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Graphene/nitrogen-functionalized graphene
quantum dot hybrid broadband photodetectors
with a buffer layer of boron nitride nanosheets+

Hiroyuki Tetsuka,* Akihiro Nagoya and Shin-ichi Tamura

A high performance hybrid broadband photodetector with graphene/nitrogen-functionalized graphene
quantum dots (NGQDs@GFET) is developed using boron nitride nanosheets (BN-NSs) as a buffer layer
to facilitate the separation and transport of photoexcited carriers from the NGQD absorber. The
NGQDs@GFET photodetector with the buffer layer of BN-NSs exhibits enhanced photoresponsivity and
detectivity in the deep ultraviolet region of ca. 2.3 x 10° AW™ and ca. 5.5 x 10'® Jones without the
application of a backgate voltage. The high level of photoresponsivity persists into the near-infrared
region (ca. 3.4 X 102 AWt and 8.0 x 10° Jones). In addition, application in flexible photodetectors is
demonstrated by the construction of a structure on a polyethylene terephthalate (PET) substrate. We
further show the feasibility of using our flexible photodetectors towards the practical application of
infrared photoreflectors. Together with the potential application of flexible photodetectors and infrared
photoreflectors, the proposed hybrid photodetectors have potential for use in future graphene-based

Www.rsc.org/nanoscale optoelectronic devices.

Introduction

Graphene has drawn considerable attention due to its out-
standing electrical and optical properties. In particular, the
broadband absorption of graphene covers the entire ultraviolet
range to the far-infrared and its high carrier mobility that
reaches 60000 cm® V™' s™' makes it a promising candidate
material for broadband photodetectors." However, the photo-
responsivity of graphene photodetectors has been confined to
a few milliamps per watt because of the gapless nature of
graphene and low light absorption (za = 2.3%), which prevents
efficient photocarrier separation or accumulation.*™

There have been several approaches to enhance the per-
formance of graphene by either the integration of graphene
with plasmonic nanostructures®” or microcavities,>® or by
utilizing heterostructures of double-layer graphene'® and
crumpled graphene,'" which can enhance the light-graphene
interaction and improve the photoresponsivity. However, the
photoresponsivity is limited to less than 0.1 A W™, and the
complicated fabrication processes and high manufacturing
costs make it difficult for graphene to be put to practical use.
An excellent alternative approach is to combine graphene with
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a highly photon-absorbing material. High photoresponsivity
and photoconductive gain of up to ca. 10" AW " and ca. 10°
electrons per photon have been reported for hybrid sensitized
graphene photodetectors using colloidal PbS or ZnO quantum
dots (QDs) as light-absorbing media.”*® On the other hand,
graphene quantum dots (GQDs), nanometer-sized fragments
of graphene, are of great interest as light-absorbing media
because their strong confinement and edge effects produce
exceptional optical absorption and fluorescence properties.
The combination of two-dimensional (2D) materials and GQDs
has a unique band alignment which favors selective transfer of
photogenerated carriers from GQDs to 2D materials. A photo-
responsivity exceeding 10" A W' at the ultraviolet (UV) wave-
length was observed in graphene/GQD hybrid photo-
detectors.’®'” The photodetectors based on the hybrid of
MoS, and GQDs have also been reported to provide a high
photoresponsivity of 10* A W™" at the visible wavelength.'®
Recently, the broadband photodetection range from UV to
near infrared wavelengths was demonstrated for photo-
detectors consisting of multi-layer GQDs sandwiched between
graphene sheets, but their photoresponsivity was limited to
0.2-0.5 AW "' We also recently produced an ultrahigh photo-
conductivity gain photodetector that utilizes a hybrid consist-
ing of graphene and nitrogen-functionalized graphene
quantum dots (NGQDs).>® The high gain in photoconductivity
was a consequence of strong light absorption and long-lived
photogenerated carriers in the NGQDs. In addition to strong
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light absorption, NGQDs have bandgap tunability that covers a
range of absorption from deep-ultraviolet to infrared,"** and
can thus be extended to exploit broadband photodetection
with high photoresponsivity for graphene-based hybrid
photodetectors.

One solution that can be used to boost the performance of
graphene-based hybrid photodetectors is to control the band
discontinuity of the graphene and the photo-absorbing media
by insertion of a buffer layer. Here, we report on the perform-
ance of a graphene/NGQD hybrid broadband photodetector
with boron nitride nanosheets (BN-NSs) as a buffer layer.
Diaminonaphthalene-functionalized graphene quantum dots
(DAN-GQDs) with a small bandgap of ca. 1.3 eV were employed
for the NGQD layer to enable broadband light detection.
Insertion of the BN-NS layer is intended to prevent the recom-
bination of photoexcited carriers at the interface with the
graphene/NGQD layer and facilitate the transport of photo-
generated electrons from the NGQD layer to graphene, through
the vacancy states of BN-NSs formed in the bandgap near the
lowest unoccupied molecular orbital (LUMO) levels of the
DAN-GQDs. A much faster response time and high photo-
responsivity are expected as a result. Application of the
graphene/DAN-GQDs with BN-NSs as a buffer layer
(DAN-GQDs/BN-NSs@GFET) is demonstrated in a flexible
photodetector by the fabrication of the structure on a poly-
ethylene terephthalate (PET) substrate. The feasibility of using
our flexible photodetectors towards the practical application of
infrared photoreflectors is also shown.

DAN-GQDs

View Article Online
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Experimental
Materials
Graphite nanoparticles (GNPs; <50 nm, SkySpring

Nanomaterials, Inc.) were used as a precursor for the prepa-
ration of the DAN-GQDs. BN-NSs (ethanol/water dispersion)
were obtained from Graphene Laboratories, Inc. 2,3-
Diaminonaphthalene (DAN) was obtained from Tokyo
Chemical Industry Co., Ltd. N,N-Dimethylformamide (DMF) as
a solvent, and sulfuric acid and nitric acid as oxidizing agents
were obtained from Wako Pure Chemical Industries.

Synthesis of DAN-GQDs

DAN-GQDs were prepared by a hydrothermal reaction using
DAN, as shown in Fig. 1a. During the reaction process, phena-
zine and benzoimidazole skeletons were introduced into the
graphene lattice by nucleophilic substitution of the double
-NH, in DAN with the hydroxyl groups of oxidized GQDs
(0-GQDs). A typical procedure for the preparation of
DAN-GQDs is given as follows. 5 mL of 0-GQDs were dispersed
in water (ca. 1 mg mL™") and mixed with 2.5 mg of DAN. The
0-GQDs were obtained by refluxing GQDs delaminated from
GNPs in a 2: 1 solution of concentrated H,SO, and HNOj;. The
mixture was ultrasonicated for 30 min and then transferred to
a poly(tetrafluoroethylene) (Teflon)-lined autoclave (45 mL
capacity) where it was heated to 180 °C for 12 h. After cooling
to room temperature, the suspension was dialyzed and
centrifuged at 13400 rpm for 30 min. The precipitates were
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(a) Schematic representation of a DAN-GQD/BN-NS@GFET hybrid photodetector. (b) Schematic of the energy level alignment for the photo-

doping effect under illumination. Only the photoexcited electrons in the DAN-GQDs were transferred to the graphene layer through the vacancy
states formed in the bandgap of BN-NSs, and the recombination of the photoexcited carriers at the interface of graphene/DAN-GQDs was sup-
pressed. (c) Cathodeluminescence spectrum of the BN-NSs. A broad emission peak is distributed from 260 nm to 500 nm, which respectively
locates at 292 nm (4.2 eV), 320 nm (3.8 eV), 356 nm (3.4 eV) and 410 nm (3.0 eV). This characteristic peak may originate from B vacancies and
residual C or O impuirities. (d) UV-vis-NIR absorption spectra of graphene and the DAN-GQD/BN-NS/graphene film on PET substrates. The broken

line represents the DNA-GQD solution.

19678 | Nanoscale, 2016, 8, 19677-19683

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nr07707b

Open Access Article. Published on 03 November 2016. Downloaded on 4/4/2026 12:33:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

re-dispersed in DMF and centrifuged at 13 400 rpm for 30 min
to filter out large, insoluble fragments.

Photodetector device fabrication

Monolayer graphene sheets formed by chemical vapor de-
position (CVD) onto a p-doped Si wafer (525 pm, 0.002 Q cm,
90 nm SiO, layer) were obtained from Graphene Platform
Corp. The source and drain electrodes were directly formed on
the top of the graphene/Si wafer. The patterns of source and
drain contacts to graphene were defined using a conventional
photolithography process with a poly(methyl methacrylate)
resist. The contacts were formed with titanium and gold
(15 nm per 100 nm) using a sputtering deposition method,
followed by a lift-off process. These devices had an effective
channel length L of 10 pm and a channel width W of 10 pm.
After the gate contact was deposited onto the back side of the
Si wafer, the device was diced into 1 x 1 ¢cm substrates, and the
BN-NS and DAN-GQD dispersions were dropped directly onto
the top of each substrate, subsequently.

Fabrication of the flexible photodetector was achieved by
replacement of the Si substrate with a PET substrate.
Monolayer graphene sheets formed by CVD onto a PET sub-
strate (188 pm) were obtained from Graphene Platform Corp.
The source and grain electrodes were also directly fabricated
on the top of the graphene/PET substrate. The contacts were
formed with gold (100 nm) using a sputtering deposition
method, through a metal shadow mask. These devices had an
effective channel length L of 80 pm and a channel width W of
200 pm.

PhOtOl‘eSpOHSC measurements

Photoresponse measurements were performed using a con-
focal microscope. A light source was guided into the micro-
scope through an optical fiber and focused with a 10x objec-
tive lens. Laser diodes or light-emitting diodes (LEDs) with
various wavelengths were used as light sources to provide light
with wavelengths of 254, 365, 440, 617, 785, and 940 nm.
A ¢ 50 pm core optical fiber (the resulting spot size of light is
¢ 5 pm) was used for light sources (440 nm, 617 nm, 785 nm,
and 940 nm). A ¢ 200 pm core optical fiber (the resulting spot
size of light is ¢ 20 pm) was used for shorter-wavelength light
sources (254 nm and 365 nm). The optical power was cali-
brated by using a silicon photodetector (Thorlabs, S130VC).
Electrical measurements were performed using a Keithley
2602A system source meter in conjunction with LabVIEW soft-
ware. All measurements were conducted at room temperature
under the ambient atmosphere.

Ab initio calculations

The formation energy for a point defect D in a charge state q is
expressed by:****

AEp g (By, pt) = (Epg — Ep) + q(Bu + Bx) + > _nap, (1)

where E; , and E, are the total energies of single layer hexa-
gonal BN with and without defect D, respectively. Er is the

This journal is © The Royal Society of Chemistry 2016
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Fermi energy measured from the valence band maximum
E,, of the perfect hexagonal BN. n, is the number of a atoms
added/removed during defect formation. The chemical poten-
tials un and pc refer to the elemental state, ie., a nitrogen
molecule and graphene. Under thermal equilibrium, the sum
of the chemical potentials up + puy is equal to the total energy
of the compound, unpn. Here, pup = pppny — pn under N-rich
conditions is used for the chemical potential of boron. The
defect D captures (releases) carriers by changing the charge
state from ¢ to ¢’ at the charge transition energy, £(g/q'), which
is defined by:

e(q/q') = (AEpy(Ex = 0) — AEp ¢ (Ep = 0))/(¢' —q) (2)

The calculations were executed using the plane-wave projec-
tor augmented wave (PAW) method>>*® with the application of
the Heyd-Scuseria-Ernzerhof (HSE)*”*® hybrid functional on
the basis of the Perdew-Burke-Ernzerhof (PBE)*° exchange-
correlation functional, as implemented in the VASP code.’**"
A plane-wave cut-off of 400 eV was used. The 12 x 12 x 1
k-point sampling was used for Brillouin-zone integration in
the primitive cell. Single layer hexagonal BN was modelled
using a 7 x 7 x 1 supercell separated by a 15 A vacuum. The
lattice constants were fixed at the optimized constants for
perfect hexagonal BN, while ionic positions were relaxed until
the residual forces became smaller than 0.01 eV A™".

Instrumentation

The cathodoluminescence (CL) properties of the samples were
investigated at room temperature using an in-house-built
thermal field emission electron microscope equipped with a
spectrometer. Optical absorption spectra were recorded using
an UV/VIS/NIR spectrophotometer (UV-3600; Shimadzu Corp.).
Transmission electron microscopy (TEM) images were
recorded on a Hitachi EX-2000 microscope operated at an
accelerating voltage of 200 kv. Work function measurements
were performed using a photoelectron yield spectrometer
(BIP-KV201, Bunkoukeiki Co., Ltd). The height profile was
investigated using atomic force microscopy (AFM; NanoscopeV
D3100, Veeco Instruments).

Results and discussion

Fig. 1a illustrates the structure of the graphene/BN-NS/
DAN-GQD photodetector. The substrate was heavily p-doped
Si with a 90 nm SiO, surface layer. Graphene acts as the carrier
transport channel, while the BN-NSs act as a buffer layer, and
the DAN-GQDs are used as photon absorbers. The BN-NSs
were inserted between the graphene and the DAN-GQD layer
by dropping the dispersion of BN-NSs in ethanol/water directly
on top of the graphene field-effect transistor. The BN-NSs have
areas of a few hundreds of square nanometers and consist of
1-5 layers, which uniformly cover the graphene layer (see the
insets of Fig. 1a and S17). The DAN-GQDs were prepared
through a hydrothermal reaction of the oxidized GQDs with
2,3-diaminonaphthalene (Fig. $21).>° The DAN-GQD layer was
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formed by dropping a dispersion of DAN-GQDs in DMF
directly on the top of the BN-NS layer (Fig. S31). The NGQD
film thickness in the photodetector was optimized at ca.
150 nm. The optical absorption of the photodetector was
markedly increased by incorporation of the DAN-GQD layer
(Fig. 1d). Note that the DAN-GQD film formed on the BN-NS/
graphene/PET substrate showed a shift of the absorption edge
to longer wavelengths, compared to that of the as-prepared
DAN-GQD solution. This can be attributed to the n—r stacking
of the individual DAN-GQDs, leading to a lowering in the
bandgap.

The band alignment at the graphene/BN-NS/DAN-GQD
interface under light irradiation is schematically illustrated in
Fig. 1b. The BN-NS layer is inserted to prevent the recombina-
tion of photoexcited carriers at the NGQD/BN-NS layer inter-
face and to facilitate the transport of photogenerated electrons
from the NGQD layer to graphene. Incident photons excite the
ground-state electrons of DAN-GQDs into excited states, and
then electron-hole pairs are generated. Only electrons are
transported into the graphene layer through the vacancy states
formed in the bandgap of the BN-NSs, while the photoexcited
holes remain in the NGQD layer. The vacancy states formed in
the bandgap of the BN-NSs are located between the graphene
and DAN-GQD LUMO levels, which facilitates the transport of
photogenerated electrons from the NGQD layer to graphene.
A much faster response time and high photoresponsivity are
expected as a result. The vacancy levels of BN-NS were esti-
mated by subtracting the exciton energy of the vacancy states
measured using CL (Fig. 1c) from the highest occupied mole-
cular orbital (HOMO) level. The HOMO level was measured
using ultraviolet photoelectron yield spectroscopy (Fig. S47).
These vacancy states may originate from B or N defects and
residual C or O impurities.** The electronic states of vacancy
defects and carbon impurities in BN were theoretically esti-
mated (details in Fig. S51). Theoretical calculations suggested
that the N defect in the BN lattice and the substitution of C at
a B-site can induce localized energy levels in the bandgap,
near the experimentally observed vacancy levels.

Fig. 2a and b show the transfer characteristics (Vsp = -0.5 V)
of the DAN-GQD/BN-NS@GFET hybrid photodetector and a
pristine graphene field-effect transistor. The Dirac point
(charge neutrality point, Vp) from the pristine graphene tran-
sistor was observed at ca. 23 V. After hybridization of the
DAN-GQDs, Vp, shifted to ca. 1.2 V, which suggests that elec-
trons were transferred from DAN-GQDs to graphene. This is
consistent with the higher work function of DAN-GQDs. Upon
irradiation of the DAN-GQD/BN-NS@GFET hybrid photo-
detectors, Vp shifts to a lower voltage, which suggests that
photoexcited electrons are transferred to the graphene.
The laser beam (440 nm, 1.3 nW) was focused on an area
(@ = 5 pm) between the source and drain electrodes, which
were separated by a 10 pm gap. An asymmetric behaviour in
hole and electron conduction branches may originate from the
shift of the Fermi level of graphene by hybridization with
DAN-GQDs. The hole-carrier mobility increased from ca. 1061
to 1636 cm®> V' s7' by hybridization of the DAN-GQDs/

19680 | Nanoscale, 2016, 8, 19677-19683

View Article Online

Nanoscale

Vsp=0.5V Vsp =05V

1618 22 24

20
Vel V
Vsp=0.1V, Ve =0V, Pignt = 420 nW

oF ?
ON "OFF "ON "OFF "ON "OFF 'ON 'OFF "ON

2 6 8 10
Time/ s
d e
20t Vsp=0.5V
3
10
"'; 10r _ Mhoed -
5 ol aly Neect <§(
> Al 3107
3 3
-10f 2 14
« =5 —s—with BN
20| 10"+ —=— without BN
3 2 4 0 1 2 3 1(;1 162 1(;3 16“
Vel V Optical Power/ nW
Fig. 2 (a) Isp—V curve (Vsp = 0.5 V) for the on (440 nm, 1.3 nW) and off

states of a DAN-GQD/BN-NS@GFET photodetector. (b) Isp—V curve
(Vsp = 0.5 V) for a pristine graphene field-effect transistor. (c) Temporal
photocurrent response of the DAN-GQD/BN-NS@GFET photodetector
(Vsp = 0.1V, Vg =0V, 440 nm, 420 nW). The dotted line shows the tem-
poral photocurrent response of the DAN-GQD@GFET photodetector
without the BN-NS buffer layer. (d) Photoresponsivity as a function of
gate voltage. The insets show the direction of electron transfer from
DAN-GQDs to graphene for the hole and electron conduction regimes
in graphene under illumination. (€) Comparison of photoresponsivities
for the photodetectors with and without the BN-NS layer.

BN-NSs. The increase in carrier mobility may be due to an
increase in the density of states near the Fermi level, which
was induced by the widely distributed = orbitals of the
DAN-GQDs.

Fig. 2c shows the temporal photocurrent (Al = ligh¢ — Idark)
response of the DAN-GQD/BN-NS@GFET hybrid photo-
detector, where the on/off cycle of the laser (Vg = 0V, Vgp =
0.1 V and excitation power of 420 nW) was 1 s. A negative value
of Al was detected. At Vg = 0 V, the major carriers in the gra-
phene layer are holes and the transferred electrons diminish
the hole concentration, which leads to decreased conductance
and a negative AI (Fig. 1b). The back-gate dependence of the
photoresponsivity (Fig. 2d) is also consistent with the pro-
posed model. We observed a clear carrier type and concen-
tration dependence of the external photoresponsivity
Rext (Rext = AI/Pyight, where Py is the incident optical power).
In the hole-conduction region (Vg < 1.2 V), the photoinduced

This journal is © The Royal Society of Chemistry 2016
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electron carriers diminish the hole concentration, leading to a
decreased conductance and a negative-valued R.y. By contrast,
the electron concentration increases by the photoinduced elec-
tron carriers, which leads to an increased conductance and a
positive-valued R.,. in the electron-conduction region (Vg >
1.2 V). The current of the photodetector was switched on and
off effectively and with good repeatability. The rise time was
ca. 45 ms (corresponding to ca. 90% rise). The temporal
response was markedly improved by insertion of the BN-NS
layer, compared to that of the DAN-GQDs@GFET without the
BN-NS layer (ca. 700 ms). The decay time remained
unchanged. The insertion of the BN-NS layer also enhanced
the Ry by more than twofold and extended the detection limit
of light (Fig. 2e).

The decay photoresponse dynamics are presented in Fig. 3a
under various irradiation powers. The time response of the
photocurrent decay is dominated by two components and can
be fitted with a double exponential; Alns = AL[1 — exp(—t/z1)] +
AL[1 — exp(—t/t,)]. For instance, when the power is 420 nW
and Vg = 0 V, the time constants 7; and 7z, are 0.69 and 8.5 s,
respectively. The decay time of the photodetector can be
regarded as the carrier recombination time (lifetime, 7j¢). The
short relaxation time z; corresponds to the lifetime of holes in
the DAN-GQDs before they are transferred to graphene,
whereas the long relaxation time 7, represents the charge
transfer between DAN-GQDs. The photoconductive gain (G =
Tlite/Teransic = Tlite/L>/u-Vps, Where Tuansie Tepresents the carrier
transit time, L is the channel length, u is the carrier mobility,
and Vpg denotes the applied bias) is calculated based on these
measurements. The measured transit time of the carrier is ca.
1.22 ns (because u = 1636 cm®> V' s, L = 10 pm and Vpg =
0.5 V). The predicted range of values for G is between 5.6 x 10°
and 6.9 x 10°, using lifetimes of 0.69 s and 8.5 s respectively.
The high gain is attributed to the long carrier lifetime in the
NGQDs and the high mobility of graphene. Multiple carrier
circulation occurs in the graphene channel, whereas holes
remain trapped in the DAN-GQD layer.

Veo=1V,Ve=0V

Vso=0.1V
Ve=0V
1 1 1
0 5 10 15 20
Time/' s

600
Wavelength/ nm

Fig. 3 (a) Excitation power dependence of the response time for the
DAN-GQD/BN-NS@GFET hybrid photodetector with various irradiation
powers from 170 to 680 nW. (b) Photoresponsivity and specific detectiv-
ity versus optical irradiation power (laser wavelengths of 254-940 nm)
for the DAN-GQD/BN-NS@GFET hybrid photodetector.
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Fig. 3b summarizes the wavelength-dependent external
photoresponsivity Re, and specific detectivity D* (D* =
RexeApp?/(2€l4ari) "%, where App is the area of the photo-
detector channel, e is the electron charge, and Iy, is the dark
current)*® of the DAN-GQD/BN-NS@GFET hybrid photo-
detector at a fixed bias of 1 V. For calculations at 254 nm and
365 nm, we calculated Rex (Rexe = AI/(Piighe"App/Alighe), Where
Ajigne is the light spot area) by inserting the scaling factor (App/
Ajigh) that takes into account the fact that only a fraction of
optical power impinges on the photodetector. The DAN-GQD/
BN-NS@GFET hybrid photodetector exhibited high photo-
responsivity and detectivity from the deep ultraviolet to the
near-infrared region. The R., and D* were ca. 2.3 x 10° AW
and ca. 5.5 x 10" Jones in the deep ultraviolet region, without
the application of a backgate voltage. The high level of photo-
responsivity and detectivity persisted up to the near-infrared
region (ca. 3.4 x 10> AW ™" and ca. 8.0 x 10° Jones at 940 nm).
The maximum values of R. and D* at each wavelength are
comparable to those reported for other high performance
photodetectors (Table S1f). The increased R.,. toward the
shorter-wavelength is consistent with the fact that the absorp-
tion of the DAN-GQDs is strongly enhanced at high energies.
Note that the photocurrent increases linearly with the source-
drain bias and high R., is achieved when the bias voltage is
increased and the incident optical power is decreased
(Fig. S67T). The decreased R.,. with the incident optical power
(Fig. S6bt) can be explained considering that the more photo-
generated electrons are injected into the graphene channel,
the lower the electric field at the DAN-GQD/BN-NS/graphene
interface, therefore a reduced injection of electrons causes Rqx
to decrease.

Flexible broadband photodetectors constructed on trans-
parent, lightweight, flexible substrates have attracted wide
interest for the development of novel optoelectronic devices.
Here, we investigate the application of a flexible photodetector
device by constructing the graphene/BN-N/DAN-GQD structure
on a PET substrate. Fig. 4a shows a photograph of the flexible
DAN-GQD/BN-NS@GFET hybrid photodetector. The flexible
photodetector was fabricated by successive drop-casting of
BN-NS and DAN-GQD solutions onto patterned Au electrodes
(L =80 pm and W = 200 pm) with CVD-grown graphene trans-
ferred to the PET substrate (no backgate electrode). Fig. 4b
shows the photoresponsivity of the flexible DAN-GQD/
BN-NS@GFET hybrid photodetector with the radius of curva-
ture fixed at 29 mm. Under a low applied bias of 2 mV, the flex-
ible DAN-GQD/BN-NS@GFET hybrid photodetector exhibited
a relatively high photoresponsivity of ca. 10 AW, The photo-
current is presented as a function of time in Fig. 4c for several
cycles under various laser powers. The photoresponse and
operation of the flexible DAN-GQD/BN-NS@GFET hybrid
photodetector were very stable. We also measured the photo-
current as a function of bending radius r, (1, = [A* + (L/2)*]/2h,
where L is the chord of circumference connecting the two ends
of the arc, and % is the height at the chord midpoint) using a
three-point bending setup (see the inset of Fig. 4d). Fig. 4d
plots the photocurrent as a function of the bending radius.
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Fig. 4 (a) Photograph of the flexible and transparent DAN-GQD/

BN-NS@GFET hybrid photodetector fabricated on a PET substrate.
(b) Photoresponsivity as a function of optical power (light wavelength of
440 nm) for the flexible DAN-GQD/BN-NS@GFET hybrid photodetector.
The inset shows a photograph of the photodetector fixed around the
cylinder with the curvature radius of 29 mm. (c) On and off photocurrent
response dynamics of the flexible DAN-GQD/BN-NS@GFET hybrid
photodetector. (d) Photocurrent as a function of the bending radius.
The inset shows the schematic illustration of the three-point bending
setup.

Although a ca. 15% reduction in the photocurrent was
observed upon bending at curvatures with <15 mm, the photo-
current was still maintained even at a bending radius of ca.
2 mm without significant degradation.

Finally, we further demonstrate the practical application of
an infrared photoreflector for distance measurement and
obstacle detection. The infrared photoreflector we designed
works by measuring the amount of incident infrared light
backscattered from an object. Fig. 5a shows the schematic of
the prototype infrared photoreflector mounted on the front
panel consisting of “nanoblocks” in conjunction with an open-
source electronics platform “arduino uno”, which consists of
two infrared LEDs as a light source and a flexible DAN-GQD/
BN-NS@GFET hybrid photodetector in the middle. Fig. 5b
plots the temporal change in the photocurrent with distance
from the object. The clear change of photocurrent with dis-
tance was observed, and the photoreflector can measure up to
20 cm in this configuration. Next, we checked the feasibility of
using our photoreflector by detecting the presence of an
obstacle. The signal from the photoreflector was used to detect
the presence or absence of the obstacle. The movie showing
the operation of the infrared photoreflector is given in the ESI
(Movie S1t). When the photocurrent from the photodetector is
increased to the threshold value of the photocurrent being set
in the program that controls the detectable distance (in this
case, the detectable distance was set to ca. 10 cm), the green-
LED is turned on. By contrast, when the photocurrent is
decreased to under the threshold value, the green-LED is
turned off. The LED of the photoreflector was turned on
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Fig. 5 (a) Schematic of the prototype infrared photoreflector. The two
infrared LEDs radiate the infrared light and when the beam strikes an
object it is reflected back towards the DAN-GQD/BN-NS@GFET photo-
detector. (b) The change in the photocurrent with distance from the
object. (c) Digital images (snapshots from Movie S1, ESIt) showing the
operation of the infrared photoreflector. The green-LED of the infrared
photoreflector was turned on (i) and off (i) with the presence or
absence of the obstacle.

(Fig. 5c(i)) and off (Fig. 5c(ii)) effectively in the presence or
absence of the obstacle. These show that our flexible
DAN-GQDs/BN-NSs@GFET has significant potential for use in
practical devices.

Conclusions

In summary, we have reported a high performance graphene/
nitrogen-functionalized graphene quantum dot hybrid broad-
band photodetector with a buffer layer of boron nitride
nanosheets (DAN-GQDs/BN-NSs@GFET). The BN-NS buffer
layer facilitated the separation and transport of photoexcited
carriers from the DAN-GQD photon absorber to graphene. The
DAN-GQD/BN-NS@GFET hybrid photodetector exhibited high
photoresponsivity and detectivity over the entire broadband
wavelength region. Together with the potential application for
flexible photodetectors and infrared photoreflectors demon-
strated here, this hybrid photodetector has significant poten-
tial for use in future graphene-based optoelectronic devices.
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