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ABSTRACT Graphene has unique and outstanding properties that make it a promising material for many
applications. It has triggered considerable research in fields including solar cells, photodetectors, electrodes,
and supercapacitors. Despite the favorable characteristics of devices using graphene have been widely
explored, issues such as low absorbance, complex processing, and limited device size remain. Hence,
we present large-area CdSe quantum dots (QDs)/reduced graphene oxide (rGO) films and corresponding
photodetectors through a cost-effective and simple spin-coating method. As light turns on, CdSe QDs are
excited and generate excess electron–hole pairs, leading to a significantly increased on/off current ratio
of 2195 at a low bias voltage of −1 V, compared to that of photodetectors without CdSe QDs. Decorating
the rGO film with CdSe QDs enables the wavefunction modulation and enhances the light harvesting.
Our proposed high-performance photodetector can be operated at a low voltage, which is beneficial for
applications in various green and low-power consumption devices.

INDEX TERMS Large area, low power, photodetectors, reduce graphene oxide, CdSe quantum dots.

I. INTRODUCTION
Recently, graphene or other two-dimensional (2D) materials
have attracted extensive interest owing to there outstand-
ing properties, including high mobility, high transmit-
tance, flexibility, and high conductivity [1]–[5]. Based on
these merits, graphene has been employed in numerous
applications, such as photodetectors [6]–[9], solar cells,
supercapacitors [10]–[12], electrodes [13]–[15], and transis-
tors [16]–[20]. However, monolayer graphene exhibits some
limitations such as zero bandgap, weak light absorption and
transfer-induced defects [21], [22]. To solve these problems,
graphene composites have been developed to modify proper-
ties of graphene [23]–[26]. For example, it has been demon-
strated that decorating graphene with metal nanoparticles
can improve its performance in optoelectronic devices by
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the surface plasmon resonance effect [27]–[30]. However,
the mass production of graphene-based devices is hindered
by the complex fabrication process as well as the limited
device size [31]–[33]. Moreover, the process of transferring
graphene onto other substrates would damage the graphene
film, resulting in the reduced performance. As a result, many
researchers have attempted to develop various 2D mate-
rials beyond graphene [34] or low-cost reduced graphene
oxide (rGO) films on a variety of substrates by a simple
spin-coating method [35]–[38]. The decoration of rGO with
metal nanoparticles [39]–[42], TiO2 [43]–[45], and other 2D
materials [46]–[49] has also been shown to further improve
the characteristics of rGO. For example, rGO combined with
Ag nanoparticles improves the performance of photodetec-
tors owing to the surface plasmon resonance effect [41], [50].

Compared with traditional plasmonic metal materials,
quantum dots (QDs) offer many advantages such as high
extinction coefficients, narrower photoluminescence (PL)
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FIGURE 1. (a) Fabrication process of rGO and CdSe QDs/rGO photodetectors. The rGO and CdSe QDs/rGO solutions were
spin-coated on SiO2/Si substrates and Ag electrodes were deposited by sputtering. (b) Solution of CdSe QDs (diameter: 2–4
nm). (c) Large-area CdSe QDs/rGO film deposited on the substrate by a spin coater. (d) Band energy diagram of the CdSe
QDs/rGO/Ag structure.

spectra, brighter fluorescence, and ability to modify the semi-
conductor bandgap [51], [52]. Additionally, QDs can emit
light at different wavelength by controlling the size, shape,
or type of QDs [53]–[58]. This characteristic provides an
effective way to tune the spectral response over a wide
range for optoelectronic device applications. Therefore, the
combination of rGO and QDs may potentially modify the
light absorption property and enhance the carrier transport.
However, little attention has been given to the development
of large-area CdSe QDs/rGO films and the effect of wave-
function modulation on the performance of photodetectors.

In this study, we propose a simple fabrication method
for large-area fluorescent CdSe QDs-tagged rGO photode-
tectors. CdSe QDs/rGO-based photodetectors are character-
ized under a low voltage bias to assess their performance
for low-power consumption applications. As CdSe QDs/rGO
films are under illumination, QDs are excited and the flu-
orescent phenomena is observed. This effect can modu-
late absorbance spectra, enhance the photocurrent and thus
improve the on/off ratio of CdSe QDs/rGO photodetectors.
These results demonstrate that CdSe QDs/rGO photodetec-
tors have great potential not only for low-power consumption,
but also open a possible strategy for broadband spectrum
modulation in various devices.

II. EXPERIMENTS
Fig. 1(a) shows the fabrication process and the schematic
structure of rGO and CdSe QDs/rGO photodetectors. First,
Si substrates were rinsed by deionized (DI) water, cleaned
in hydrochloric acid (HCl) and hydrofluoric acid (HF), and

then rinsed again in DI water to remove native oxides. Sub-
sequently, SiO2 (thickness: 300 nm) was deposited on Si
substrates by sputtering with a power of 20 W. The absorber
layer was constructed by rGO and CdSe QDs/rGO films. The
photograph of CdSe QDs solution is shown in Fig.1(b) and
the diameter of the CdSe QDs is approximately 2–4 nm. For
the fabrication of rGO, GO flakes were synthesized from
graphite by a modified Hummer’s method. The GO flakes
were then reduced to rGO; GO in DI water was sonicated in
a flask, then hydrobromic acid was added to the GO colloids.
The GO and hydrobromic acid mixture were refluxed in an
oil bath at 110 ◦C. To create the CdSe QDs/rGO composite,
CdSe QDs solution were added into rGO solution (CdSe
QDs: rGO = 1:2). Then 80 µL rGO and CdSe QDs/rGO
solutions were coated on 2 cm × 2 cm SiO2/Si substrates by
a spin coater at a spin rate of 3000 rpm for 30 s. Fig. 1(c)
presents a large-area CdSe QDs/rGO film on a SiO2/Si sub-
strate; the width and length of this film are around 2 cm.
Finally, 120 nm-thick silver electrodes were deposited on
rGO and CdSe QDs/rGO films by sputtering. Fig. 1(d) shows
the band energy diagram of the CdSe QDs/rGO/Ag structure.
When CdSe QDs absorb incident light, photo-excited elec-
trons transfer from the bottom of QDs conduction band to
or above rGO levels. In addition, holes and electrons from
electronic levels around rGO transfer to level below the top
of QDs valence band.

III. RESULTS AND DISCUSSION
Fig. 2(a) presents an SEM image of the rGO film on the
Si substrate. As can be seen from this figure, rGO flakes
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FIGURE 2. (a) SEM image and (b) large-scale SEM image of the rGO film
on the Si substrate. (c) Top and cross-sectional analysis of AFM images
for the rGO film. (d) TEM image of CdSe QDs with diameters of 2–4 nm.
Large-scale (e) TEM and (f) AFM images of the CdSe QDs/rGO film.

are successfully coated on the substrate. A large-scale SEM
image of rGO film is displayed in Fig. 2(b) which conforms
that the large-scale rGO film is continuous and uniformly
distributed. To investigate the roughness of the rGO film,
an AFM image was taken as shown in Fig. 2(c). Based on
the cross-sectional analysis of the AFM measured result,
the roughness of the rGO film is about 5-40 nm. The diameter
of CdSe QDs is 2-4 nm which can be evaluated by the TEM
image as shown in Fig. 2(d). The large-scale TEM and AFM
images are displayed in Fig. 2(e) and (f), respectively. They
reveal that CdSe QDs are uniformly dispersed on the rGO
film and nearly no overlapping between eachQDs. Therefore,
we may consider that CdSe QDs are one layered and the
thickness is about 2-4 nmwhich is the diameter of CdSe QDs.

Raman spectroscopy is an effective and non-invasive tool
for characterizing carbon-based materials. Here, we employ
Raman spectroscopy with 633 nm excitation to determine
the quality of rGO and CdSe QDs/rGO samples as shown
in Fig. 3(a). It can be observed that both samples exhibit
prominent G bands and D bands. For the rGO film, peaks
of G band and D band are presented at 1347 and 1580 cm−1,

FIGURE 3. (a) Raman spectra of rGO and CdSe QDs/rGO films with 633 nm
excitation. For the rGO film, peaks of G band and D band are present at
1347 and 1580 cm−1, respectively. For the CdSe QDs/rGO film, peaks of G
band and D band are displayed at 1336 and 1580 cm−1, respectively.
(b) PL spectra of rGO and CdSe QDs/rGO films excited by a 325 nm laser.
The CdSe QDs/rGO sample shows an obvious peak at around 540 nm.

respectively. For the CdSe QDs/rGO film, peaks of G band
and D band are displayed at 1336 and 1580 cm−1, respec-
tively. The D band is resulted from the breathing mode of the
K-point phonons of A1g symmetry involving phonons near
the K zone boundary, while the G band is ascribed to the
first order scattering of phonons with E2g symmetry of the
sp2 carbon atoms [58]. The remarkable blue shift of D band
in the CdSe QDs/rGO Raman spectrum could be attributed
to the strong chemical interaction between CdSe QDs and
rGO. The ID/IG intensity ratio for rGO and CdSe QDs/rGO
film is 1.03 and 1.04 respectively, suggesting a decrease in
the average size of the sp2 domains. To understand the energy
transfer mechanism from CdSe QDs to the rGO film, the PL
quenching effects were measured. The rGO film (acceptor)
acts as an effective quencher of excited CdSe QDs (donor),
that is to say, the rGO film can capture and store carriers from
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FIGURE 4. (a) Reflectance and (b) absorbance spectra of Si, SiO2/Si,
rGO/SiO2/Si, and CdSe QDs/rGO/SiO2/Si samples.

QDs. As shown in Fig. 3(b), the PL spectrum of the CdSe
QDs/rGO composite exhibits a strong peak at 540 nm when
the sample is excited by a 325 nm light source. This PL peak
is associated with a high rate of electron–hole pair recom-
bination. The stronger the PL intensity, the higher the rate
of recombination of photogenerated electron–hole pairs. The
full width at half maximum (FWHM) of the CdSe QDs/rGO
sample is about 50 nm, which is similar to the reported value
for CdSe QDs [59]. In contrast, the rGO film without QDs
has a flat PL curve, revealing that CdSe QDs on the rGO film
bestows it with obvious fluorescence.

The spectral response of photodetectors is related to
the light absorption and carrier transportation behavior.
To study the light harvesting abilities of CdSe QDs and
rGO films, the ultraviolet–visible (UV–vis) reflectance and
absorbance spectra of Si, SiO2/Si, rGO/SiO2/Si, and CdSe
QDs/rGO/SiO2/Si samples were measured. The reflectance
spectra in Fig. 4(a) reveal that when the rGOfilm is deposited,
a slight decrease in the reflectance value is observed ver-
sus Si and Si/SiO2 alone. Additionally, the CdSe QDs/rGO
composite film shows a modified and reduced reflectance
spectrum. Fig. 4(b) displays the absorbance spectra of Si,

FIGURE 5. I–V curves of (a) rGO and (b) CdSe QDs/rGO photodetectors
under 532 nm laser illumination with different light powers.

SiO2/Si, rGO/SiO2/Si, and CdSe QDs/rGO/SiO2/Si samples.
Compare absorption curves between rGO/SiO2/Si (green
line) and CdSe QDs/rGO/SiO2/Si (yellow line), the CdSe
QDs/rGO/SiO2/Si curve is shifted due to light interference in
the visible range. Meanwhile, the absorption value of CdSe
QDs/rGO/SiO2/Si is significantly enhanced at the wave-
length longer than 750 nm, demonstrating that CdSe QDs
can effectively emit light and then the rGO film absorbs
the emission in the given region. As a result, the improved
absorption of CdSe QDs/rGO may be ascribed to excited
carriers from CdSe QDs to the rGO film. Then the rGO film
serves as the absorber layer and provides a transfer pathway
of carriers.

In order to characterize the performance of rGO and CdSe
QDs/rGO photodetectors, current–voltage (I − V ) tests were
performed using a 532 nm laser, a function signal generator,
and a probe station. The I − V curves of photodetectors
were measured by sweeping the voltage from −5 to 0 V
under 0.14, 3.67, 7.33, 10.5, and 22.1 W cm−2 light density
illumination at room temperature. The I−V measured results
of rGO and CdSe QDs/rGO photodetectors are displayed
in Fig. 5(a) and (b), respectively. It is found that both rGO
and CdSe QDs/rGO photodetectors exhibit distinguishable
currents in light and dark conditions, indicating that the rGO
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film is well-distributed. In addition, the light current over dark
current ratio (Ion/Ioff) for the CdSe QDs/rGO photodetector
(Fig. 5(b)) is improved compared to that of the rGO photode-
tector at a voltage of −1 V (2195 vs. 12). As light turns on,
CdSe QDs are excited and electron-hole pairs are generated
in the conduction band and the valence band. Electrons on
the conduction band of CdSe QDs created by light excitation
are accepted by rGO flakes. At the same time, holes in the
valence band of a rGO film inject to the valence band of CdSe
QDs. This will improve the separation of excited electrons
and holes. Hence, the photocurrent of the CdSe QDs/rGO
photodetector is enhanced compared to that of the rGO pho-
todetector without excited carriers from QDs. Additionally,
from the absorbance spectra, it can be estimated that rGOfilm
absorbs only about 2∼10 % of incident light. After the deco-
ration of CdSe QDs, the absorption is significantly enhanced
especially in the 400∼500 nm and 700∼1100 nmwavelength
ranges. Therefore, the improved photocurrent of the CdSe
QDs/rGO photodetector may be caused by the excited carrier
from CdSe QDs.

Fig. 6(a) and (b) show the dependence of the absolute light
current on the light intensity for rGO and CdSe QDs/rGO
photodetectors operated at a bias of−5 V, respectively. As the
light intensity is increased, more photons are absorbed in
rGO and CdSe QDs/rGO layers, leading to an enhanced light
current. As explained in PL and I − V measured results,
excited carriers transfer from CdSe QDs to the rGO film.
Then carriers are captured in the rGO film and collected by
Ag electrodes. When the power of incident light is increased,
stored electrons in the rGO film is saturated, indicating that
the electron transfer process will slow down, and the sen-
sitivity will therefore be saturated. Moreover, to study the
concentration of CdSe QDs on the performance of photode-
tectors, we also mixed CdSe QDs and rGO solutions with
different ratio (CdSe QDs: rGO = 1:1). Then the mixed
solution was coated on SiO2/Si substrates by a spin coater
with the same spin rate of 3000 rpm for 30 seconds. CdSe
QDs: rGO = 1:2 sample exhibits higher photocurrent then
that of CdSe QDs: rGO= 1:1 sample as light intensity larger
than 7.33W/cm2. This is because CdSe QDs with proper
density display a fluorescence property and CdSe QDs also
don’t obstacle the absorption of rGO. Therefore, by control-
ling the density and the distribution of CdSe QDs and rGO,
the photocurrent could be obviously improved under low and
high light intensity illumination.

We measured the external quantum efficiency (EQE) of
rGO photodetectors with and without CdSe QDs to explore
the photoresponse of photodetectors. These photodetectors
were operated at a bias of −5 V under different wave-
length illumination ranging from 300 to 1100 nm. As shown
in Fig. 7, the EQE values of the CdSeQDs/rGO photodetector
are enhanced from 2% to 50% and 8% to 20% at wavelength
around 450 and 900 nm, respectively, compared to those of
the rGO photodetector. The enhancement may come from the
light harvesting effect by CdSe QDs. Additionally, as CdSe
QDs absorb the incident light, they create excess carriers at

FIGURE 6. Dependence of absolute light currents of (a) rGO and (b) CdSe
QDs/rGO photodetectors on different light intensities at an applied bias
of −5 V.

some wavelength regions and then carriers transfer to rGO,
giving rise to an improved EQE response. From the EQE
characteristics of rGO and CdSe QDs/rGO photodetectors,
it is also proved that both rGO and CdSe QDs/rGO pho-
todetectors have photoresponse in wide wavelength ranges,
revealing that these photodetectors can operate under UV,
visible and near infrared illumination.

Fig. 8(a) and (b) display the absolute light current–time
response of rGO and CdSe QDs/rGO photodetectors, respec-
tively. Both photodetectors are measured in the dark and
under illumination with a laser light source of 532 nm at a
bias of−5 V. As the laser source is turned on, the light current
increases sharply owing to the effective carrier generation
and transport. Moreover, rGO and CdSe QDs/rGO photode-
tectors exhibit reproducible light current over several on/off
cycles. The response time of a photodetector is estimated
as the time required to change the photocurrent intensity
from 10% to 90%. Based on a single-cycle on/off curve of
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FIGURE 7. EQE characteristics of rGO and CdSe QDs/rGO photodetectors.
The photoresponse of the CdSe QDs/rGO sample is enhanced due to
effective wavefunction modulation and light harvesting.

FIGURE 8. Light current–time response of (a) rGO photodetector and
(b) CdSe QDs/rGO photodetectors measured in the dark and under
illumination using a laser source of 532 nm at a fixed bias of −5 V.
Photocurrent as a function of time for the calculation of response time of
(c) rGO and (d) CdSe QDs/rGO photodetectors.

rGO and CdSe QDs/rGO photodetectors (Fig. 8(c) and (d)),
the response time of rGO and CdSe QDs/rGO photodetector
is about 2.6 and 2.4 s, respectively.

To evaluate the detection performance of constructed
devices under low-intensity illumination, the detectivity (D∗)
of rGO and CdSe QDs/rGO photodetectors is estimated by
the equation,

D∗ =

Jph
Llight

(2qJd )1/2

where Jph is the photocurrent, Llight is the incident light
intensity, q is the absolute value of electron charge

FIGURE 9. Detectivity as a function of voltage of rGO and CdSe QDs/rGO
photodetectors operated from 0 to −5 V under 0.14 W/cm2 illumination.

(1.6 × 10−19 Coulombs), and Jd is the dark current. Detec-
tivity as a function of voltage for rGO and CdSe QDs/rGO
photodetectors operated from 0 to −5 V under 0.14 W/cm2

illumination are displayed in Fig. 9. At −5 V bias, the calcu-
lated detectivities of rGO and CdSe QDs/rGO photodetectors
are 2.90 × 1010 Jones and 6.63 × 1010 Jones, respectively.
Even at −1 V low bias, the detectivity of CdSe QDs/rGO
photodetector is near 1010 Jones. Thus, we can confirm that
the CdSe QDs/rGO photodetector is well suited to detect
incident light in the condition of low light intensity and low
bias voltage. The enhanced detectivity of the CdSe QDs/rGO
photodetector is mainly due to its high photocurrent under
reverse bias. In addition, as for a fresh CdSe QDs/rGO film
and a film after being stored under ambient conditions for
1 week, the reflectance spectra, absorbance spectra, Raman
spectra and I − V curves behave nearly no reduction in the
intensities, revealing that our CdSe QDs/rGO film could be
robust under ambient environments.

IV. CONCLUSION
In conclusion, a large-area CdSe QDs/rGO film was created
by a simplified fabrication process, and the corresponding
photodetector was developed. The I − V curve of the CdSe
QDs/rGO photodetector demonstrates that the photodetector
has a superior Ion/Ioff ratio of 2195 even at a low bias of
−1V. In addition, the light current-light intensity and the light
current–time response reveal that the photodetector possesses
good reproducibility and reliable performance. Decorating
the rGO film with CdSe QDs improves characteristics of
the CdSe QDs/rGO photodetector owing to the enhanced
light harvesting and the effective wavefunction engineering.
In the future, we will further construct rGO photodetectors on
flexible substrates which may open a new way for wearable,
high-performance and low-power consumption graphene-
based products.

REFERENCES
[1] D. Akinwande, ‘‘A review on mechanics and mechanical properties of

2D materials—Graphene and beyond,’’ Extreme Mech. Lett., vol. 13,
pp. 42–77, May 2017.

95860 VOLUME 8, 2020



Y.-H. Shih et al.: Low-Power, Large-Area and High-Performance CdSe QDs/rGO Photodetectors

[2] X. Huang, Z. Yin, S. Wu, X. Qi, Q. He, Q. Zhang, Q. Yan, F. Boey,
and H. Zhang, ‘‘Graphene-based materials: Synthesis, characterization,
properties, and applications,’’ Small, vol. 7, no. 14, pp. 1876–1902, 2011.

[3] A. H. C. Neto, F. Guinea, N.M. R. Peres, K. S. Novoselov, and A. K. Geim,
‘‘The electronic properties of graphene,’’ Rev. Mod. Phys., vol. 81, no. 1,
p. 109, Jan. 2009.

[4] C. Soldano, A. Mahmood, and E. Dujardin, ‘‘Production, properties and
potential of graphene,’’ Carbon, vol. 48, no. 8, pp. 2127–2150, Jul. 2010.

[5] T. Fan, Z. Xie, W. Huang, Z. Li, and H. Zhang, ‘‘Two-dimensional non-
layered selenium nanoflakes: Facile fabrications and applications for self-
powered photo-detector,’’ Nanotechnology, vol. 30, no. 11, Mar. 2019,
Art. no. 114002.

[6] N. Guo, W. Hu, T. Jiang, F. Gong, W. Luo, W. Qiu, P. Wang, L. Liu,
S. Wu, L. Liao, X. Chen, and W. Lu, ‘‘High-quality infrared imaging with
graphene photodetectors at room temperature,’’ Nanoscale, vol. 8, no. 35,
pp. 16065–16072, 2016.

[7] A. V. Klekachev, A. Nourbakhsh, I. Asselberghs, A. L. Stesmans,
M. M. Heyns, and S. De Gendt, ‘‘Graphene transistors and photodetec-
tors,’’ Electrochem. Soc. Interface, vol. 22, no. 1, pp. 63–68, Jan. 2013.

[8] G. Li, W. Wang, Y. Wang, W. Yang, and L. Liu, ‘‘Single-pixel camera with
one graphene photodetector,’’ Opt. Express, vol. 24, no. 1, pp. 400–408,
2016.

[9] X. Yu, Z. Dong, Y. Liu, T. Liu, J. Tao, Y. Zeng, J. K. W. Yang, and Q. J.
Wang, ‘‘A high performance, visible to mid-infrared photodetector based
on graphene nanoribbons passivated with HfO(2),’’Nanoscale, vol. 8, no. 1,
pp. 327–332, 2016.

[10] Y. Yuan, H. Lv, Q. Xu, H. Liu, and Y. Wang, ‘‘A few-layered MoS2
nanosheets/nitrogen-doped graphene 3D aerogel as a high performance and
long-term stability supercapacitor electrode,’’ Nanoscale, vol. 11, no. 10,
pp. 4318–4327, 2019.

[11] Y. Shao, J. Li, Y. Li, H. Wang, Q. Zhang, and R. B. Kaner, ‘‘Flexible quasi-
solid-state planar micro-supercapacitor based on cellular graphene films,’’
Mater. Horiz., vol. 4, no. 6, pp. 1145–1150, 2017.

[12] Q. Ke and J. Wang, ‘‘Graphene-based materials for supercapacitor
electrodes—A review,’’ J.Materiomics, vol. 2, no. 1, pp. 37–54,Mar. 2016.

[13] A. S. Lin, P. Parashar, C.-C. Yang, W.-M. Huang, Y.-W. Huang, D.-R. Jian,
M.-H. Kao, S.-W. Chen, C.-H. Shen, J.-M. Shieh, and T. Y. Tseng, ‘‘High
mechanical strength thin HIT solar cells with graphene back contact,’’
IEEE Photon. J., vol. 9, no. 5, pp. 1–9, Oct. 2017.

[14] G. Zhu, Z. He, J. Chen, J. Zhao, X. Feng, Y. Ma, Q. Fan, L. Wang, and W.
Huang, ‘‘Highly conductive three-dimensional MnO2–carbon nanotube–
graphene–Ni hybrid foam as a binder-free supercapacitor electrode,’’
Nanoscale, vol. 6, no. 2, pp. 1079–1085, 2014.

[15] H.-A. Chen, H.-Y. Chen, W.-C. Chen, and S.-Y. Lin, ‘‘Type-II superlat-
tice infrared photodetectors with graphene transparent electrodes,’’ IEEE
Photon. Technol. Lett., vol. 29, no. 19, pp. 1691–1694, Oct. 1, 2017.

[16] M. T. Hwang, Z. Wang, J. Ping, D. K. Ban, Z. C. Shiah, L. Antonschmidt,
J. Lee, Y. Liu, A. G. Karkisaval, A. T. C. Johnson, C. Fan, G. Glinsky,
and R. Lal, ‘‘DNA nanotweezers and graphene transistor enable label-free
genotyping,’’ Adv. Mater., vol. 30, no. 34, Aug. 2018, Art. no. 1802440.

[17] E. Guerriero, P. Pedrinazzi, A. Mansouri, O. Habibpour, M. Winters,
N. Rorsman, A. Behnam, E. A. Carrion, A. Pesquera, A. Centeno,
A. Zurutuza, E. Pop, H. Zirath, and R. Sordan, ‘‘High-gain graphene
transistors with a thin AlO x top-gate oxide,’’ Sci. Rep., vol. 7, no. 1,
pp. 1–7, 2017.

[18] J.-D. Aguirre-Morales, S. Fregonese, C. Mukherjee, W. Wei, H. Happy,
C. Maneux, and T. Zimmer, ‘‘A large-signal monolayer graphene field-
effect transistor compact model for RF-circuit applications,’’ IEEE Trans.
Electron Devices, vol. 64, no. 10, pp. 4302–4309, Oct. 2017.

[19] Y. Meng, J. Zhao, X. Yang, C. Zhao, S. Qin, J. H. Cho, C. Zhang, Q. Sun,
and Z. L. Wang, ‘‘Mechanosensation-active matrix based on direct-contact
tribotronic planar graphene transistor array,’’ ACS Nano, vol. 12, no. 9,
pp. 9381–9389, Sep. 2018.

[20] J. P. Llinas et al., ‘‘Short-channel field-effect transistors with 9-atom and
13-atom wide graphene nanoribbons,’’ Nature Commun., vol. 8, no. 1,
pp. 1–6, Dec. 2017.

[21] J.-U. Lee, D. Yoon, H. Kim, S. W. Lee, and H. Cheong, ‘‘Thermal conduc-
tivity of suspended pristine graphene measured by Raman spectroscopy,’’
Phys. Rev. B, Condens. Matter, vol. 83, no. 8, Feb. 2011, Art. no. 081419.

[22] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth,
T. Stauber, N. M. R. Peres, A. K. Geim, ‘‘Fine structure constant defines
visual transparency of graphene,’’ Science, vol. 320, no. 5881, p. 1308,
2008.

[23] N. T. Khoa, S.W.Kim, D.-H. Yoo, S. Cho, E. J. Kim, and S. H. Hahn, ‘‘Fab-
rication of Au/Graphene-wrapped ZnO-Nanoparticle-Assembled hollow
spheres with effective photoinduced charge transfer for photocatalysis,’’
ACS Appl. Mater. Interfaces, vol. 7, no. 6, pp. 3524–3531, Feb. 2015.

[24] V. V. Mitrofanov, M. M. Slepchenkov, G. Zhang, and O. E. Glukhova,
‘‘Hybrid carbon nanotube-graphene monolayer films: Regularities
of structure, electronic and optical properties,’’ Carbon, vol. 115,
pp. 803–810, May 2017.

[25] L. Ye, F. Zeng, Y. Zhang, and Q. H. Liu, ‘‘Composite graphene-metal
microstructures for enhanced multiband absorption covering the entire
terahertz range,’’ Carbon, vol. 148, pp. 317–325, Jul. 2019.

[26] G. Zhou, Z. Li, Y. Ge, H. Zhang, and Z. Sun, ‘‘A self-encapsulated broad-
band phototransistor based on a hybrid of graphene and black phosphorus
nanosheets,’’ Nanosc. Adv., vol. 2, no. 3, pp. 1059–1065, 2020.

[27] Q. Ding, Y. Shi, M. Chen, H. Li, X. Yang, Y. Qu, W. Liang, and M. Sun,
‘‘Ultrafast dynamics of plasmon-exciton interaction of ag Nanowire-
graphene hybrids for surface catalytic reactions,’’ Sci. Rep., vol. 6, no. 1,
p. 32724, Dec. 2016.

[28] C. Jin, J.Wang, S. Zhang, F. Liu, K. Liao, andM.Han, ‘‘Photoelectrochem-
ical response of ag-graphene heterostructures: Insight into the localized
surface plasmon enhanced photocurrent generation process,’’ Nanotech-
nology, vol. 30, no. 49, Dec. 2019, Art. no. 495203.

[29] P. Mulpur, R. Podila, K. Lingam, S. K. Vemula, S. S. Ramamurthy,
V. Kamisetti, and A. M. Rao, ‘‘Amplification of surface plasmon coupled
emission from graphene-Ag hybrid films,’’ J. Phys. Chem. C, vol. 117,
no. 33, pp. 17205–17210, Aug. 2013.

[30] Z. Wu, Y. Lu, W. Xu, Y. Zhang, J. Li, and S. Lin, ‘‘Surface plas-
mon enhanced graphene/p-GaN heterostructure light-emitting-diode by ag
nano-particles,’’ Nano Energy, vol. 30, pp. 362–367, Dec. 2016.

[31] L. Lin, H. Peng, and Z. Liu, ‘‘Synthesis challenges for graphene industry,’’
Nature Mater., vol. 18, no. 6, pp. 520–524, Jun. 2019.

[32] D. Wei and J. Kivioja, ‘‘Graphene for energy solutions and its industrial-
ization,’’ Nanoscale, vol. 5, no. 21, pp. 10108–10126, 2013.

[33] C. Xing, W. Huang, Z. Xie, J. Zhao, D. Ma, T. Fan, W. Liang, Y. Ge,
B. Dong, J. Li, and H. Zhang, ‘‘Ultrasmall bismuth quantum dots:
Facile liquid-phase exfoliation, characterization, and application in high-
performance UV-Vis photodetector,’’ ACS Photon., vol. 5, pp. 621–629,
2018.

[34] A. Zurutuza and C. Marinelli, ‘‘Challenges and opportunities in graphene
commercialization,’’ Nature Nanotechnol., vol. 9, no. 10, pp. 730–734,
Oct. 2014.

[35] J. Du, X. Mu, Y. Zhao, Y. Zhang, S. Zhang, B. Huang, Y. Sheng,
Y. Xie, Z. Zhang, and E. Xie, ‘‘Layered coating of ultraflexible graphene-
based electrodes for high-performance in-plane quasi-solid-state micro-
supercapacitors,’’ Nanoscale, vol. 11, no. 30, pp. 14392–14399, 2019.

[36] G. Jeevitha, R. Abhinayaa, D. Mangalaraj, N. Ponpandian, P. Meena,
V.Mounasamy, and S.Madanagurusamy, ‘‘Porous reduced graphene oxide
(rGO)/WO3 nanocomposites for the enhanced detection of NH3 at room
temperature,’’ Nanosc. Adv., vol. 1, no. 5, pp. 1799–1811, 2019.

[37] W.-C. Lee, M.-L. Tsai, Y.-L. Chen, and W.-C. Tu, ‘‘Fabrication and anal-
ysis of chemically-derived Graphene/Pyramidal Si heterojunction solar
cells,’’ Sci. Rep., vol. 7, no. 1, p. 46478, Jun. 2017.

[38] S. Prabhu, L. Cindrella, O. Joong Kwon, and K. Mohanraju, ‘‘Superhy-
drophilic and self-cleaning rGO-TiO2 composite coatings for indoor and
outdoor photovoltaic applications,’’ Sol. Energy Mater. Sol. Cells, vol. 169,
pp. 304–312, Sep. 2017.

[39] F. Meng, H. Zheng, Y. Chang, Y. Zhao, M. Li, C. Wang, Y. Sun, and
J. Liu, ‘‘One-step synthesis of Au/SnO2/RGO nanocomposites and their
VOC sensing properties,’’ IEEE Trans. Nanotechnol., vol. 17, no. 2,
pp. 212–219, Mar. 2018.

[40] W.-C. Tu, C.-Y. Huang, C.-W. Fang, M.-Y. Lin, W.-C. Lee, X.-S. Liu,
and W.-Y. Uen, ‘‘Efficiency enhancement of pyramidal Si solar cells
with reduced graphene oxide hybrid electrodes,’’ J. Phys. D, Appl. Phys.,
vol. 49, no. 49, 2016, Art. no. 49LT02.

[41] W.-C. Tu, X.-S. Liu, S.-L. Chen, M.-Y. Lin, W.-Y. Uen, Y.-C. Chen, and
Y.-C. Chao, ‘‘White-light photosensors based on ag nanoparticle-reduced
graphene oxide hybrid materials,’’ Micromachines, vol. 9, no. 12, p. 655,
Dec. 2018.

[42] B. Xing, W. Zhu, X. Zheng, Y. Zhu, Q. Wei, and D. Wu, ‘‘Electrochemi-
luminescence immunosensor based on quenching effect of SiO2@PDA
on SnO2/rGO/Au NPs-luminol for insulin detection,’’ Sens. Actuators B,
Chem., vol. 265, pp. 403–411, Jul. 2018.

VOLUME 8, 2020 95861



Y.-H. Shih et al.: Low-Power, Large-Area and High-Performance CdSe QDs/rGO Photodetectors

[43] K. Lv, S. Fang, L. Si, Y. Xia, W. Ho, and M. Li, ‘‘Fabrication of TiO2
nanorod assembly grafted rGO (rGO@TiO2 -NR) hybridized flake-like
photocatalyst,’’ Appl. Surf. Sci., vol. 391, pp. 218–227, Jan. 2017.

[44] A. Tolosana-Moranchel, J. A. Casas, A. Bahamonde, L. Pascual, L. I. Gra-
none, J. Schneider, R. Dillert, and D.W. Bahnemann, ‘‘Nature and photore-
activity of TiO2-rGO nanocomposites in aqueous suspensions under UV–A
irradiation,’’ Appl. Catal. B, Environ., vol. 241, pp. 375–384, Feb. 2019.

[45] H. Yu, P. Xiao, J. Tian, F. Wang, and J. Yu, ‘‘Phenylamine-functionalized
rGO/TiO2 photocatalysts: Spatially separated adsorption sites and tunable
photocatalytic selectivity,’’ ACS Appl. Mater. Interfaces, vol. 8, no. 43,
pp. 29470–29477, Nov. 2016.

[46] M. Cheng, Z. Wu, G. Liu, L. Zhao, Y. Gao, B. Zhang, F. Liu, X. Yan,
X. Liang, P. Sun, and G. Lu, ‘‘Highly sensitive sensors based on quasi-
2D rGO/SnS2 hybrid for rapid detection of NO2 gas,’’ Sens. Actuators B,
Chem., vol. 291, pp. 216–225, Jul. 2019.

[47] V. Paolucci, S. M. Emamjomeh, L. Ottaviano, and C. Cantalini, ‘‘Near
room temperature light-activatedWS2-decorated rGO as NO2 gas sensor,’’
Sensors, vol. 19, no. 11, p. 2617, Jun. 2019.

[48] K. Ramakrishnan, C. Nithya, and R. Karvembu, ‘‘Heterostructure of
two different 2D materials based on MoS2 nanoflowers@rGO: An elec-
trode material for sodium-ion capacitors,’’ Nanosc. Adv., vol. 1, no. 1,
pp. 334–341, 2019.

[49] D.-Q. Zhang, T.-T. Liu, J.-C. Shu, S. Liang, X.-X. Wang, J.-Y. Cheng,
H. Wang, and M.-S. Cao, ‘‘Self-assembly construction of WS2-rGO archi-
tecture with green EMI shielding,’’ ACS Appl. Mater. Interfaces, vol. 11,
no. 30, pp. 26807–26816, 2019.

[50] P. Joshna, S. R. Gollu, P. M. P. Raj, B. V. V. S. N. P. Rao, P. Sahatiya, and
S. Kundu, ‘‘Plasmonic ag nanoparticles arbitrated enhanced photodetec-
tion in p-NiO/n-rGO heterojunction for future self-powered UV photode-
tectors,’’ Nanotechnology, vol. 30, no. 36, Sep. 2019, Art. no. 365201.

[51] S.-H. Hu, Y.-W. Chen, W.-T. Hung, I.-W. Chen, and S.-Y. Chen,
‘‘Quantum-Dot-Tagged reduced graphene oxide nanocomposites for bright
fluorescence bioimaging and photothermal therapy monitored in situ,’’
Adv. Mater., vol. 24, no. 13, pp. 1748–1754, Apr. 2012.

[52] K. D. Patel, R. K. Singh, and H.-W. Kim, ‘‘Carbon-based nanomaterials
as an emerging platform for theranostics,’’ Mater. Horizons, vol. 6, no. 3,
pp. 434–469, 2019.

[53] R. Das, R. Bandyopadhyay, and P. Pramanik, ‘‘Carbon quantum dots from
natural resource: A review,’’ Mater. Today Chem., vol. 8, pp. 96–109,
Jun. 2018.

[54] P. Joyce, T. J. Krzyzewski, G. R. Bell, T. S. Jones, S. Malik, D. Childs,
and R. Murray, ‘‘Effect of growth rate on the size, composition, and optical
properties of InAs/GaAs quantum dots grown bymolecular-beam epitaxy,’’
Phys. Rev. B, Condens. Matter, vol. 62, no. 16, 2000, Art. no. 10891.

[55] V. Biju, T. Itoh, A. Anas, A. Sujith, and M. Ishikawa, ‘‘Semiconduc-
tor quantum dots and metal nanoparticles: Syntheses, optical proper-
ties, and biological applications,’’ Anal. Bioanal. Chem., vol. 391, no. 7,
pp. 2469–2495, Aug. 2008.

[56] R. Das, N. Dhar, A. Bandyopadhyay, and D. Jana, ‘‘Size dependent mag-
netic and optical properties in diamond shaped graphene quantum dots: A
DFT study,’’ J. Phys. Chem. Solids, vol. 99, pp. 34–42, Dec. 2016.

[57] S.-H. Choi, ‘‘Unique properties of graphene quantum dots and their appli-
cations in photonic/electronic devices,’’ J. Phys. D, Appl. Phys., vol. 50,
no. 10, Mar. 2017, Art. no. 103002.

[58] B. Wang, S. Zhong, Y. Ge, H. Wang, X. Luo, and H. Zhang, ‘‘Present
advances and perspectives of broadband photo-detectors based on emerg-
ing 2D-xenes beyond graphene,’’ Nano Res., vol. 13, no. 4, pp. 891–918,
Apr. 2020.

[59] P. Jain, S. Das, B. Chakma, and P. Goswami, ‘‘Aptamer-graphene oxide
for highly sensitive dual electrochemical detection of plasmodium lactate
dehydrogenase,’’ Anal. Biochem., vol. 514, pp. 32–37, Dec. 2016.

YI-HSIANG SHIH is currently pursuing the
degree with National Cheng Kung University,
Taiwan. His research interests include optoelec-
tronic devices, two-dimensional materials, and
nanostructure design.

YOU-LING CHEN received the B.S. and
M.S. degrees in electronic engineering from
Chung Yuan Christian University, Taiwan,
in 2016 and 2018, respectively. Her research inter-
ests include photodetectors, quantum technolo-
gies, and two-dimensional materials.

JUI-HSIN TAN received the B.S. degree in elec-
tronic engineering from Chung Yuan Christian
University, Taiwan, in 2019. She is currently pur-
suing the M.S. degree in electronic engineering.
Her research interests include fabrication of pho-
tovoltaic devices, design of nanostructures, and
treatment of two-dimensional materials.

SHENG HSIUNG CHANG received the Ph.D.
degree from the Department of Electrical Engi-
neering, National Central University, Taiwan,
in 2008. In March 2018, he joined the Fac-
ulty of the Department of Physics, Chung Yuan
Christian University, as an Associate Professor.
His current research interests include interfa-
cial engineering of perovskite solar cells, device
physics of solar cells, nano-plasmonic structures
for energy conversion and bio-sensing applica-

tions, and time-resolved spectroscopic techniques.

WU-YIH UEN received the Ph.D. degree in elec-
tronic engineering from The University of Tokyo,
in 1993. In the following year, he joined the
Department of Electronic Engineering, Chung
YuanChristian University, Taiwan, as anAssociate
Professor and became a Full Professor, in 2007.
He has been engaged in research on the epitax-
ial growth of compound semiconductors, since
1990. He has over 25 years of research experience
in III–V, III-nitride, and II-oxide compound semi-

conductors covering the fields of material characterizations, optoelectronic
devices, and epitaxial techniques, such as LPE, MOCVD, and CVD. In par-
ticular, he has focused on the fabrication of lattice-mismatched compound
semiconductor films on silicon substrate that can be expected for high-
efficiency, low-cost, and eco-friendly device applications. His research inter-
ests include the growth of polycrystal CuCl (with the band gap analogous to
GaN and ZnO) by chemical bath deposition. His current research group is
devoted to preparing the graphene film directly on Ge-on-Si virtual substrate
for the next-generation high-performance MOSFETs.

95862 VOLUME 8, 2020



Y.-H. Shih et al.: Low-Power, Large-Area and High-Performance CdSe QDs/rGO Photodetectors

SHIH-LUN CHEN (Member, IEEE) received the
B.S., M.S., and Ph.D. degrees from National
Cheng Kung University, Tainan, Taiwan, in 2002,
2004, and 2011, respectively, all in electrical engi-
neering. He was an Assistant Professor and an
Associate Professor with the Department of Elec-
tronic Engineering, Chung Yuan Christian Uni-
versity, Taiwan, from 2011 to 2014, and 2014 to
2017, respectively, where he has been a Professor,
since 2017. His current research interests include

detector and VLSI chip design, image processing, wireless body sensor
networks, the Internet of Things, wearable devices, data compression, fuzzy
logic control, bio-medical signal processing, and reconfigurable architecture.
He was a recipient of the Outstanding Teaching Award from Chung Yuan
Christian University, in 2014 and 2019.

MING-YI LIN (Member, IEEE) received the B.S.
and M.S. degrees in electrical engineering from
National Chung Hsing University, in 2005 and
2007, respectively, and the Ph.D. degree from
the Graduate Institute of Photonics and Opto-
electronics (GIPO), National Taiwan University,
in 2014. After that, he entered the Graduate
Institute of Electro-Optical Engineering, National
Taiwan University, as an Assistant Researcher.
He worked as a Postdoctoral Researcher and

focused on OPVs and nano-photonic devices in the Research Center for
Applied Sciences at Academia Sinica, from 2014 to 2015. He later became an
Assistant Professor with the Department of Electronic Engineering, Chung
Yuan Christian University, in August 2015. He joined the faculty with the
Department of Electrical Engineering, National United University, in 2017,
where he became anAssociate Professor, in 2019. Hismain research interests
include optical-electronic devices, nano-structure fabrication, and optics
design, which include organic light emitting materials, diffractive optics,
projection display technology, and optical-electronics.

YU-CHENG CHEN (Member, IEEE) received
the B.S. degree in optics from National Central
University, Taiwan, in 2010, the M.S. degree in
optoelectronics from National Taiwan University
(NTU), Taiwan, in 2012, and the Ph.D. degree
in biomedical engineering from the University of
Michigan, Ann Arbor, in 2017. From 2012 to
2015, he worked as a Research Scientist with the
Molecular Imaging Center, NTU-Hospital, Taipei.
He has worked as a Postdoctoral Fellow with the

University of Michigan, until July 2018. He is currently a Nanyang Assistant
Professor with Nanyang Technology University, Singapore. Since 2012,
he has already coauthored more than 40 scientific journals/proceedings,
where many of his research were widely reported by media and news world-
wide. His research interests include optofluidics, biolasers, nanophotonics,
ultrafast biophotonics, biosensors, and medical imaging.

WEI-CHEN TU (Member, IEEE) received the
B.S. degree in electrical engineering fromNational
Cheng Kung University, Taiwan, in 2005, the M.S.
degree in electronics engineering from National
Tsing Hua University, Taiwan, in 2007, and the
Ph.D. degree in electronics engineering from
National Taiwan University, Taiwan, in 2012. She
is currently an Assistant Professor of electrical
engineering with National Cheng Kung Univer-
sity. Her research interests include the design of

micro- or nanostructures, fabrication of detectors and solar cells, treatment
of low-dimensional materials, and application of quantum technologies.

VOLUME 8, 2020 95863


