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Graphene nanomesh ( GNM)-based optoelectronics i ntegrated with quantum dots ( QDs) are i nvestigated

in this article. The charge transfer mechanism i n the QDs/GNM i nterface i s probed i n four terminal gated

FET-type photodetectors. The i nsulating l igand i s used t o make t he GNM/ligand/QDs vertically behave

like a metal/insulate/semiconductor ( MIS) structure t o f acilitate t he charge t unnelling. With t he current

constraint effect of t he GNM and t he effective charge t unnelling, a high-performance photodetector i s

fabricated with higher responsivity, higher on/off ratio and shorter response time. The results of our ana-

lysis and experimental approach can be extended t o f uture graphene-based photodetectors, as l ong as

suitable l igands and an effective architecture are chosen for this type of device.

1. I  ntroduction

Graphene-based photodetectors, as highly desired devices f or
various a pplications f rom t elecommunication, b iological
imaging t o r emote s ensing,1–4 a re a tomic l ayer t wo-dimen-
sional ( 2D) materials possessing unprecedented electric and
optical properties.5–7 Especially, based on t he research on t he
graphene-based photodetector, many recent studies have con-
centrated on i ncreasing t he responsivity, response ( measured)
time and operation wavelength. To overcome t he l ow r espon-
sivity8,9 of pristine graphene ( <0.1 A W−1) under i llumination
of t he i ncident l ight, i ngenious device s tructures have been
proposed i n previously r eported papers. These i nclude f ield
effective t ransistor ( FET) device with graphene-quantum dots
(QDs) hybrid c hannel, which g ives higher r esponsivity b ut
sacrifices t he measurement s peed;10 w aveguide g raphene
photodetectors with special micro-nanostructure, which accel-
erate t he r esponse s peed with a r elatively high r esponsivity
over 0.1 A W−1;11,12 reduced graphene oxide phototransistors
featuring d efect and a tomic s tructure c ontrol, which o ut-

perform pristine graphene devices i n terms of photoresponses
at t he cost of response rate;8 and some other devices such as
those with metallic or graphene plasmonic13–15 micro-nano-
structure, which have also i mmensely attracted t he i nterest of
researchers all over the world.

However, r egardless of which photo-sensing architectures
are c hosen t o c ompose t he p hotodetectors, t he d ynamic
charge t ransfer or energy t ransfer between t he graphene and
active c omponents ( such a s QDs, s ilicon)16,17 would a lways
occur i n t he photo-sensing r egion. I f one l ooks a t t he g ra-
phene-QDs hybrid material s ystem, many p roblems i n t he
interface b etween g raphene a nd QDs e merge b ecause t he
excited QDs need t o t ransfer t he electrons or holes to t he gra-
phene. To solve t hese problems i n graphene photodetectors,
many r esearch g roups a round t he world have u tilized t he
specific structure of gated graphene FET t ransistors to manip-
ulate the charge transfer between graphene and QDs driven by
the gate bias, and have achieved high photosensitivity, high
responsivity and broad response waveband.18

Due to the offset work function between graphene and QDs
material, t he Schottky barrier between QDs and graphene can
hinder t he direct charge t ransport f rom QDs t o graphene. I n
fact, without t he bonding of t he l igand i n QDs s urface, t he
QDs cannot be steadily decorated on the graphene i nterface.19

Nevertheless, r ecent r eported papers on t his t ype of photo-
detectors have ignored this factor or have simply just chosen an
electroactive l igand without e valuating t he c harge t ransfer
efficiency o r mechanism i n t his p rocess. T hus, d ifferent
charge transfer mechanisms have been deeply explored i n this
paper t o optimize t he f abrication process, material s election
and o peration p erformance o f t he g raphene-QDs h ybrid
photodetectors.
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The absence of bandgap i n graphene i s another dampener,
due to which the dark current i s so high and the on/off ratio20

(about 1–3) i s so l ow t hat even t he noise photocurrent occur-
ring i n t he t est will c onsiderably i nterfere with t he e xperi-
mental result. As a result, i t i s difficult t o contrast t he charge
transfer efficiency differences between t he QDs with v arious
ligands. Consequently, a nanomesh structure was employed i n
the g raphene t o open t he bandgap a nd c onstrain t he dark
(leakage) current.21

Finally, i n t his work, t he excited charges i nduced by i nci-
dent l ight i n n -type s emiconductor C dSe Q Ds e ffectively
tunnels t hrough i nsulating l igand ( it i s t hought t o be i neffec-
tive f or charge t ransfer i n many previous papers) t o t he gra-
phene nanomesh ( GNM) channel, which behaves l ike a MIS
(metal-insulate-semiconductor)22,23 s tructure vertically due t o
the enhanced electric field intensity caused by the bottom gate
voltage. It i s worth believing t hat i t will contribute i mmensely
toward t he f uture applications of t he graphene-based photo-
detectors with the optimization of the charge transfer efficiency
in channel of the FET-type photodetectors.

2. R esults and discussion
2.1 C  haracterization of the GNM FET device

2.1.1 S chematic o f t he G NM F ET d evice f abrication
process and the morphology of the GNM channel. The abbre-
viated c ross-sectional f abrication process f low i s depicted i n
Fig. 1a, which describes the t wo main steps: t he f ormation of

the GNM, and t hen t he bonding between GNM and QDs with
different l igands. The width of t he graphene nanoribbon i n
GNM i s a pproximately 20 nm ( GNM c an be t reated a s gra-
phene nanoribbon networks, which i s shown i n Fig. 1c) using
aluminium-anode-oxide ( AAO) membrane mask ( shown i n
Fig. 1a and b). To investigate the formed GNM, Raman spectra
measurement ( Fig. 1e) was c arried out t o ensure t hat, c om-
pared with the pristine graphene, t he GNM i n our work was a
typical p-type graphene,20,24,25 resulting from the ambient oxi-
dation of t he graphene nanoribbon and t he i nfluence of t he
etching process. I n addition, Fig. 1d i llustrates the 20/200 μm
channel ( 1 : 10 W/L r atio) of t he FET device and i nset i mage
shows t he morphology of t he QDs ( 4.8 nm diameter, 590 nm
peak emission shown i n Fig. 2c and Fig. S1†) decorated GNM
in t he F ET c hannel. I n a ddition, t he e ncapsulated l igand
outside the QDs i s unstable without any treatment, which will
cause t he decrease i n t he photo-absorption and charge t rans-
fer capability. Thus, t he approximately 25 nm t hick QDs l ayer
was bonded o n t he c hannel t hrough a n a nnealed process,
which can be i llustrated i n t he AFM i mage of Fig. 2d. Herein,
the annealing process i s essential to form a stable l igand l ayer
with a colloidal morphology, which can benefit t he f ormation
of t he c oordination b ond b etween G NM a nd c onjugated
organic shell of QDs. The typical annealed effect toward TOPO
ligand is also investigated in Fig. S4a.†

2.1.2 T ransfer characteristic curve of the pristine graphene/
graphene-QDs hybrid a nd pristine GNM/GNM-QDs hybrids.
The effects of t he GNM c hannel and deposition of QDs on
the FET’s transfer character are shown i n Fig. 1f. First, herein,
the p -type s emiconductor b ehaviour c an b e o bserved,
which agrees with t he previous i nvestigation with t he Raman

Fig. 1 C  haracterization of t he GNM/QDs photodetectors. ( a) Cross-
sectional abbreviated f abrication process flow of t he GNM/QDs photo-
detectors. ( b) SEM i mage of t he AAO mask. ( c) GNM morphology after
the etching treatment and removal of the AAO mask. (d) A SEM i mage of
the FET device channel and t he QDs decorated GNM. ( e) The Raman
spectrum o f p ristine g raphene a nd GNM. ( f ) T ransfer c haracteristic
curve of GNM and GNM/QDs(TOPO) FET and t hat of pristine graphene
FET(inset) for VDS = 30 mV.

Fig. 2 (  a) Molecular s tructures of as-prepared QDs capped with f our
different l igands a nd t he s chematic diagram of t he l igand exchange
from QDs ( TOPO) t o QDs capped with electroactive l igands ( QDs ( Py)
and QDs ( PANI)). ( b) Time-resolved PL decay spectra f or pristine GNM
interface b lended with QDs(OA), QDs(TOPO), QDs(PANI), QDs(Py).
(c) The TEM i mage of well-dispersed QDs(OA) solution. (d) The AFM i mage
of deposited QDs films bonded to graphene channel after annealing.
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spectrum.26 S econd, a ccording t o r eported p apers,27 t he
bandgap of 2D graphene i s predicted t o even r each 200 meV
under s ome c ertain a mbient c onditions t hrough t he c on-
straints of the narrow graphene nanoribbon, which will exhibit
a higher on/off ratio. As depicted i n Fig. 1f, t he on/off ratio of
the as-fabricated FET photodetector i s about 30 i n our work.
In addition, the on/off current ratio, another trend of the Dirac
point blue shift i s also demonstrated i n t he Fig. 1f, which i s
induced by t he deposition of t he QDs. The doping of t he n-
type semiconductor CdSe QDs ( which has a 4.2–4.3 eV work
function) i s t he predominant n-doping i n t he GNM channel
because the work function of graphene is about 4.6 eV.

2.2 P  hotoelectric trigger characteristics of the GNM
photodetectors

2.2.1 P hotoluminescent ( PL) d ecay measurement a nd
mechanism of the charge transfer without bottom gate voltage.
The electron t ransfer between QDs and graphene t hrough t he
ligand can be monitored by utilizing t ransient PL decay spec-
troscopy. Under 444 nm i ncident l aser, t he f our QDs@ligand
samples ( as shown i n Fig. 2c and Fig. S1 a–c†) on t he GNM
silica s ubstrate ( Fig. 2d) were bonded onto t he detection t o
measure the lifetime variation, which can be used to probe the
PL quenching effect.

According t o t he s teady-state PL decay spectra i n Fig. 2b,
QDs capped with electroactive l igands s howed a s tronger PL
quenching substantiation compared with the QDs capped with
insulating l igands. With l ess defects, shorter molecular struc-
ture ( Fig. 2a) and better electric conductivity, i t seems plaus-
ible t hat only electroactive l igands such as pyridine and PANI
can f acilitate t he charge t ransport f rom QDs t o graphene i n
the g raphene/QDs h ybrid s ystem, a ttesting t o t he s imilar
results r eported i n previous papers.19,28–31 I nsulating l igands
(such as OA), on t he other hand, have no ability t o efficiently
transfer the charge carrier.10,19 Any weak charge t ransfer from
QDs within i nsulating l igands ( in case of TOPO and OA) may
simply be caused by a weak built-in f ield i n t he excited-QDs/
graphene hybrid i nterface t hat c annot s upply t he l igand a 
sufficient t unnelling ability due t o t he l ack of e xternal gate
bias. However, i t i s l ikely t hat, when t he g ate bias i s l arge
enough to enable a considerable tunnelling process, insulating
ligands may also be able t o considerably f acilitate t he charge
transfer.

To better illustrate the hypothesis ab initio, the electric field
intensity ( E, V nm−1) distribution of t he nanostructure device
was s imulated b y t he f inite e lement method ( FEM) u sing
COMSOL Multiphysics ( v. 3.5a). As s hown i n Fig. 3a and b,
with the gate bias set from 5 V, 10 V, 15 V to 20 V, the electric
field i ntensity distribution was calculated to predict the GNM/
QDs device operation. I n t he case of small gate voltage ( 5 V
and 10 V) or non-gate voltage under i llumination, t he electric
field density i n t he i nsulating l igand device i s similar t o t hat
in t he electroactive l igand device. Nevertheless, t he uniform
electric f ield i ntensity distribution i n t he electroactive l igand
will benefit the charge transport from QDs, as proved i n above
PL decay s pectra r esults. However, with t he i ncrease of gate

bias to 15 V and 20 V ( maybe exceeding t he t hreshold t unnel-
ling voltage), l arge amount of excited electrons accumulate on
the i nterface o f QDs, producing a n e nhanced e lectric f ield
intensity w ithin t his Q Ds/ligands/graphene s ystem, a nd
leading t o t he i ncrease i n t unnelling r ate. On t he other side,
the e lectric f ield i ntensity of t he e lectroactive l igand device
only grows slightly compared with t he l argely enhanced elec-
tric field i ntensity of the i nsulating l igand device. Here comes
the question: i s i t a c onvincing c onclusion t hat GNM/QDs
device with t he i nsulating l igand i s also a desirable candidate
for the gated FET-type photodetector in practice?

Alternatively, t he simulation model of GNM with punched
periodic nanoholes has been i nvestigated and demonstrated
with t he n earest-neighbor t ight-binding ( TB) Hamiltonian
method to define and describe the graphene lattice.21 To focus
the study on the charge transfer and the influence of the gated
FET structure, the p-doped GNM channel was modelled as the
p-type semiconductor component with ideal 200 meV bandgap
(and other GNM property parameters), which operates l ike a
conventional FET device using quasi-fermi l evels i n classical
regime. The discrete QDs/ligand l ayer i n reality, was treated as
continuous l ayer f or calculation, as shown i n t he i nset i mage
of Fig. 3c, i n which t he l igand component was configured as
either electroactive or with i nsulating properties. I n t his elec-
tron c oncentration d istribution i mage, t he e xcited e lectron
accumulating on the n-type-QDs/ligand interface can be driven
to t he p-type GNM channel by t he built-in voltage ( caused by
FET’s g ate bias), which, a t t he s ame t ime, t raps t he holes
within t he QDs. It i s worth noting t hat, i n t he case of i nsulat-
ing l igand, t he device v ertically was c onfigured a s a p–i–n

Fig. 3 S  imulated enhanced built-in electric field i n GNM/electroactive-
ligands/QDs ( a) and MIS s tructure of i nsulating l igands ( b) f or ( left t o
right) Vg = 5 V, 10 V, 15 V, 20 V and i n darkness(20 V). ( c) The simulated
transfer I D–Vg curve of the GNM/ligand/QDs FET device for VDS = 5 mV
and the l og distribution i mage of electron concentration ( inset). ( d) The
schematic i mage of the GNM/QD FET photodetector testing circuit.
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structure, i n which t he t unnelling efficiency i s determined by
the l igand l ength due to the same parameters (such as relative
permittivity εr and t rap state density Nt) defined i n our simu-
lation work. The simulated transfer current curve suggests that
rapid current growth ( green and blue curves i n Fig. 3c) can be
obtained i n an i nsulating l igand device when t he gate voltage
exceeds t he t hreshold v oltage a nd t hat i ts c urrent r eaches
almost t he s ame s aturation c urrent with t he e lectroactive
counterparts. Thus, to verify the efficiency of charge transfer in
practical gated FET-type photodetectors with different l igands,
a s eries of experiments on t he photoelectric properties were
then carried out.

2.2.2 P hotoelectric property of t he GNM/QDs FET photo-
detector. The photoelectric property t esting l oop i s shown i n
Fig. 3d, to probe the photocurrent of the device under incident
light and different gate voltage (VG). The experimental result in
Fig. 4a with t he t ransfer characteristic comparison shows t he
Dirac point shift of t he different f our devices under darkness.
The electroactive l igand ( Py and PANI) more effectively t rans-
ferred t he electrons t o t he GNM t o cause a l arger Dirac point
shift and dark ( leakage) current, i n agreement with t he simu-
lated results under darkness as described earlier.

Fig. 4c and d contrast t he photocurrent gain of t he GNM/
QDs devices with different l igands on t he same i ncident l ight
wavelength and l uminous density ( λ = 400 nm, ρ = 17 μW
cm−2) . T he o bvious h igher d ark/light c urrent r atio c an
be demonstrated i n t his e xperiment a s a r esult o f t he
GNM’s current constraint effect. Owing to this effect, even the

photocurrent of t he GNM/QDs(OA) device c an be observed,
whereas i n the case of pristine graphene/QDs(OA) device, l ittle
of t he phenomenon occurs according t o previously r eported
results.10,19 I nterestingly, t he G NM/QDs(TOPO) d evice h as
almost t he s ame s aturated photocurrent c ompared with t he
GNM/QDs(Py) device and i s about f ourfold t han t hat of GNM/
QDs(PANI) when added t o t he positive gate voltage. I t i s also
worthwhile to note that the photocurrent of these four devices
agree with the results of t he previous PL decay spectra at VG =
0 V, a s s hown i n F ig. 4 c a nd d . I n a ddition, t he r apidly
increased v oltage-sensitive p hotocurrent o f t he G NM/QDs
(TOPO) device accompanied by the i ncreasing gate voltage can
be viewed i n Fig. 4c, and t he t hreshold t unnelling voltage of
this device is estimated to be about 2 V, as suggested from our
simulated work.

By referring to the energy l evel alignment diagram19,32–34 in
Fig. 4b, i t i s clear t hat, while t he l ow LUMO ( lowest unoccu-
pied molecular o rbital) e lectroactive l igands ( pyridine a nd
PANI) can transfer the electrons feasibly, the high LUMO elec-
troinertia i nsulating l igands ( OA a nd TOPO) c an only drive
electrons by directly t unneling f rom t he semiconducting QDs
to graphene. Within this framework, the tunnelling barrier can
be effectively reduced by i ncreasing gate voltage. Therefore, by
studying t he experimental data and simulated r esults, i t can
be believed t o be arbitrary t o claim t hat electroinertia i nsulat-
ing ligands cannot be used in this hybrid FET photodetector.

2.3 C  harge tunnelling and transport mechanism and device
performance characterization.

2.3.1 E lectron t ransfer efficiency mechanism. The photo-
current of t he GNM/QDs(TOPO) device i s s till 1–2 orders of
magnitude h igher t han t hat o f t he GNM/QDs(OA) d evice
(though t hey all belong t o i nsulating l igands), and t he simu-
lated current difference between the 1.5 nm and 2.5 nm ligand
layer ( green and blue curve i n Fig. 3c) i s much smaller t han
the e xperiment r esult. Hence, i t i s e ssential t o e xplore t he
determinant factors for facilitating an effective charge transfer.
One obvious reason i s t hat t he f ield i ntensity ( E ( V nm−1) ) i n
the shorter l igands TOPO (∼1.5 nm) and pyridine (∼0.5 nm) i s
larger t han t heir l onger counterparts OA ( ∼2.5 nm) and PANI
(>2.5 nm), which will promote t he dynamic c harge t ransfer.
However, i t cannot explain the photocurrent magnitude differ-
ence between TOPO and OA, and the only 2 or 3 t imes photo-
current difference between pyridine and PANI.

In case of t unnelling mechanism ( TOPO and OA wrapped
devices), because t he electron on ELUMO ( the bottom of con-
duction band) of QDs has a zero wave vector (k-vector), the tun-
nelling electron t hat manages t o escape f rom t he QDs should
at l east be at t he 1S-state of QDs ( E1S = ELUMO + ΔEQD) such
that t here i s enough energy t o t unnel t hrough t he potential
barrier ( as s hown i n t he e nergy l evel diagram of GNM/QDs
(TOPO) i n Fig. 4b). I n order t o estimate t he escape t ime f or
1S-state electrons of QD, t he t unnelling rate Ktun i s reported35

to have been applied in a semi-classical approximation as

K tun ¼ Af QDsPtun; ð1Þ

Fig. 4 (  a) Electric properties measurement of the GNM/QDs FET photo-
detector without i llumination ( Vds = 30 mV). ( b) Band alignment diagram
of the charger transfer of QDs/ligand/GNM structure. ( c) and ( d): Trans-
fer c haracter t est of t he f our d ifferent s amples u nder t he i ncident
400 nm l ight at 17 μW cm−2 l uminous density, and 30 mV Drain–Source
voltage (VD).
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where A, f QDs, Ptun i s t he empirical constant standing f or t he
effective t unnelling area i n t he surface of QD, electron semi-
classical oscillation f requency and quasi-classical probability
of tunnelling, respectively.

Among them, fQDs, Ptun can be calculated as:

f QDs ¼ ve=2dQDs; ve ¼
ffiffiffiffiffiffiffiffiffiffi
2E1S

meff

r
ð2Þ

Ptun ¼ e�
2
ℏ

Ð Llig

0
dz p zð Þj j

; pðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meffðzÞðE1S � UðzÞÞ

p            
ð3Þ

where, ve i s t he characteristic electron velocity, while electron
is i n the 1S-state, dQD i s the QDs diameter, meff i s the effective
mass of the electron, ℏ i s plank constant, the i ntegral i s taken
over t he t unnel path ( Llig, l igand l ength) going t hrough t he
potential barrier, U(z) i s t he electron potential along t he t un-
neling path and meff(z) i s t he effective mass of t he electron
taken along the tunneling path.

This simple model can be used to correlate with the results
observed in our experiment. When the length of QDs’ encapsu-
lation l igand i s i ncreased f rom T OPO(∼1.2 n m) t o O A
(∼2.5 nm), Llig i s i ncreased more t han t wofold, r esulting i n
rapid weakening of probability of t unnelling Ptun due t o t he
exponential relationship between Ptun and the Llig’s integral. In
addition t o l igand l ength, b ecause t he e ffective t unnelling
barrier i s another i mpact f actor as s hown i n t he f ormula of
p(z), t he TOPO l igand with advantage of a l ower ELUMO ( U(z) =
ELUMO) also curtails t he effective t unnelling barrier. After t he
gate voltage reaches a threshold value, the photocurrent of the
GNM/QDs device will tremendously increase due to the rapidly
decreased t unnelling barrier, which i s described i n t he exper-
iment of Fig. 4c. As for the OA ligand, which is considered as a
more insulating material, it causes a much lower probability of
tunnelling Ptun due t o t he exponential nature of t hese para-
meters ( p(z) and Ptun). I n our experiment, because t he photo-
current o f OA device was maintained a t a l imited l evel i n
Fig. 4c, we suppose that the threshold voltage of OA is too high
to reach, resulting from the l ong l igand l ength and the higher
tunnelling b arrier ( high L UMO). T hus, i n a ddition t o t he
length difference, t he additional t unnelling barrier difference
for excited electrons along t he t unnelling path of TOPO and
OA makes i t difficult t o configure all t he parameters i n our
simulated model as the real situation, which explains the rela-
tively l arge discrepancy between the simulated curve i n Fig. 3c
and experiment curve in Fig. 4c:

As for another charge transport mechanism in pyridine and
PANI wrapped device, the l igands i n these devices operate l ike
an electron transport l ayer.19 Thus, we ruled out the i mpact of
electron t unnelling between QDs and GNM: t he i nfluencing
factors here should be the field intensity (E (V nm−1) ), the con-
ductivity and t he defects i n t hese materials, as predicted and
configured i n t he s imulated work. Considering t he s tronger
field i ntensity, better conductivity and l ess defects ( due t o t he
shorter l ength a nd e asy l igand e xchange process), i t i s not
difficult t o understand why t he photocurrent of GNM/QDs(Py)
is 2 –3 t imes higher t han t hat of GNM/QDs(PANI), a nd t he

result t hat t he simulated t ransfer character curve of different
ligand length shows the similar trend as the experiment data.

2.3.2 D evice response performance characterization. Fig. 5a
depicts t he s ensitive s table o n/off p hotocurrent ( GNM/QDs
(TOPO)) of ID at different gates voltage toward the illumination.
Due t o f ree photoinduced electrons t ransferred f rom excited
QDs t o GNM driven by built-in v oltage a nd drifted by t he
drain–source voltage ( VD) , a significant photocurrent i ncrease                                

in GNM/QDs hybrid i s found at +4 V VG, where graphene i s an
n-type semiconductor. On t he f lip side decrease i n photocur-
rent i s obtained at −24 V, where hole carriers would be scat-
tered i n p-type g raphene a nd t he r ecombination with e xtra
electrons f rom t he e xcited n-type QDs diminishes t he hole
carrier density in GNM channel.31

High r esponse c apability under high s peed t esting c on-
ditions i s another pivotal performance i ndex of t he photode-
tectors. A s a c onsequence, t he t ime-dependent r esponse
current t o t he pulse l ight signal was probed and t he compari-
son r esult t oward different l igands i s s hown i n Fig. 5b. The
detailed time trace response probed voltage variation of TOPO-
wrapped and OA-wrapped devices measured by different l oad
resistance ( 2.5 kΩfor TOPO, 20 kΩ for OA) and high frequency
oscilloscope i s shown i n Fig. S3b.† In these dynamic response
experiments, t he VD a nd VG a re f ixed a t 3 0 mV a nd 1 5 V,
respectively. The on-state photocurrent r ise t ime can be esti-
mated to be about 50 ms, 15 ms, >1 s and 0.75 s for OA, TOPO,
PANI a nd pyridine wrapped QDs/GNM devices, r espectively,
from t he pulse r esponse s ignal i n Fig. 5b and c . A s horter
response t ime i n e lectron t unnelling l igands d evice w as

Fig. 5 (  a) On/off p hotoelectric p roperties o f t he GNM/QDs(TOPO)
photodetector at +4 V and −24 V. ( b) The photocurrent on/off response
time comparison of t he f our GNM/QDs devices with different l igands
(under 17 μW cm−2, 400 nm i ncident l ight, VDS = 30 mV). ( c) Voltage
variation on l oad r esistance i n r esponse t o on/off i llumination exper-
iment i n electron t unnelling l igands device ( TOPO and OA) f or VDS =
30 mV. ( d) The t ransfer characteristic curve of t he GNM/QDs(TOPO)
device was measured under 17 μW cm−2 l uminous density by different
wavelengths and the calculated responsivity of this device (inset) at VG =
15 V and VDS = 30 mV.
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observed i n t he t ime-dependence experiment. After t urning on
the light, the free excited electrons in QDs will directly tunnel to
the GNM without staying i n the l igands, while i n the t ransport
mechanism device, many defects and i mpurities i n the l igands
will c apture t he t ransport e lectrons a nd e xtend t he e lectron
exchange time. However, obviously, compared with nanosecond
level QDs quenching time, millisecond device response time i s
much l onger. T his p henomenon p ossibly c omes f rom t he
excited electron accumulation t ime i n t he QD/ligand i nterface,
which will r each a built-in t hreshold v oltage t o f acilitate t he
charge t unnelling. I t i s obvious t hat t he shorter l igand ( TOPO)
has a much l ower t hreshold v oltage f or t he e lectron t unnel-
ling.36 On t he other hand, t he l igand l ength should be a very
important constant f or t he electroactive l igands of t he devices
in dynamic response photocurrent. The electron charge transfer
process i n vertical structure can be equivalent t o t he RC oscil-
lation l oops t o charge f or GNM, where t he QDs/ligand system
can be t reated a s a parallel c ircuit with r esistance ( R) a nd
capacitance ( C). The electron charging time i s positive correlat-
ing t o t he t ime constant τ, where τ = RC. According t o capaci-

tance formula C ¼ εS
4πkd

, capacitance will be determined by the

distance ( ligand l ength) and ε ( dielectric constant). Thus, con-
sidering the conductivity, l igand l ength, dielectric constant and
lesser defects in pyridine, the response time of GNM/QDs(Py) is
shorter compared to that of GNM/QDs(PANI) device.

The r esponsivity of t hese devices as well as t he r esponse
time was c alculated u nder i llumination b y d ifferent wave-
lengths. Transfer characteristic curves of the GNM/QDs(TOPO)
device under some typical wavelengths can be seen i n Fig. 5d,
which s hows a f luctuated decrease f rom v iolet t o r ed. The
responsivity ( R, A W−1) can be calculated f rom t he photocur-
rent, i ncident l ight l uminous density and t he effective area.
The responsivity of different wave estimated by this formula i s
shown i n t he i nset i mage of Fig. 5d. As s hown i n t he i nset
image of Fig. 5d, the responsivity of the GNM/QDs follows the
same t rend compared with t he UV-vis spectrum i n Fig. S1c,†
where no extra responsivity can be observed outside the absor-
bance curve. The responsivity also has a relatively higher value
near the emission peak wavelength. In addition, the responsiv-
ity of t he GNM/QDs FET device with other different l igands i s
shown i n Fig. S3d.† The performances of t hese devices are
summarized i n Table 1 and compared with other similar gra-
phene/QDs based photodetectors.

3. C onclusions

A GNM/QDs hybrid photodetector was developed with high
photocurrent on/off ratio to seek effective charge transfer from
quantum dots. This work mainly focused on the promotion of
the device performance and t he mechanism of t he effective
electron tunnelling. The summary of the devices’ performance
comparison i s concluded i n Table 1. The results revealed t he
following: ( 1) With t he c urrent-limiting e ffect of t he p-type
GNM, t he photocurrent on/off r atio of t he FET-type photo-
detector can be boosted by nearly one order of magnitude. (2) By
utilizing adequate i nsulating l igands, the higher photocurrent
can be obtained due t o t he effective electron t unnelling f rom
QDs. ( Another shorter ethane-dithiol l igand has been used i n
a g raphene/QDs hybrid device i n t he place o f OA l igands,
which also showed an excellent performance37) ( 3) Compared
with t he electroactive l igand, which f unctions as t he electron
transport l ayer, t he electron t unnelling across t he l igand can
curtail t he r esponse t ime t oward t he high-speed pulse l ight
signal. ( 4) By t he analysis of t he tunnelling mechanism, built-
in field i s a crucial factor for the tunnelling probability, which
also influences the response time of the device due to the elec-
tron a ccumulation t ime i n t he Q Ds/ligand i nterface. We
deduced that i t i s the reason for the l onger response time i n a
planar diode or FET device compared with t he vertical-diode
device. Obviously, t o obtain a higher responsivity of photode-
tectors, t he F ET-type p hotodetector has unique a dvantages
and i t i s t he main aim of our work t o f ind out an effective
charge t ransfer method f or t he f uture high-performance gra-
phene-based p hotodetectors with h igh s peed, r esponsivity,
and high on/off photocurrent ratio.

4. E  xperimental section
4.1 F  ormation of GNM

4.1.1 S ynthesis o f monolayer-graphene. Mono-layer g ra-
phene was synthesized by t hermal chemical vapor deposition
(CVD), which has been r eported i n detail elsewhere. I n brief,
5 sccm CH4(Air Products, 99.5%) was aerated on t o a 50 μm-
thick physical vapor deposited Cu foil, at 1000 °C i n an Ar : H2

ballast ( 960 : 40 sccm) at 350 mbar for 20 min. After quenching
in a v enting s ystem, t he d evice was c ooled d own u sing
2000 sccm N2.

4.1.2 E lectrochemical method t o f orm AAO mask. First,
aluminium f oil ( 99.99%) was i mmersed i nto a mixture s olu-
tion (HClO4 ( 60 wt%)–ETOH = 1 : 4), and then was polished by
the Electrolysis method at 20 V. The f ollowing i s t he process
for t he f irst anodization. The anode ( Al f oil) and t he cathode
(Pt mesh) were placed i n a 0.3 M oxalic acid solution at 0 °C.
Thereafter, the mixed solution of phosphoric acid (6 wt%) and
chromic acid ( 1.8 wt%) with Al f oil was allowed t o s tand at
75 ° C f or 10 h t o avoid t he alumina caused by oxidation. A
second anodizing step was then carried out for half an hour in
order to form the sequential porous alumina membrane on Al
foil, and saturated HgCl2 solution was used on t he surface t o

Table 1 D  evice performance comparison of the different devices

Device structure ligands
Rise
time

O   n/off
ration

R esp.
(AW−1) Ref.

GNM/QDs FET TOPO 15 ms 9  .1 1    800 —      
GNM/QDs FET OA 35 ms 1  .15 3   4 —        
GNM/QDs FET Pyridine 0.64 s 4  .2 1    760 —      
GNM/QDs FET PANI >1 s 2    .4 5    74 —       
Gra/QDs FET Pyridine 0.3 s 1   .15 2   700 1      0
Gra/QDs FET Default ∼10 s 1  .01 8   .4 AW−1 3   1
Gra/QDs FET Ethane-dithiol 10 ms ∼  1.5 1   07 3        7
Gra/QDs vertical-diode TOPO 0.4 ms 1 04 0     .5 AW−              1 3   8
Gra/QDs planar-diode PANI ∼20 s 1  .005 D  efault 1   9
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exfoliate t he A AO membrane. T hereafter, t he h omologous
nanoscale porous AAO with a bout 4 0 nm hole a nd 1 5 nm
ribbon was produced by 5 wt% phosphoric acid for about 1 h.
With monolayer CVD-growth graphene transferred to the silica
wafer assisted by PMMA film, the AAO membrane was fixed on
the surface of graphene as the AAO mask.39

4.1.3 G NM FET device f abrication and device l ifetime. On
the g raphene/AAO s urface, a pproximately 5 nm Ti was de-
posited by RF sputtering method f or about 5 s i n Ar2 atmos-
phere ( 1.5 Pa) by a Ti t arget ( 99.999%) at r oom t emperature.
Next, a wet-etching solution ( HF and NaOH) was utilized f or
etching graphene and the AAO mask for about 40 s to form the
GNM silica substrate. To define t he FET channel, l ithography
process was used and the Ti ( 5 nm) and Au (50 nm) electrodes
were deposited by t hermal evaporation. The as-prepared GNM
Si/SiO2 FET wafer was cut i nto four pieces for the four devices
with different l igands. The f our QDs solution samples ( about
3 mg mL−1, 50 μL) were r eleased by micropipette t oward t he
FET channels and dispersed using a spin coating process at
1000 r pm t o f orm a n a pproximately 28 nm QDs t hin f ilm.
Next, a 300 °C annealing process was carried out t o bond t he
QDs and GNM channels. The AFM i mage i n Fig. 2c shows the
surface morphology of t he QDs f ilm. I n t he previous section,
the s ignificant r ole o f t he a nnealing h as b een d iscussed.
However, t he device, especially t he organic l igands bonding
GNM a nd QDs, were e xposed t o t he humid a mbient c on-
ditions, which could i nfluence the performance of the devices
after s torage f or a p eriod o f t ime.40 A s c an b e s een i n
Fig. S4b,† the devices can remain stable for several weeks, but
it seems that the device wrapped with pyridine l igands suffers
because of t he decline of electron t ransport performance of
the pyridine. As we supposed, t he TOPO device does not r ely
on t he t ransport of t he organic l igand and as a consequence,
this device even showed an excellent performance after storage
for t hree months. Moreover, t he t hick PANI and OA l igands
possibly prevented t his device f rom t he oxidation and damp
air, and thus i t showed a highly stable photocurrent for a l ong
time. Of course, if we could utilize some encapsulation or pas-
sivation method for t he channel of t he device i n t he f uture, i t
will not be very difficult t o produce FET-type photodetectors
with better stability.

4.2 S  ynthesis of QDs and GNM/QDs hybrid

4.2.1 L igand e xchange o f QDs a nd l igands s torage l ife
time. CdSe QDs ( diameter: 4.8 nm) capped with t rioctylphos-
phine o xide ( TOPO) a nd o leic a cid ( OA) l igands were pur-
chased f rom Wuhan J iayuan Quantum Dots CO., L TD, a s
shown i n Fig. S1(a).† The l igand exchange procedure of QDs
capped with pyridine ( Py) i s as f ollows. QDs(OA) solution was
heated ( 70 °C, 1 h), and t hen added t o ethanol ( volume ratio
1 : 2). After centrifuging t he mixture, t he collected precipitate
was pyridine capped with CdSe QDs, which was r e-dispersed
in toluene by sonication for 2 hours at room temperature. The
morphology of t he as-prepared QDs ( Py) c an be s een i n t he
SEM i mage of Fig. S1(b).† The t wo steps of synthesizing CdSe
(QDs@PANI)3 are as f ollows. The f irst s tep i s t o prepare t ai-

lored QDs: t he TOPO l igands c apping on t he CdSe QDs are
exchanged f or 4 -formyldithiobenzoic a cid l igands, w hich
forms a dithioate bridge between t he QDs a nd t he l igand;
then, to form the polyaniline encapsulation on the CdSe QDs,
the aniline t etramer solution was added t o t he t ailored QDs.
After t he c ondensation r eaction between t he 4-formyldithio-
benzoic acid l igands and t he t etramer, t he aniline t etramer i s
grafted on the surface of QDs to form the QDs(PANI), as shown
in Fig. S1(c).†

4.3 M  easurement and instruments

The Morphology of t he device microstructure was c haracter-
ized by s canning e lectron microscopy ( SEM, Hitachi S 4800)
and the QDs detail image by transmission electron microscopy
(TEM, Tecnai G2 F20 U-TWIN). Photoluminescence i ntensity
and t ime-resolved spectrofluorometer ( FL2-21-IHR320-TCSPC)
was used t o detect t he c harge t ransfer i n t he neutral GNM
channel. Keithley 2400 was utilized to characterize the electric
properties o f t he GNM/QDs F ET device. High performance
Agilent DSO91204A was used t o probe t he voltage variation i n
the high speed t ime t race experiment. LED l amp source with
different wavelength diodes and adjustable power was used as
the top l ight-modulated terminal. In addition, the multi-wave-
length optic i ntensitometer DES-100H ( U.S.A SP Co. Ltd) was
used to confirm the power intensity.
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