mA W1 Herein, based on the oxidation
characteristics of eutectic gallium-indium (EGaln) alloy and the adoption of low-cost physical vapor
deposition methods, we develop nanoparticles with gradient changes in elements to solve the drawback
of common quantum dots of a narrow response band, fabricating a composite nanostructure of
suspended graphene and oxidized EGaln nanoparticles. The photodetector achieves wide-spectrum and
high-performance detection from ultraviolet to near-infrared, with a responsivity enhancement of three

Received 9th April 2021, order magnitude compared to that of pristine graphene. Then, the enhancement mechanism is analysed

Accepted 23rd May 2021 through structural characterization and control experiments, proving the dominant effect of oxidized
nanoparticles on improving the responsivity and response band. This paper expands the application of
EGaln in the field of photoelectric detection and offers new idea for constructing high-performance

quantun-dot based photodetectors.
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1. Introduction

Photodetectors have long been a focus of research due to their
widespread applications, including imaging, communication,
sensing, meteorological and environment observations.'® With
the continuous development of Moore’s law, the demand for
miniaturized and high-performance photodetectors is becoming
increasingly urgent. The emerging two-dimensional materials
from 2004 can meet this development demand due to their
propetties such as small size, controllable performance and easy
integration.® Among them, graphene has become the preferred
material to develop a new generation of photodetectors due to its
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ultra-high electron-hole mobility,”® rich and diverse physical

mechanisms,”'® and more mature preparation and transfer
methods."™™* However, graphene still has some undesirable
properties, such as its limited optical absorption and short
lifetime of photo-generated carriers;'>™"’ therefore, it cannot
fully meet the requirements of high-performance photodetectors.
In recent years, a variety of methods to increase the light
absorption of graphene have been developed, such as plasmon
of noble metals*®'® or resonance of microcavities;**** however, the
results are not obvious. The commonly adopted way is to composite
different kinds of semiconductor materials on graphene, and the
formed junction on the contact interface can greatly improve the
absorption and carrier transport. Among them, the composite
structure based on zero-dimensional quantum dots (QDs) has
received extensive attention due to its low cost, simple preparation,
and high efficiency.”>”> However, owing to the discrete energy
structure of quantum dots, its light absorption band is narrow,
which has limits for broadband detection. There has been research
to improve the response of quantum-dot-based devices.*”™’
However, the responsivity, response speed and response band
performance generally cannot be optimized at the same time,
and the complex structure design also increases the difficulty
of the fabrication and application; therefore, much effort is
still needed.

The energy band structure is an inherent property of a
material, and it generally depends on the chemical composition

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and crystal structure of the material. In recent years, there has
been research work on adjusting the energy band by adjusting
the chemical composition of alloy materials, such as ternary
alloys of InP and InAs, ternary alloys of ZnS and ZnSe, and alloys
of group III nitrides, which has shown good development in the
photoelectric field.”*>° Although the energy gap of the alloy
material can be adjusted, the band gap is also fixed after
preparation due to the fixed material composition. Further,
researchers have developed spatial bandgap engineering and
successfully prepared CdS,Se;_, nanowire structures with gradient
changes in chemical composition along the axis of nanowires, and
the photoelectric performance has been significantly improved.*'

For quantum dots, size changes and composition changes
can adjust the energy band gap.** In terms of size, the integration
of quantum dots with different sizes or different kinds of quantum
dots to achieve broad spectrum absorption is helpful and useful;
however, there are many limitations in their preparation and
application, such as aggregation of quantum dots and limited
energy-band changes. Inspired by work about composition
changes of nanowires, realizing the gradient change of a chemical
composition on a single quantum dot will greatly improve the
optoelectronic properties of quantum dots. However, because all
three dimensions of quantum dots are on the nanometer scale, it
is a challenging task to artificially synthesize quantum dots with
gradient changes in chemical composition. It would be a valuable
breakthrough to synthesize nanoparticles or quantum dots with
the above characteristics by using natural oxidation processes.

Eutectic gallium-indium (EGaln) alloy is an emerging liquid
metal material that has received widespread attention in recent
years and has been used in flexible circuits, electronic skin and
sensors.*>>*® Under ambient conditions, the surface of the alloy
will be oxidized into the semiconductor®” gallium oxide (Ga,03)
with a band gap of 4.8 eV, which is a material commonly used
for ultraviolet detection.*® Additionally, due to the barrier of the
surface oxide layer, the internal oxidation will decrease. Thus,
EGaln nanostructures with a gradient of chemical composition
from outside to inside can be naturally formed. Our previous
work®® based on EGaIn nanofilm confirmed its wide-band
absorption capacity. The existing results*® show that a small size
is more conducive to the formation of oxide film and enhances
its effects. For this reason, it is necessary to investigate EGaln
nanoparticles and their photoelectric enhancement of two-
dimensional materials.

Here, uniformly distributed EGaln nanoparticles (NPs) are
prepared on PMMA-assisted suspended graphene by an evaporation
method and a graphene-based composite photodetector is fabri-
cated. The naturally oxidizable property of EGaln is utilized. The
process of oxidation causes the oxygen content of the nanoparticles
to be distributed in a gradient from the outside to the inside,
causing the material composition of the particles to gradually
change from the outer large-bandgap semiconductor Ga,O; to the
inner metal EGaln. Benefiting from the broadband light absorption
of oxidized EGaln nanoparticles and the ultra-high mobility of
suspended graphene, the photodetector achieves a high responsivity
of about 5 A W' from ultraviolet to near-infrared light. On the
one hand, this research has described the preparation of new

© 2021 The Author(s). Published by the Royal Society of Chemistry
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high-performance photodetectors; on the other hand, it has
improved the shortcomings of quantum dot-based photodetectors
in the detection band and provided new ideas for the further
development of photoelectric devices.

2. Experimental

2.1 Preparation of EGaIn nanoparticles

Metal gallium and indium (99.999%, Shanghai Macklin Biochemical
Co., Ltd, China) with quantitative proportioning are physically
processed by heating, melting and natural cooling to prepare the
liquid EGaln alloy. The vacuum thermal evaporation method is
adopted to realize the preparation of EGaIn nanoparticles on the
substrate. The amount of evaporated mass decides the diameter and
density of the fabricated nanoparticles. In the experiment, liquid
EGaln with a mass of 50 mg is deposited on the graphene under a
vacuum of 3 x 107 Pa.

2.2 Preparation of the photodetector prototype device

The substrate is processed by depositing a 100 nm nitride layer
as an isolating layer on the silicon wafer. The narrow slit in the
substrate is etched using lithography and shaped into a
1.5 mm-long, 100 pm-wide rectangular slit. The 35 nm-thick
gold films are evaporated on the sides of the slit as electrodes.
The CVD-grown few-layer graphene was purchased from XF
NANO-Advanced Materials Supplier. The PMMA is spin-cast on
the graphene to realize the transfer of graphene onto the
Si/Si;N, substrate. The rectangular slit on the substrate results
in a section of suspended PMMA-assisted graphene. Then, liquid
EGaln with a mass of 50 mg is deposited on the suspended graphene
under a vacuum of 3 x 10~ Pa. The oxidization of the nanoparticles
is realized by placing them in an oxygen environment for 30 days.

2.3 Structural characteristics and testing of optoelectronic
properties

The morphology of the EGaln nanoparticles was characterized by
scanning electron microscopy (SEM) (S-5500, Hitachi). Auger elec-
tron spectroscopy (AES) (PHI-700, ULVAC-PHI) was used to char-
acterize the element distribution in depth. The high voltage of the
Ar" electron gun was 3 kV, and the energy resolution was 1%. The
incident angle was 30°, and the vacuum of the analysis chamber was
lower than 3.9 x 10~° Torr. The light source was provided by lasers
with wavelengths of 375 nm, 405 nm, 523 nm, 635 nm and 808 nm,
possessing spot diameters of 3.6 mm, 2.8 mm, 1.9 mm, 3.8 mm and
4.4 mm, respectively. Current-voltage (I-V) curves and photoelectric
responses of the fabricated device were measured by a Source-Meter
(Keithley 2400). Optical micrograph, Raman spectrum and micro-
area photoelectric response analyses were carried out with a
multifunctional and high resolution near-field optoelectronic
and spectroscopic imaging microscope (Alpha 300RAS, WITec).

3. Results and discussion

Suspended PMMA-assisted graphene was realized by transferring
it onto a Si/SizN, substrate with a 1.5 mm-long and 100 pm-wide
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rectangular slit, as shown in Fig. 1a. The dark area is the
suspended part, while the bright area is the supported part.
The uneven color on the film originates from many causes, such
as the insulating substrate and PMMA, which would have no
obvious effect on the following photo-electric measurements.
Then, the EGaln nanoparticles were evaporated onto the graphene
through the slit, as shown in Fig. 1b. The topography of the
nanoparticles deposited on suspended graphene can be seen in
Fig. 1c. The EGaln nanoparticles are relatively evenly distributed
on the graphene, and each particle has a good morphology, is
approximately spherical in structure, and is independent of the
other particles. The sizes of the nanoparticles are not uniform, and
the diameter is distributed between several nanometers and
tens of nanometers. The aggregation effect of wet-synthesized
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nanoparticles was avoided by adopting the low-cost evaporation
method, which facilitates research based on the multi-size integra-
tion effect of nanoparticles. The inset is a cross-section SEM image
of the prepared sample, showing that the nanoparticles are hemi-
spherical in structure on the graphene; this results from the
formation of an oxide layer on the surface of the nanoparticles,
which reduces the surface tension and forms better wettability with
the graphene surface.*" The topography is the same with the EGaln
nanoparticles on the supported graphene, as shown in Fig. S1
(ESIT), indicating that the suspension would not have an obvious
effect on the morphology of the nanoparticles. The red, blue and
pink squares (5 pm x 5 pm) shown in Fig. 1a and b are measuring
locations for Raman spectra, corresponding to supported graphene,
suspended graphene and suspended graphene composited with

suspended graphene with oxidized EGaln NPs
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Fig. 1 Characterization of oxidized EGaln nanoparticles on suspended graphene. (a) Microscope images of few-layer graphene suspended on Si/SisN4
substrate with a 100 pm-wide slit. (b) Microscope image of suspended graphene composited with oxidized EGaln nanoparticles. The 5 pm x 5 um
squares in the (a) and (b) are the measuring location for the Raman spectra. (c) The SEM image of oxidized EGaln nanoparticles on the suspended
graphene. The inset shows cross-section SEM images of EGaln on the graphene. (d) The Raman spectra for graphene on the Si/SizN4 substrate,
suspended graphene and suspended graphene with oxidized EGaln nanoparticles. (e) Schematic of the device structure. The laser can illuminate the

composite part through the slit from the bottom.
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EGaln nanoparticles, respectively. The Raman spectra are shown in
Fig. 1d in the same colors as the corresponding squares. For the red
spectral line in Fig. 1d, the characteristic peaks of graphene at
~1590 cm ' and ~2685 cm™ " are clearly seen, and the peak at
~1350 cm ™' is associated with graphene edges and sub-domain
boundaries.*” The peak at 520 cm™ ' comes from silicon, and the
peaks at 950-1000 cm™ " are due to the isolating layers of Si;N,
formed at different temperatures.*® For the Raman spectrum of
suspended graphene in the blue spectral line, the peaks have a
small red shift; this can be seen more clearly in the magnified
plot of the Raman peaks shown in Fig. S2 (ESIf), due to the
absence of graphene-substrate interactions.** When compositing
with oxidized EGaln nanoparticles, the Raman spectrum (see the
green spectral line) adds an envelope on the background, the peak
position is red-shifted, and the peak width has an increase, which
comes from the interaction between graphene and nanoparticles.
A schematic of the device structure is shown in Fig. 1e, and the
laser can illuminate the composite part through the slit from the
bottom.

Then, the oxidation of EGaln nanoparticles was explored.
Because the EGaln nanoparticles on suspended graphene cannot
be used for related characterization experiments, we used compo-
site samples of graphene and EGaln prepared on the substrate, as
shown in Fig. S1 (ESIt). From the above research, we already know
that the presence or absence of substrate has no significant effect
on the morphology of the indium gallium alloy. The AES char-
acterization in Fig. 2a exhibits the element distribution of the
nanoparticles from the outside to the inside. Only gallium and
oxygen are present on the surface of the particles, and indium is
distributed in the inner layer. With the layer-by-layer sputter of the
nanoparticles by high-energy ions, we found that the content of
indium and gallium remained basically unchanged, while the
oxygen content gradually decreased with the depth. There is only
a small amount of oxygen at a depth of 9 nm inside. The detailed
change of the elemental content can be seen in Fig. S3 (ESIT).
Compared with the bulk material, the EGaln nanoparticles
produced by our method can reach 9 nm in the thickness of
the oxide layer; this originates from the newly adopted method,
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which produces smaller nanoparticles and facilitates the deep
oxidization of absorbed oxygen on the surface. The Raman
spectrum shown in Fig. 2b obviously exhibits the characteristic
peaks of Ga,0;, indicating that oxidation does exist on the
nanoparticle and has a relatively large proportion in the whole
nanoparticle. Therefore, it can be determined that the particles
form a gradient distribution of oxygen from the outside to the
inside, the outer layer is dominated by Ga,O;, and the innermost
layer is still metal EGaln. Indium is more difficult to oxidize than
gallium,* and a segregated metal indium layer is formed under-
neath the oxide layer. The oxide layer with a thickness of approxi-
mately 10 nm occupies a considerably large proportion in the
whole nanoparticle, whose diameter is only a few nanometers or
tens of nanometers.

Next, a photodetector prototype device based on the composites
of suspended graphene and EGaln nanoparticles was fabricated
and the photoelectric responses were measured. The detailed
manufacturing process can be seen in Fig. S4 (ESIf). Graphene
acts as the only carrier transport channel, and its contact with the
gold electrode shows the linear current-voltage relationship and
indicates ohmic contact with the electrodes (Fig. 3a). The lasers
with wavelengths of 375 nm, 405 nm, 532 nm, 635 nm and 808 nm
illuminated the composite part of suspended graphene and
oxidized EGaln through the slit, and the photoelectric responses
were measured, as shown in Fig. 3b. When the device was
irradiated by a laser, the photocurrent increased rapidly from zero,
reached saturation, and then remained at a value. Under the
irradiation of 375 nm and 405 nm lasers, the saturation value of
the photocurrent decreased slowly with the irradiation time; this
originates from the photodesorption effect of graphene by the
short-wavelength laser, which weakens the P-doping of graphene
and slowly increases the resistance.’® The p-type doping of
suspended graphene comes from the adsorption of air molecules
and the PMMA on the surface. The decrease process can be
eliminated when the device is placed in a vacuum environment,
as shown in Fig. S5 (ESIT), which further proves that the decreasing
process is due to the photodesorption effect of graphene. When
the laser was removed, the photocurrent dropped rapidly and
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Fig. 2 Characterization of oxidized EGaln nanoparticles. (a) AES spectrum of EGaln nanoparticles at the surface and the depths of 3 nm, 6 nm and 9 nm.

The nanoparticles are sputtered by high-energy ions. (b) Raman spectrum
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of EGaln to reveal the oxidation of the nanoparticles.
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Fig. 3 The photoelectric responses of the device based on hybrid suspended graphene-oxidized EGaln nanoparticles. (a) Current—voltage plots of the
device with and without light. The illumination is provided by a 532 nm laser with a power of 2 pW. The inset is a schematic of the composite structure of
the suspended graphene and oxidized EGaln nanoparticles. (b) Photocurrent responses of the device under the illumination of 375 nm, 405 nm, 532 nm,
635 nm and 808 nm lasers. The corresponding illumination powers are 2 pW, 14 uW, 20 pW, 36 pW and 27 pW, respectively. The applied bias is 2 V.

returned to the original value. In multiple tests with light and no
light, the photocurrent of the device showed the same response,
nd the amplitude remained basically at the same value, indicating
that the device has good stability. Further, the same measure-
ments were carried out on another device, which showed similar
photoelectric responses, including amplitude and speed (Fig. S6,
ESIf). The device produced responses under illumination of
ultraviolet (375 nm), visible (405 nm, 532 nm and 635 nm) and
near-infrared (808 nm) light, achieving broadband and low-power
photodetection. More carriers can be produced at larger power,
and the photocurrent further increases with the increase of
laser power.

The dependences of the device photocurrent on laser power
under irradiation of the abovementioned lasers are presented
in Fig. 4a. In the logarithmic coordinate system, the photo-
current of the device increases linearly with the power. The
relationship can be described as:

PP =4 x P*

(1)

where I, is the photocurrent and P is the corresponding
effective laser power, which is irradiated on the hybrid
graphene-oxidized EGaln nanoparticles part through the slit.
The parameters o for different wavelengths are 0.65, 0.32, 0.28,
0.14 and 0.12, which increase with the increase of the photon
energy. Based on the measured photocurrent data, we calculated
the responsivity R:

o
R=— (2)

The dependence of R on laser power is shown in Fig. 4b. The
value of the responsivity decreases linearly with the increase of
power in the logarithmic scale, and the highest responsivity can
be obtained on the lowest power. For 375 nm, 405 nm, 532 nm,
635 nm and 808 nm lasers, the observed largest responsivities are
5AW YL 36 AW, 33AW Y, 3AW!and 2.1 AW,
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respectively, which are far greater than the responsivity achieved
by graphene itself. Compared with the light response of pure
PMMA-assisted suspended graphene and pure oxidized EGaln
nanofilm (Fig. S7, ESIt), the enhancements of the device in
responsivity and response speed come from the composite
oxidized nanoparticles, which absorb incident light, contribute
photo-generated carriers, and transmit them through the ultra-fast
graphene channel to generate photocurrent. Next, we calculated the
external quantum efficiency (EQE) using the following equation:

I e he
EQE = — < — g
Q P el el

(3)
where R is the responsivity, 4 is the Planck constant, ¢ is the light
speed, 4 is the light wavelength and e is the electronic charge. As
shown in Fig. 4c, at all wavelengths, the external quantum
efficiencies are all larger than 1, indicating that the device has
a gain mechanism. Similar to the change of responsivity, the
EQE gradually decreases as the wavelength increases due to the
difference in light absorption. The conductive gain can be
characterized by the ratio of the carrier lifetime (Tjifetime) and
the carrier transit time (Tyansit)- The transit time is small
because of the high mobility of graphene. The carrier time is
determined from the temporal response of the photocurrent,
as shown in Fig. 4d. The rising and decreasing times were
determined from the transient responses based on the times at
which the 90% increase and decrease of the original photo-
current are observed, respectively. A time constant of about 3 ms
was obtained, which is at least one order of magnitude faster
than that of generally reported hybrid graphene-quantum dot
photodetectors.>*>” The detectivity was also measured and
calculated, and its value was about 3.8 x 10° cm Hz'? W™,
To study the response mechanism of the device, we further
investigated the photo-response by changing the illumination.
As shown in Fig. 5a, the 405 nm laser was used to illuminate the
device from the top and the back, respectively, and the polarities

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00318f

Open Access Article. Published on 25 May 2021. Downloaded on 2/10/2026 7:55:11 PM.

View Article Online

Paper Materials Advances
a) b)
or . —=—375 nm
. < e = —-—ggg nm
8 =3 —h— nm
g = //A % 1l S T essmm
i —_ v - —— 808 nm
B B £
o] o ==
£ 5 —— 2 01} S
g 8 1 375 nm oY . A\.
3 S —e— 405 nm % \
© o —4—532 nm O
o T —v—635nm |
= —+—808 nm 0.01F
o 1 1 i) L 1 "
g 1 10 100 1000 0.1 10 100 1000
z Power (uW) d Power (uW)
5 C
g 1.4 ; 1
E 10 — 12k e o, 3Ms |
= Tl e PN
< =
g 8| = 1.0F | |
E _Q. [} L | |
Q — 0.8} [ . !
% Wwel % ’ : s | = rising
% 8 sg 06} ! s | * decreasing
= R 3] [ se !
o 4 . 3 o4t Ry
o] \ (@) o .. |
e 2L o £ 0.2} |
5 o VG &
_§ \. 00} f- m B | ‘w
8 O 1 1 1 1 1 ’ 1 1 (I8 L G
% 300 400 500 600 700 800 -2 0 2 4 6 8 10 12 14
by Wavelength(nm) Time (ms)
[}
g Fig. 4 (a) The relationship of photocurrent versus laser power for ultraviolet light (375 nm), visible light (405 nm, 532 nm and 635 nm) and near infrared
g light (808 nm). (b) The responsivity versus the laser power for five different lasers. (c) The relationship of external quantum efficiency (EQE) with
'_

wavelength. (d) The temporal response of the device.

a)z.o \

b)

1 = I ! xidized EGaln NPs
e < =P ARSUS M <C 1.6F A=532nm l'\.
2 4ol v=2v = : :
= T \.; 14| back light 1 I PMMA/Graphene
-— i - \ ‘olyle
c O | Light On e 1.2+ 30 0 50 mm
L 0.0 . )
= .unox1dlzed core = 1.0f
§-O.5 Top llgit)‘/ § sl
0-1.0 Z =
= | / O 06} |
o 45l —s—top light ol | 1
i /t tBack llght —e— back “ght 0.4 _— ././ 1 1 .\I
-2.0 foxidizgd shell , 2 ) ) i . i ) 1
-20-15-10 -5 0 5 10 15 20 25 30 -150 -100 -50 0 50 100 150 200

Fig. 5

Time (s)

Position (um)

(a) The comparison of photocurrent responses under the illumination of top light and back light. The power is 1 pW. (b) The spatially resolved

photocurrent responses of the device. The light source is 532 nm laser with a focused spot diameter of about 300 nm. The power is 2 pW.

and amplitudes of the corresponding light responses of the
devices were completely different. The photocurrent of the device
under the top light was basically the same as the response of pure
PMMA-assisted suspended graphene (Fig. S7, ESIt), indicating

© 2021 The Author(s). Published by the Royal Society of Chemistry

that the slow photodesorption process of graphene dominates
the generation of photocurrent. From the characterization in
Fig. 2, we know that the oxidation of nanoparticles only occurs
on the part exposed to the air. The part that contacts with
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graphene would still be metallic EGaln because it is completely
impermeable to all gases and liquids of graphene®” and because
of the isolation of PMMA. The unoxidized core cannot absorb
the light passing through the graphene film; therefore, its
contribution to the photocurrent is small. The back light can
be absorbed by the oxidized part of the nanoparticles due to its
semiconducting properties. The carriers generated by the rapid
photo-transition process form the photocurrent with the assis-
tance of the graphene channel. The differences in responses
prove that the oxide part is key to the generation of the photo-
electric response. Next, the spatially resolved photocurrent
response was measured with a focused laser beam (wavelength,
532 nm; spot size, ~300 nm), as shown in Fig. 5b. Different
from the previously reported graphene-based devices, where the
photoelectric response is mainly generated at the interface
between the graphene and metal contacts or in the vicinity of
the PN junction,® the photoelectric response of this device is
generated in the large area where graphene and nanoparticles
are composited, and the response amplitude of any position is
basically the same. In addition, when the laser irradiates the
substrate and the composite area, respectively, the differences
of the photocurrent amplitude can exclude the possible influence
of the substrate on the photocurrent, further confirming the
importance of the nanoparticles.

It has been proved that the oxidized EGaln accounts for the
enhancement of the opto-electric response. Therefore, it is
necessary to investigate the reasons why oxidized EGaln nano-
particles can achieve this enhancement in the broad waveband.
The absorption spectrum of oxidized EGaln nanoparticles is
shown in Fig. 6. With the increase of the evaporation mass from
20 mg to 120 mg, the absorption intensity becomes larger.
As the wavelength increases, the light absorption capacity
gradually decreases, and the absorption in ultraviolet is stronger
than that in the infrared band. On the one hand, the continuous
and slow change of the absorption line, instead of the clear
absorption edge, indicates that the energy band of the nanoparticles
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Fig. 6 The absorption of the oxidized EGaln nanoparticles on the glass
substrate.
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is not single and the waveband from ultraviolet to near infrared can
be covered. On the other band, when the evaporation mass is
153 mg, the strongest absorption occurs at approximately
240 nm. When the evaporation mass is reduced to 120 mg,
the strongest absorption position has a blue shift due to the
quantum effect in size. This result indicates that the multiple
sizes of the nanoparticles evaporated on the suspended gra-
phene are helpful for diversification of the energy bands.

According to the previous test and characterization results,
oxidized EGaln nanoparticles can avoid the defects of the narrow
absorption spectrum of general quantum dots and achieve broad-
band enhancement. We propose that the reasons may be as
follows. First, along with the gradient change of oxygen element
(from the outmost Ga,O; layer to the innermost liquid metal), the
energy band of the nanoparticles would change with the depth to
achieve a smooth transition of the energy band from a large band
gap (Ga,03) to a bandgap of zero (metal),*® which is similar to ZnO
nanostructures with changing oxygen content in the direction of
the axis.*® Thus, various energy levels can be formed on a single
nanoparticle. Second, the multi-size characteristics and related
quantum effects in size and sub-oxides can adjust the position of
the energy level and further increase the diversity of the energy
level. The above main two factors result in the broadband
absorption of nanoparticles. By compositing the graphene film,
the ultra-high channel endows the carrier with a short transit
time, achieving an enhancement in the photoelectric response
from ultraviolet to near-infrared light.

It can be seen that the photodetector prepared with oxidized
EGaln nanoparticles and graphene achieves obvious enhance-
ments in the responsivity, response time and response band.
The device also breaks the short response band of the general
quantum dot-based devices and has a simple structure and low
manufacturing cost. In addition, it has been proved that the
optoelectronic response of the device mainly comes from the
oxide layer of EGaln nanoparticles, and the method of increasing
the thickness of the oxide layer can be used to further improve the
performance. Importantly, the combination of element gradation
and nanoparticles can broaden the response band of the quantum
dot-based photodetector while obtaining a high response rate and
fast response speed, which was confirmed in this work.

4. Conclusions

In summary, oxidized EGaln was utilized to prepare nano-
particles on suspended graphene by a physical vapour deposition
method. The nanoparticles are oxidized in the air, and the oxygen
element forms a gradient distribution from outside to inside on a
single nanoparticle. The suspended graphene compositing with
oxidized EGaln nanoparticles achieves great improvement in
responsivity, response waveband and response speed due to the
wide strong absorption of nanoparticles and great gain of the
graphene channel. The responsivity is increased to about
several A W' for a broad spectrum from ultraviolet to near-
infrared light, while the response speed is 3 ms. This research
reports a preliminary attempt toward the preparation and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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application of nanoparticles with gradient changes in elements
and provides new ideas for the development of quantum dot-
based optoelectronic devices.
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