SCIENTIFIC REPLIRTS

Hybrid graphene/cadmium-
free ZnSe/ZnS quantum dots
phototransistors for UV detection

Received: 27 October 2017 © Yi-Lin Sun?, Dan Xie!, Meng-Xing Sun?, Chang-Jiu Teng?, Liu Qian?, Ruo-Song Chen3,
Accepted: 6 March 2018 © LanXiang? & Tian-Ling Ren*
Published online: 23 March 2018
 Graphene-based optoelectronic devices have attracted much attention due to their broadband
. photon responsivity and fast response time. However, the performance of such graphene-based
photodetectors is greatly limited by weak light absorption and low responsivity induced by the gapless
: nature of graphene. Here, we achieved a high responsivity above 102 AW~ for Ultraviolet (UV) light in
. ahybrid structure based phototransistor, which consists of CVD-grown monolayer graphene and ZnSe/
: ZnS core/shell quantum dots. The photodetectors exhibit a selective photo responsivity for the UV light
. with the wavelength of 405 nm, confirming the main light absorption from QDs. The photo-generated
. charges have been found to transfer from QDs to graphene channel, leading to a gate-tunable photo
© responsivity with the maximum value obtained at V; about 15V. A recirculate 100 times behavior with
. agood stability of 21 days is demonstrated for our devices and another flexible graphene/QDs based
photoconductors have been found to be functional after 1000 bending cycles. Such UV photodetectors
. based on graphene decorated with cadmium-free ZnSe/ZnS quantum dots offer a new way to build
. environmental friendly optoelectronics.

. Graphene is a promosing 2D material for optoelectronics'~ and photodetection applications*® due to its broad
. absorption bandwidth, excellent carrier transport properties and good flexibility for stretchable and wearable
. electronics”®. However, a low absorption coefficient, which causes a barrier from photon to generated charge
. carriers, has limited the responsivity of graphene-based photodetectors to ~1072 AW 1. So far, great efforts on
. the achievement of high-performance graphene-based photodetectors have been focused on the development
© of graphene hybrid structure such as graphene/semiconductors'®!!, graphene/polymer'* or graphene/quantum
© dots”!. In such structures, the photoelectric conversion usually occurs in the as-metioned introduced parts
. working as light harvesting layers or the junction generated between graphene and other semiconductors. The
. photo-generated charge carriers could shift into the graphene under the build-in field and change the conduct-
: ance of graphene to achieve high responsivity. Among these hybrid structures, quantum dots stand out because
- of high-quality crystalline structures, solution processability, low cost, novel size-tunable wavelength and high
: responsivity!*!®. Especially, colloidal semiconducting quantum dots (QDs) synthesized by chemical methods,
: which are tiny crystals of semiconductors with particle size as small as a few or several tens of nanometers, have
. attracted much attention for the light-emitting diodes and photosensitive devices'®!”. For example, an infared
. photodetector based on CVD-grown graphene and PbS quantum dots has been proposed with ultrahigh respon-
: sivity of 107 AW~ at an incident power of about 30 pW's,

: Recently, great progress has been made in the synthesis of QDs, and a large number of high quality QDs, such
: as CdSe, CdTe and CdS QDs, have been successfully synthesized by organometallic and aqueous approaches®.
. However, their efficient emissions are mostly limited in the range from the green to near-infrared spectral win-
. dow due to a narrow band gap, which also limits the applications in short-wave band®. Another important factor,
. which hinders the further development of these QDs, is the toxicity of the Cd element. In contrast, the ZnSe QDs
. may be an excellent candidate for short-wave band appliactions due to their wide band gaps and low toxicity.
. Especially, when the surface of ZnSe is passivated by ZnS, a ZnSe/ZnS core shell quantum dot is formed and
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Figure 1. (a) Schematic illustration of a graphene FET decorated with ZnSe/ZnS quantum dots under the
illumination. (b) The SEM image of our device arrays and the inset is the SEM image of ZnSe/ZnS quantum
dots on the graphene films. (c) The TEM image of the ZnSe/ZnS quantum dots on the SiO, substrate with
different scale bars of 10 nm and 5 nm, respectively. (d) The UV spectrum of ZnSe/ZnS quantum dots with an
absorption peak at 400 nm (black line) and the PL spectrum of ZnSe/Zn$S quantum dots with an emission peak
at 406 nm (red line).

brings a remarkable enhancement of the optical properties compared with pristine ZnSe QDs*"*2. The ZnS shell
with higher energy can fill the detects on the surface of ZnSe QDs, resulting in a more perfect particle surface
and an improved quantum yield. In addition, this core/shell structure also reduces the recombination of semi-
conductor nanocrystals and improves the stablity of QDs?*?%. The synthesis methods for such ZnSe/ZnS core/
shell quantum dots have been widely discussed and this class of materials has been applied as emitting materials
in blue QD-LEDs due to their narrow emission peak and wavelength tunability?>-?”. However, their optoelectrical
properties and potential applications in photodectors are rarely reported.

In this work, ultraviolet (UV) photoconductors based on CVD-grown monolayer graphene decorated
with ZnSe/ZnS$ core/shell QDs by a simple solution method. The devices were fabricated on the bottom-gated
Si substrates and exhibited a high reponsivity up to 2 x 10° AW . The sensing mechanism is attributed to the
photo-generated charge carriers in the QDs and the tranfer process from QDs to graphene, which may directly
modulate the Fermi Level of graphene and the conductance of graphene channel. Besides, the ligand capping the
surface of QDs, which is used to gurantee the stablity of QDs, was found to have an impact on the photo respon-
sivity of QDs, especially the response/recovery time, due to its role in charger transfer process between graphene
and QDs.

Results

Characterization of graphene/QDs FETs. The scanning electron micrograph (SEM) image of this
device is shown in Fig. 1b, and the inset is the SEM image of a single ZnSe/ZnS QD in a spheroidal shape on the
graphene channel, indicating a core-shell structure of ZnSe/ZnS QDs. Another SEM image of several QDs on the
graphene channel with larger scanning rage reveals that the QDs were dispersed on the graphene (see Fig. S1 in
supporting information). Meanwhile, an AFM image of these QDs on the SiO, substrate also indicates a dispersed
arrangement (see Fig. S2 in supporting information). In order to furtherly characterize the size of ZnSe/ZnS QDs,
the transmission electron microscope (TEM) image of the QDs is shown in Fig. 1c¢ with the scale bar of 10nm and
5nm, respectively. To examine the core-shell structure of ZnSe/ZnS QDs, the TEM images of pure ZnSe QDs and
ZnSe/ZnS QDs are characterized, respectively (see Fig. S3a,b in the Supporting Information). The average sizes of
QDs are measured to be from 3.5 to 4.8 nm for pure ZnSe QDs and from 5.3 to 6.5 nm for ZnSe/ZnS QDs, respec-
tively, indicating a ZnS shell with thickness of ~1-2 nm. Moreover, the discrete spherical shape of ZnSe/ZnS
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Figure 2. (a) The transport characteristics of graphene-based FET before (blue line) and after (purple line) the

ZnSe/ZnS QDs spin-coated on the graphene surface. (b) Energy diagram of the heterojunction of graphene/
ZnSe/ZnS QDs and graphene an doping distribution diagram of the ZnSe/ZnS QDs on graphene channel. (c)
Photocurrent and (d) Responsivity of our devices as a function of the applied source-drain voltage (V) under
the different light irradiation and wavelength of 405 nm.

QDs originating from the isolation effect of ZnS shell also gives the evidence on the core-shell structure of ZnSe/
ZnS QDs. The optical properties of ZnSe/ZnS QDs have been investigated as shown in Fig. 1d. It can be found
that these QDs exhibit an emission peak at 406 nm from the PL spectrum and an obvious absorption peak at 400
nm from the UV spectrum, which demonstrates the ZnSe/ZnS QDs may have a great potential application in
optoelectronic devices, especially for UV ranges. Here, we mainly discuss the ZnSe/ZnS QDs/graphene hybrid
structure as UV detectors, so an UV light with the wavelength of 405 nm will be adopted to examine the optical
properties of our devices.

Electrical and optical properties of graphene/QDs FETs.  The transport properties (Ips- V; curves) of
GFET was measured in the absence of light and is shown in Fig. 2a. Before the ZnSe/ZnS QDs spin-coated on the
surface of graphene, the device shows a typical V-shaped transport curve, indicating that graphene exhibits an
ambipolar field effect property. Then the ZnSe/ZnS QDs toluene solution is spin-coated on the graphene channl
and the device is heated at 60 °C for 10 mins to evaporate the solvent for the further measurement. From Fig. 2a,
the transport properties of the GFET modified by the QDs have exhibited W-shaped curve with several Dirac-like
points. Besides, a obivous shift of Dirac point to a positive volgate indicates a p-type doping in graphene channel.
In our previous works?®?, W-shaped curves in transfer characteristics of GFETs have been widely observed and
the origin of such abnormal behaviors is due to the non-uniform doping in graphene channel induced by the
adsorbate from ambient environment or the charge defects during the device fabrication process. Recent studies
on II-VI group semiconductor nanostructures, such as ZnS and ZnSe NWs/NR, demonstrated that complemen-
tary doping, i.e., both n- and p-type doping, could be realized by carefully controlling the experimental condi-
tions**!. As shown in the SEM image (Fig. S1 in the supporting information), the QDs are scatterred across the
graphene channel and the holes in p-type ZnSe/ZnS QDs will transfer to the graphene film and induce a local
p-doping in graphene channel as shown in Fig. 2b. By this way, two kinds of junction structure may be built up
between graphene/QDs and n-type graphene/p-type graphene, which needs larger V, to get the charge neutral
point and achieves at least two Dirac points. Then, the optoelectrical properties of our device was measured
under the illumination with a wavelength of 405 nm. The photocurrent (I,) defined by Ip=1I; ;g — Ips, Where
Ipign is the drain current under the illumination and Ip, is the drain current in the dark, and the responsivity
to UV light was measured and calculated as a function of source-drain voltgate (Vpg) in Fig. 2¢,d, respectively.
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G¥/ GaN nanowires 357 25 — 40
ZnO nanoparticle/Gcore-shell 375 640 9ms 4
ZnO QDs-doped G/h-BN/GaN 325 1915 6s 2
rGOP/WO, nanodiscs 347 6.4 0.35s °
G/ZnO nanowires/G 365 23 3s 4
G/ZnSe/ZnS core/shell QDs 405 2000 0.52s This work

Table 1. Performance comparison for UV detection between graphene/ZnSe/ZnS QDs-based phototransistors
and the phototransistors based on other graphene hybrid structure. G = Graphene, ®rGO = reduced graphene
oxide.
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Figure 3. (a) Transfer characteristics of graphene-based phototransistors decorated with ZnSe/ZnS quantum
dots under different light irradiation with the wavelength of 405 nm. (b) Horizontal shift of transfer curves

as functions of light irradiation. (c) Schematic diagram for charge generation at a ZnSe/ZnS QDs/graphene
heterojunction under light illumination. (d) Responsivity as a function of light irradiation with V=10 V and
Viys=1V.

The photocurrent increases with the increase of Vg and the light irradiation. The responsivity increases with
the increase of Vg but decreases with the increase of the light irradiation, which is consistent with the reported
UV-detectors®’. The maximum responsivity is about 2 x 10> AW ! at V},3="5V and an incident power of about
5.54 mW/cm?, which is a higher value compared with other previously reported graphene-based UV-detectors
(Table 1). Moreover, the photocurrent response and corresponding responsivity under the different V; was also
investigated as shown in Fig. S4, demonstrating the gate-tunablity on the responsivity of such graphene/QDs.

To get insight into the sensing mechanism, the transfer characteristics of our phototransistor were charac-
terized under light illumination at the wavelength of 405 nm with different irradiation. The transfer curves shift
to higher positive gate voltage with the increase of light irradiation as shown in Fig. 3a. It is notable that with
the increase of light irradiation (E,), the conductance of graphene channel increases for V; < V., where the
hole carriers are dominant, but decreases for V> V.., where the electron carriers are dominant. In our work,
ZnSe/ZnS QDs play an importance role in the photosensitive behaviors of our device, where a maximum photo
responsivity is achieved at the wavelength of 405 nm compared with the results at the wavelength of 470 nm and
590 nm (see Fig. S5 in surporting information), which is consistent with results of absorption spectrum and PL
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Figure 4. (a) Photocurrent response of our devices to periodic light switching on and off. Vp,3=1V, V=20V,
wavelength: 405 nm, light irradiation: 19.4 mW/cm? (b) Normalized current response to on/off light
illumination for several cycles. Light switch on time: 1s; Light switch off time: 5s. Al, is the average maximum
current response. (c) The photocurrent as a function of switching cycles. (d) The plot of responsivity vs placing
time of our devices, which was placed in air as long as 21 days.

spectrum in Fig. 1. In order to furtherly confirm the origin of such photo response, the devices based on pure
graphene channel and pure ZnSe/ZnS QDs channel have been fabricated and their optoelectrcial properties have
been investigated as shown in Fig. S6 (see the surporting information). Figure S6a shows there is little change of
the current in dark and under the UV illumination for pure graphene-based FETS, indicating that the origin of
photo response is the light absorption of QDs. While, the poor channel conductance of pure QDs-based FETs also
demonstrates the important role of graphene as the photo-generated charge tranport channel (Fig. S6b). The shift
of the transfer curves (AVy,) is plotted as a function of light irradiation is shown in Fig. 3b, which demonstrates
the photosensitivity of our GFETs. The sensing mechanisom for our photodetector could be attributed to the
charge transfer process between ZnSe/ZnS QDs and graphene as shown in Fig. 3c. In graphene/ZnSe/ZnS QDs
hybrid structure, ZnSe/ZnS QDs act as the light absorption layer and contribute to the conversion from photo to
charge carriers. These photo-generated charge carriers would tranfer to the graphene due to the low energy levels
for electrons and holes in graphene. However, the rate for the tranferred charges, electrons and holes, is different,
which leads to a net holes or electrons in QDs. The origin of such difference for transfer process of electrons and
holes may be due to the existence of surface chemical groups, for example the ligand used to seperate the QDs,
which blocks the transmission of electrons to graphene channel****. From Fig. 3a, it can be inferred that under the
illumination, the graphene is obviously p-doped, indicating an accumulation of holes in it. In this way, the num-
ber of holes tranferred to graphene is more than that of electrons and a net electrons in QDs will conversly induce
more holes in graphene. A p-doped graphene may need a more positive gate voltage to achieve to the charge neu-
trality point and the accumulated holes in graphene would also result in a larger current through the channel. The
similar process has been reported in a graphene/PbS QDs photodetector by Zhenhua Sun et al.'® Fig. 2d shows
the responsivity of our device under the different light irradiation. It can be found that with the increase of light
irradiation, the responsivity decreases in a nonlinear behaviors, which is similar to the most reported works®*.

Time-dependent characteristics of graphene/QDs FETs.  The transient behaviors with the illumina-
tion on and off and the reliability of graphene/QDs hybrid structure was investigated as shown in Fig. 4. The pho-
tocurrent increases with the illumination time and decreases with the time when the illumination is removed. The
response time for the photocurrent increasing up to 80% of our device is found to 0.52s, which is relatively lower
but comparable for other reported graphene-based photodetectors'®*”*. Acordding to the conversion mecha-
nism from photo to charges talked above, the photo-generated charges need tranfer from QDs to graphene and
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Figure 5. (a) The photocurrent of photoconductors based on ZnSe/ZnS QDs and graphene fabricated on
the flexible PET substrate. Inset: a photograph of such flexible photoconductors; (b) The responsivity of such
flexible photoconductors after a 1000 times bending test.

collected to drain electrodes through the graphene channel. So, the response time includes the charges generation
time, charges tranfer time between QDs/graphene and the charges collection time. It is notable that the charger
generation occurs in QDs, which is a fast process due to a direct bandgap structure for ZnSe and the charge col-
lection is achieved through the graphene channel, which offers a high carrier mobility. In this case, the slower
response time may be due to the delay for the charge transfer from the QDs to graphene. The ligand capping the
surface of QDs may be the origin because the oleic acid, ligand used here, is a long chain polymer, leading to an
inefficient charger transmission. This issue may be solved by a ligand replacement technology by other short
chain polymers, which may minimize the interparticle spacing to promote carrier transport®. Considering the
complexity of ligand replacement technology, this improvement will be discussed in our future works. Figure 4b
shows a repeated drain-source current response under the on/off illumination and the response of our device
shows a similar trend after being switched one hundred times as shown in Fig. 4c. The stablity of our device is
also characterized as shown in Fig. 4d and the responsivity is found to be more than 10> AW ! after being put in
ambient for 21 days.

Flexible graphene/QDs photoconductors. Considering the flexibility of graphene and QDs, such
photoconductors could be fabricated on the flexible substrate as shown in the inset of Fig. 5a. CVD-grown
graphene was transferred on the PET substrate followed by a standard lithography process to form the metal
contact for photoconductors. Then, the ZnSe/ZnS solution was coated on the graphene-based photoconductor
by a spin-coating method. Figure 5a shows the photocurrent of flexible graphene/QDs photoconductors under
the illumination with the wavelength of 405 nm and the irradiation power of 19.4 mW/cm?. The photocurrent is
promoted with the increase of irradiation, indicating a strengthed absorption of UV light when the bias voltage
increases. The responsivity of flexible photoconductors was measured after a 1000 times bending test as shown
in Fig. 5b. The results demonstrate that our flexible photoconductors remain to be functional with a responsivity
about 100 AW ! after the bending test. In this case, our device based on graphene/QDs can be easily fabricated on
the flexible substrate and compatible with conventional CMOS technology to be pattern to smaller size, indicating
a great potential in future wearable electronics.

Conclusion

In conclusion, high responsivity UV photodetectors based on CVD-grown graphene decorated with ZnSe/ZnS$
core/shell quantum dots were realized by facile solution processing method. The ZnSe/Zn$S QDs afford the con-
version from photon to charges, which could be transferred from the QDs to graphene under the electric field of
heterojunction between graphene and QDs. The responsivity of such photodetectors could be effectively tuned
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by the gate voltage and increases with the decrease of light irradiation. The maximum value reaches as high as
2 x 10° AW ! at a light irradiation of 5.54 mW/cm? and Vj; of 15V. Such photodetectors are found to dynami-
cally response to periodic light switching on/off as many as 100 cycles and the response time of our devices is
calculated to be 0.52s, which is limited by the ligand covering the surface of QDs. The optimization of ligand
for QDs will be a crucial issue to further improve the response time of photodetectors. The responsivity of such
photodetectors remains to be above 10> AW ! after being placed in air for 21 days. Moreover, flexible graphene/
QDs hybrid photoconductors are realized and show an excellent flexible stability after 1000 times bending test,
which confirms great potential of such low dimensional materials in future wearable and stretchable electronics.

Method

Fabrication of graphene/QDs FETs. Figure 1a shows the schematic of field effect phototransistor with
graphene channel decorated with ZnSe/ZnS core/shell QDs dissolved in toluene (10 mg/ml, purchased from
Mesolight Inc.). The bottom-gated FET structure has been adopted here with a highly doped p-type silicon as
bottom electrodes and a 90 nm-thick SiO, gate dielectric by thermal oxidation process as bottom gate dielectrics.
Monolayer graphene grown by CVD method was transferred to the SiO, substrate by a PMMA-assist transfer
process to form the conducting channel. Two-step standard photolithography process was used to pattern the
graphene channel and the S/D electrodes deposited by Cr/Au (10 nm/50 nm) through electron beam evaporation
process. The ZnSe/ZnS quantum dots solution diluted to be 1mg/ml was spin-coated on the graphene surface and
dried on the hot plate. Flexible photoconductors were fabricated on the flexible PET substrate and fabrication
process was similar to that on SiO, substrate.

Characterization. SEM images were carried out on a Sirion-200 field-emission scanning electron micro-
scope (FEI). TEM images were collected on a Hitachi H-7650 electron microscope operated at 80 kV. Absorption
spectra were recorded on a Lambda 35 UV-vis spectrometer (Perkin Elmer). PL spectra were performed on a
FLSP920 fluorescence spectrometer (Edinburgh). The electrical performance of the phototransistors was studied
by using a B1500A Semiconductor Device Analyzer (Agilent Technologies) and Summit 11000 AP probe station
(CASCADE microtech) at room temperature. The monochromatic lights with different wavelengths were pro-
vided by CEL-LEDS35 LED illuminant (CEAULIGHT). In the bending test, the flexible samples were bended to
a radius of 7mm and bended up for 1000 times.

References
1. Bonaccorso, E, Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and optoelectronics. Nature Photon 4, 611-22 (2010).
2. Li, X. et al. Graphene-on-Silicon Schottky Junction Solar Cells. Advanced Materials 22, 2743-2748 (2010).
3. Li, X. & Zhu, H. The graphene-semiconductor Schottky junction. Phys. Today 69, 46-51 (2016).
4. Xia, E, Mueller, T., Lin, Y. M., Valdes-Garcia, A. & Avouris, P. Ultrafast graphene photodetector. Nature nanotechnology 4, 839-43
(2009).
5. Mueller, T., Xia, E & Avouris, P. Graphene photodetectors for high-speed optical communications. Nature Photonics 4, 297-301
(2010).
6. Chen, Z. et al. Synergistic Effects of Plasmonics and Electron Trapping in Graphene Short-Wave Infrared Photodetectors with
Ultrahigh Responsivity. ACS Nano 11, 430-437 (2017).
7. Bonaccorso, E, Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and optoelectronics. Nature photonics 4, 611-22 (2010).
8. Li, X. et al. Graphene and related two-dimensional materials: Structure-property relationships for electronics and optoelectronics.
Applied Physics Reviews 4, 021306 (2017).
9. Konstantatos, G. et al. Hybrid graphene-quantum dot phototransistors with ultrahigh gain. Nature nanotechnology 7, 363-8 (2012).
10. Zhang, W. et al. Ultrahigh-gain photodetectors based on atomically thin graphene-MoS2 heterostructures. Scientific reports 4, 3826
(2014).
11. Li, X. et al. High detectivity graphene-silicon heterojunction photodetector. Small 12, 595-601 (2016).
12. Bao, Q. et al. Graphene-polymer nanofiber membrane for ultrafast photonics. Advanced Functional Materials 20, 782-91 (2010).
13. Liu, C. H,, Chang, Y. C,, Norris, T. B. & Zhong, Z. Graphene photodetectors with ultra-broadband and high responsivity at room
temperature. Nature nanotechnology 9, 273-8 (2014).
14. Peng, Z. A. & Peng, X. Nearly monodisperse and shape-controlled CdSe nanocrystals via alternative routes: nucleation and growth.
Journal of the American Chemical Society 124, 3343-53 (2002).
15. Fitzmorris, B. C. et al. Optical Properties and Exciton Dynamics of Alloyed Core/Shell/Shell Cd1-x Zn x Se/ZnSe/ZnS Quantum
Dots. ACS applied materials & interfaces 5, 2893-900 (2013).
16. Mashford, B. S. et al. High-efficiency quantum-dot light-emitting devices with enhanced charge injection. Nature photonics 7,
407-12 (2013).
17. Yang, Y. et al. High-efficiency light-emitting devices based on quantum dots with tailored nanostructures. Nature Photonics 9, 259
(2015).
18. Sun, Z. et al. Infrared photodetectors based on CVD-grown graphene and PbS quantum dots with ultrahigh responsivity. Advanced
materials 24, 5878-83 (2012).
19. Fang, Z., Li, Y., Zhang, H., Zhong, X. & Zhu, L. Facile synthesis of highly luminescent UV-blue-emitting ZnSe/ZnS core/shell
nanocrystals in aqueous media. The Journal of Physical Chemistry C 113, 14145-50 (2009).
20. Dong, B., Cao, L., Su, G. & Liu, W. Facile synthesis of highly luminescent UV-blue emitting ZnSe/ZnS core/shell quantum dots by a
two-step method. Chemical Communications 46, 7331-3 (2010).
21. Song, K. K. & Lee, S. Highly luminescent (ZnSe) ZnS$ core-shell quantum dots for blue to UV emission: synthesis and
characterization. Current Applied Physics 1, 169-73 (2001).
22. Hwang, C. & Cho, I. Characterization of the ZnSe/ZnS core shell quantum dots synthesized at various temperature conditions and
the water soluble ZnSe/ZnS quantum dot. Bulletin-Korean Chemical Society 26, 1776 (2005).
23. Hines, M. A. & Guyot-Sionnest, P. Synthesis and characterization of strongly luminescing ZnS-capped CdSe nanocrystals. The
Journal of Physical Chemistry 100, 468-71 (1996).
24. Peng, X., Schlamp, M. C., Kadavanich, A. V. & Alivisatos, A. P. Epitaxial growth of highly luminescent CdSe/CdS core/shell
nanocrystals with photostability and electronic accessibility. Journal of the American Chemical Society 119, 7019-29 (1997).
25. Ippen, C. et al. ZnSe/ZnS quantum dots as emitting material in blue QD-LEDs with narrow emission peak and wavelength
tunability. Organic Electronics 15, 126-31 (2014).
26. Cooper, J. K, Gul, S,, Lindley, S. A., Yano, J. & Zhang, J. Z. Tunable Photoluminescent Core/Shell Cu+-Doped ZnSe/ZnS Quantum
Dots Codoped with Al3+-, Ga3+, or In3+-. ACS applied materials & interfaces 7, 10055-66 (2015).

SCIENTIFICREPORTS | (2018) 8:5107 | DOI:10.1038/s41598-018-23507-y 7



www.nature.com/scientificreports/

27. Ji, W. et al. High color purity ZnSe/ZnS core/shell quantum dot based blue light emitting diodes with an inverted device structure.
Applied Physics Letters 103, 053106 (2013).

28. Feng, T. et al. Back-gate graphene field-effect transistors with double conductance minima. Carbon 79, 363-8 (2014).

29. Zhang, C. et al. HfO, dielectric thickness dependence of electrical properties in graphene field effect transistors with double
conductance minima. Journal of Applied Physics 118, 144301 (2015).

30. Yu, Y. et al. High-gain visible-blind UV photodetectors based on chlorine-doped n-type ZnS nanoribbons with tunable
optoelectronic properties. Journal of Materials Chemistry 21, 12632-8 (2011).

31. Wang, L. et al. Tuning the p-type conductivity of ZnSe nanowires via silver doping for rectifying and photovoltaic device
applications. Journal of Materials Chemistry A 1, 1148-54 (2013).

32. Cheng, W, Tang, L., Xiang, J., Ji, R. & Zhao, ]. An extreme high-performance ultraviolet photovoltaic detector based on a ZnO
nanorods/phenanthrene heterojunction. RSC Advances 6, 12076-80 (2016).

33. Ip, A. et al. Hybrid Passivated Colloidal Quantum Dot Solids. Nature Nanotechnology 7, 577-82 (2012).

34. Chuang, C., Brown, P, Bulovic, V. & Bawendi, M. Improved Performance and Stability in Quantum Dot Solar Cells through Band
Alignment Engineering. Nature Materials 13,796-801 (2014).

35. Liu, C. H,, Chang, Y. C., Norris, T. B. & Zhong, Z. Graphene photodetectors with ultra-broadband and high responsivity at room
temperature. Nature nanotechnology 9, 273-8 (2014).

36. Qian, L. et al. A Solution-Processed High-Performance Phototransistor based on a Perovskite Composite with Chemically Modified
Graphenes. Advanced Materials 29, 1606175 (2017).

37. Chang, H. et al. A highly sensitive ultraviolet sensor based on a facile in situ solution-grown ZnO nanorod/graphene heterostructure.
Nanoscale 3, 258-64 (2011).

38. Zhang, Y. et al. Broadband high photoresponse from pure monolayer graphene photodetector. Nature communications 4, 1811
(2013).

39. Tang, J. et al. Colloidal-quantum-dot Photovoltaics Using Atomic-ligand Passivation. Nature Materials 10, 765-71 (2011).

40. Babichev, A. V. et al. GaN nanowire ultraviolet photodetector with a graphene transparent contact. Applied Physics Letters 103,
201103 (2013).

41. Shao, D, Yu, M., Sun, H., Hu, T. & Sawyer, S. High responsivity, fast ultraviolet photodetector fabricated from ZnO nanoparticle-graphene
core-shell structures. Nanoscale 5, 3664-3667 (2013).

42. Lu, Y., Wu, Z., Xu, W. & Lin, S. ZnO quantum dot-doped graphene/h-BN/GaN-heterostructure ultraviolet photodetector with
extremely high responsivity. Nanotechnology 27, 48LT03 (2016).

43. Shao, D., Yu, M., Lian, J. & Sawyer, S. An ultraviolet photodetector fabricated from WO3 nanodiscs/reduced graphene oxide
composite material. Nanotechnology 24, 295701 (2013).

44. Boruah, B. D., Mukherjee, A. & Misra, A. Sandwiched assembly of ZnO nanowires between graphene layers for a self-powered and
fast responsive ultraviolet photodetector. Nanotechnology 27, 095205 (2016).

Acknowledgements

The authors are grateful for the financial support from National Natural Science Foundation of China (Nos
51672154 and 51774191), the MoST (2016 YFA0200200) and Science and Technology Support Program of
Sichuan Province (2016]JZ0028).

Author Contributions

Y.-L.S. made and tested the graphene/QDs FET samples and drafted the manuscript. X.D. oversaw all research
phases, optimized the devices performance and revised the manuscript. M.-X.S., C.-].T., L.Q., and T.-L.R.
analyzed the test results and revised the manuscript. R.-S.C. and X.L. conducted the SEM measurement and
analyzed the results. All authors commented on the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23507-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:5107 | DOI:10.1038/541598-018-23507-y 8


http://dx.doi.org/10.1038/s41598-018-23507-y
http://creativecommons.org/licenses/by/4.0/

	Hybrid graphene/cadmium-free ZnSe/ZnS quantum dots phototransistors for UV detection

	Results

	Characterization of graphene/QDs FETs. 
	Electrical and optical properties of graphene/QDs FETs. 
	Time-dependent characteristics of graphene/QDs FETs. 
	Flexible graphene/QDs photoconductors. 

	Conclusion

	Method

	Fabrication of graphene/QDs FETs. 
	Characterization. 

	Acknowledgements

	Figure 1 (a) Schematic illustration of a graphene FET decorated with ZnSe/ZnS quantum dots under the illumination.
	Figure 2 (a) The transport characteristics of graphene-based FET before (blue line) and after (purple line) the ZnSe/ZnS QDs spin-coated on the graphene surface.
	Figure 3 (a) Transfer characteristics of graphene-based phototransistors decorated with ZnSe/ZnS quantum dots under different light irradiation with the wavelength of 405 nm.
	Figure 4 (a) Photocurrent response of our devices to periodic light switching on and off.
	Figure 5 (a) The photocurrent of photoconductors based on ZnSe/ZnS QDs and graphene fabricated on the flexible PET substrate.
	Table 1 Performance comparison for UV detection between graphene/ZnSe/ZnS QDs-based phototransistors and the phototransistors based on other graphene hybrid structure.




