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ABSTRACT: A novel s ize-controllable germanium quantum
dot ( Ge QD) i s s ynthesized a nd d ecorated o nto r educed
graphene o xide ( RGO) f ragments t o o vercome t he l ow
infrared ( IR) p hotoresponses ( ∼0.1 A/W)13,14 o f p ristine
graphene. With the i ntegration of flexible substrate, monolayer
graphene ( MLG) e lectrode a nd n-type z inc oxide ( ZnO), a 
high-performance QD-decorated-RGO/ZnO h eterostructure
infrared photodetector i s r eported i n t his study. The Ge QD-
decorated-RGO hybrid photosensitive composite i mproves the
responsivity (∼9.7 A/W, 1400 nm) i n I R waveband without
sacrificing t he r esponse s peed (∼40 μs r ise t ime and 90 μs r ecovery t ime). I n addition, t he effective barrier f ormed between
graphene and ZnO i nterface restricts t he dark current (∼1.4 nA, −3 V) t o guarantee t he relatively excellent rectifying behavior
and high on/off ratio (∼103) f or this IR photodetector. With these superior i nherent properties and micron-sized sensing active
area, t his photodetector manifests great potential i n t he f uture application of graphene-based I R photodetector.

KEYWORDS: g ermanium quantum dots, i nfrared photodetector, flexible, micron-size device, graphene/zinc-oxide heterostructure

1. I NTRODUCTION

Cost-effective g roup IV s emiconductors i ncluding Ge a nd Si
have been greatly developed i n t he f abrication of conventional
optoelectronics d evices d uring p ast s everal d ecades.1−4

However, when t he f uture i nterface t echnologyquantum
dots began t o attract many r esearchers’ i nterests, t oo much
emphasis has been put on t he I I−VI Cd-based, I V−VI Pb-
based, I II−V I n, Ga-based c ompound q uantum d ots ( PbS,5

CdSe,6 PbSe,7      I nAs8     ) due to their wavelength-tunable emission,
strong absorption toward the i ncident l ight, and l ong electron−
hole r ecombination l ifetime.9 The n ontoxic g roup I V s emi-
conductors Ge and Si quantum dots with similar characteristics
are g reat c andidates t o s ubstitute t he a bove c ytotoxic heavy
metal q uantum d ots. E specially o n a ccount o f t he l arger
excitonic Bohr r adius (11.5 nm) and narrower band gap (0.67
eV) c ompared with t hose of s ilicon ( 4.9 nm e xcitonic Bohr
radius, a nd 1 .12 e V), g ermanium quantum dots c an e xhibit
more quantum confinement effects10,11 and extend the spectral
range t o i nfrared ( IR) waveband ( 850−1800 nm) i n optic-
electronic applications s uch as I R l ight emitting diode and I R
photodetector. Moreover, with t he c oupling of graphene, t he
hottest t wo-dimensional (2D) atomic material, t he alternative
Ge quantum dot/graphene systematic composite can avoid t he
limited c harge mobility i n quantum dot films12 a nd t he l ow
infrared ( IR) photoresponses ( less t han 0.1A/W) of pristine
graphene.13,14

Nevertheless, t he c onventional Ge quantum dot s ynthesis
method r elies on t he i n s itu growth f ormation method with
high t emperature ( >700 ° C) a nd s ophisticated l ayer-by-layer
processes (such as molecular beam epitaxy,15 high-temperature
RF sputtering, and annealing), which are usually utilized i n t he
integration of I nP, I nAs, a nd I nGaAs I R e mission quantum
dots.8 Considering t he natural t hermal i nstability o f fl exible
substrate a nd g raphene e lectrode, t hese f abrication methods
cannot be employed i n t he f uture flexible I R photodetectors.
In t his s tudy, s ize-tunable c olloid Ge QDs s olution, which

can be t ransferred on a l arge scale, was synthesized t hrough an
aqueous chemical etching method and then i ntegrated i nto the
graphene-based fl exible I R p hotodetector. T o e xplore a n
optimal f abrication p rocess a nd o perating s tructure, w e
designed t wo d ifferent p hotodetectors a nd c ontrasted t hen
under t he s ame e xperimental a mbient. I n t his r egard,
performances s uch a s p hotocurrent, r esponsivity, r ectifying
capability, and response time of each device were measured and
characterized. In addition, two different mechanisms that l ed to
the distinct properties of these two devices were also elucidated
in t his study.
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2. EXPERIMENTAL SECTION
2.1. Synthesis of Bulk Ge Nanoparticle Solution. Germanium

precursor s olution w as p repared b y r eported t ypical r eduction
method.10,11,16 The synthesis process of Ge nanoparticles i s described
as f ollowing: (1) Under i nert atmosphere, GeO2 powder (1g, s igma-
aldrich) was dissolved i n 50 mL ammonium hydroxide solution i n an
ultrasonic machine heated t o 70 °C. (2) Oxidation−reductant NaBH4
diluted with 5 0 mL DI-water ( 5 mol/L) was t hen i njected. The
reaction mixture s olution s tood f or a pproximately 1 2 h , a nd t he
solution changed from transparent to germanium red. (3) At ∼ −8 °C,
the r eaction p roduct w as t ransferred t o a c entrifuge t ube a nd
centrifuged t o o btain t he p recipitate. ( 4) The s ame a mount o f
methanol was added t o obtain t he Ge nanoparticle precursor solution
(diameter, 40−60 nm; i n Figure1a).
2.2. Chemical Wet-Etching Method Forming Size-Tunable

Colloid G e/GexOy  Hz C ore/Shell Q Ds. C hemical w et-etching
method h as b een u tilized i n t he s ynthesis o f a nother g roup I V
semiconductor s ilicon QDs i n previous r eports.17−20 T    he obtained
germanium n anoparticles were r educed t o Ge QDs u sing e tching
buffer s olution ( mixed with hydrofluoric a cid ( HF) a nd nitric a cid
(HNO3)). Then, 69 wt % HNO3 a nd 46 wt % HF mixed e tching
buffer s olution (1:4 v/v) was added t o t he Ge nanoparticle dilution.
The chemical etching reaction was operated i n the ultrasonic machine,
which p layed a v ital r ole i n p romoting t he u niformity o f t he Ge
quantum dots after the reaction. The etching solution was obtained by
micropipette, which was used t o add t he etching solution dropwise t o
the reaction polytetrafluoroethylene (PTFE) beaker i n 2 μL quantities
every 10 s. The etching time was controlled from 10 to 40 min and the
approximate QD d iameter was d eterminated t hrough t his method
(Figure 1b−d,f−h). Finally, t he obtained Ge/GexOyHz QDs s olution
was filtered by 0.1 μm filter ( polyvinylidene fluoride ( PVDF)) a nd
collected after drying i n a drying-off oven.
2.3. P reparation o f G raphene a nd D evice F abrication

Process. Hummer’s method g rown g raphene o xide ( GO) w as

purchased t o b e r everted t o r educed g raphene oxide ( RGO) with
∼20 μ m d iameter t hrough t he r eduction p rocess b y o xidation−
reductant NaBH4. The PET substrate (transmission wavelength, 300−
2500 nm) with monolayer graphene was purchased from Suzhou Nord
Derivatives P harm-Tech Co., L td. A fter t hat, t hin-layer A u was
deposited on the edge of the graphene as the metal contact. Then, two
different s tructured p hotodetectors ( PDs) were f abricated b y a s-
prepared Ge QDs alone and Ge-QD-decorated graphene, respectively.
Briefly, 4 mg/mL Ge QDs methanol solution was spin coated (1000 r/
min) on the PET graphene substrate, dried and annealed i n a vacuum
chamber a t 2 00 ° C. A nd t his s pin-coating p rocess w ith l ow
temperature a nnealing t reatment was r epeated 2 t imes t o f orm ∼50
nm Ge QDs l ayer. The hybrid Ge QDs/graphene solution was made
up of 1 mL of 5 mg/mL Ge QDs a nd 1 mL of 1 mg/mL RGO
solution. The hybrid solution was filtered t hrough membrane filter t o
obtain t he QD-decorated RGO. The hybrids would be added t o t he
PET graphene s ubstrate by drop-cast process a nd were a nnealed a t
190 °C to bond QDs on RGO surface. Finally, room-temperature RF-
magnetron sputtering was carried out t o deposit ∼30 nm n t ype-ZnO
and a nother t hin l ayer Au metal c ontact ( 150 × 2 00 μm) u sing
alignment d eposition metal mask ( presion, 1 0 μ m). They were
combined with t he graphene electrode t o sandwich t he Ge QDs and
QD-decorated-RGO r espectively.

2.4. Characterization of As-Prepared Materials and Devices.
The s ize-tunable Ge/GexOyHz QDs s amples were c haracterized by
Transmission electron microscope (TEM, Tecnai G2 F20 U-TWIN)
and QD-decorated R GO was c haracterized b y s canning e lectron
microscope (SEM, Hitachi S4800). Atomic f orce microscope (AFM,
Multimode-8-AM) was used t o c haracterize t wo different s tructure
devices’ i nterfaces. Meanwhile, t he p hotoluminescence c urve was
obtained b y LS55 ( PerkinElmer I nstruments Co., Ltd.) a nd t ime-
resolved s pectrofluorometer ( FL3-21-IHR320-TCSPC) was t he t est-
ing s pectrometer t o i nvestigate t he c harge t ransfer b etween Ge/
GexOyHz QDs and RGO f ragments. All t he graphene material Raman
spectrum was s wept out by Raman s pectroscopy (inVia). The l ight-

Figure 1. Characterization of Ge QD material. (a) TEM i mage of Ge nanoparticle precursor solution. TEM i mage of (b−d) l arge-scale and (f−h)
detailed Ge QDs. (e) Schematic of t he Ge QDs f ormation process. (i) The I R photoluminescence (PL) s pectrum of different s ize Ge QDs. (j)
Transient t ime-resolved fluorescence decay of t he contrasted Ge QDs with different size and oxide shell.
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bias was a pplied by t he power-adjustable LED l amp a nd t he power
density of t he device planar was measured by multiwavelength optic
intensitometer DES-100H (U.S.A SP Co.Ltd.). The electric character
was t ested u sing a K eithley 4 200 a nd o scilloscope ( National
Instrument, DSA91304A) was s et i n t he device t esting l oop t o get
the pulse photocurrent r esponse.

3. RESULT AND DISCUSSION
According t o t he high-resolution TEM i mage of t he l arge-scale
and detailed Ge QDs i n Figure 1b−d,f−h, t he diameters and
errors of the QDs i n each i mage were approximately 18 nm ± 1
(5 min etching time), 12 nm ± 0.5 (10 min etching time), and
6 nm ± 0.25 ( 20 min e tching t ime), r espectively. Figure 1e
depicts the chemical etching process to f orm the Ge oxide shell
and two chemical steps (oxidation by HNO3 and hydrogenated
by HF) i n t he Germanium s urface. These r eactions c an be
summarized a s f ollows: 3Ge + 4HNO3 → 3GeO2 + 4NO +
2H2O and GeO2 + 6HF → H2GeF6 + 2H2O. Therefore, as the
etching t ime (at t he same concentration) i ncreases, t he size of
the Ge QDs g radually d eclines, which makes t he Ge QDs
convert t o t he Ge/Ge o xide s tructure. F urthermore, t he
thickness o f t he f ormed Ge o xide s hell a ugments g radually
accompanied by l onger etching t ime.
The I R p hotoluminescence ( PL) a nd t ime-resolved

fluorescence decay were measured to characterize t he photonic
properties of t he Ge QDs a nd t he c harge t ransfer between
RGO a nd Ge/Ge oxide a t r oom t emperature i n Figure 1i,j.
Though t he bulk germanium material has weak absorbance i n
infrared waveband, Ge QDs e nhance t he a bsorbance a nd
photoluminescence i n near-infrared waveband by reason for the
quantum c onfinement a nd t ensile s train.10,11 Due t o t he
relatively l ong excitonic Bohr radius (11.5 nm) of Ge material,
Ge QDs will show a stronger quantum confinement when their
diameter approaches 11.5 nm (as s een f rom t he PL emission
curve i n F igure 1 i). F igure 1 j e xhibits t he e mission d ecay

kinetics of different s ize Ge/Ge oxide QDs a nd QDs/RGO
samples. A c arrier quench occurred i n t he i nterface between
QDs and RGO, as shown i n Figure 1j. The exponentially fitted
time constant referred t o t he radiative excitation l ifetime i s τ =
3.4, 2.8, 0.56, and 0.37 ns f or 12 and 6 nm Ge QDs and 12 and
6 nm QDs/RGO hybrids, r espectively. The charge t ransfer or
energy t ransfer between t he 12 nm QDs ( thinner Ge oxide
shell) and RGO i s more efficient t han t hat of t he 6 nm QDs
(thicker Ge oxide s hell), which has been proved i n previous
reports t hat more t rap s tates i n t he t hicker s hell QDs c an
hamper t he radiative recombination of holes and electrons.21,22

Therefore, o n t he p remise o f b etter a bsorbance i n t he I R
waveband and t he effective charge t ransfer, 12 nm QDs were
chosen t o b e i ntegrated o nto t his d evice t o g uarantee t he
optimal device performance.
Figure 2 a demonstrates t he s chematic diagram of t he a s-

fabricated QD-decorated-RGO/ZnO h eterostructure d evice.
The f abrication process has been described i n the Experimental
Section. Furthermore, we prepared t he patterns on t he flexible
PET s ubstrate t hrough l ithography, a s depicted i n Figure 2b.
Figure 2d compares t he Raman spectrum of RGO and pristine
graphene electrode. On one hand, the 2D band peak at around
2650 cm−1, G band peak at 1550 cm−                             1 a  nd a nearly 2:1 I2D/IG
ratio c ertify t he c rystal q uality o f o ur monolayer g raphene
(MLG) e lectrode.23 The MLG e lectrode s et h ere h as t wo
benefits f or this device: first, MLG has l ower i ncident l ight l oss
(2−3%) due t o i ts l ow sheet r esistance and high t ransparency
compared with I TO ( ∼22%); s econd, t he b arrier b etween
MLG a nd RGO c an be i gnored c onsidering t hat t hey a re a ll
“graphene” with t he s ame work f unction which c an s upply a 
high c harge c ollection e fficiency. On t he other hand, i n t he
spectrum of RGO, t he peak and i ntensity of G band and 2D
band i s s hifted, i ndicating t he e xisting o f d efect s tates i n
graphene.13,14 Figure 2e presents the morphology of MLG film

Figure 2 . Characterization o f t he fl exible I R p hotodetectors. ( a) S tructure s chematic o f t he QD-decorated-RGO/ZnO h eterostructure
photodetector. (b) Overall optical photography of the flexible IR photodetectors and (inset) SEM i mage of the detector unit. (c) SEM i mage of the
QDs/RGO hybrid on t he MLG substrate. (d) Raman spectrum f or RGO and MLG. (e) Surface detail of t he one-step spin-coating/annealed Ge
QDs film (∼25 nm) on the MLG (PET substrate) and (inset) structure schematic of the device. (f) AFM i mage of the QD-decorated-RGO surface
after t he annealed bonding and (inset) structure schematic of t he device.
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deposited by Ge QDs directly, while t he hybrids of Ge QDs
and RGO are characterized i n Figure 2c and f observed f rom
SEM and AFM.
Without t he RGO f ragments, t he t wo-terminal device with

encapsulated Ge/Ge-Oxide QDs operates l ike a metal-oxide-
semiconductor (MOS) structure PD (Figure 2e, i nset).24−26,36

However, a fter blending t he Ge QDs with RGO f ragments,
because the radius of RGO f ragments (∼20 μm) i s much l arger
than t hat o f Ge QDs ( Figure 2 c), Ge QDs w ere o nly
distributed on the RGO surface discretely (Figure 2f), causing a
direct contact between RGO and n-type ZnO. The r ectifying
behavior of t his device can be observed i n Figure 3 a,c,d as a
result of t he effective barrier i n t his c ontact i nterface. I n t his
RGO/ZnO i nterface, a Schottky barrier i s f ormed, given t hat
the work f unction of RGO (WRGO = 4.5 eV) i s greater than the
electron affinity of s emiconduction ZnO (χ ∼ 4.1 eV).27 The
height o f S chottky b arrier ( ϕSBH) c an b e e xpressed b y t he
following equation:28

ϕ χ= −WSBH RGO (1)

To i nvestigate t he photocurrent c ontribution of RGO, we
compared t he photocurrent of t hese t wo different r epresenta-
tive devices upon IR 1400 nm i ncident l ight (Figure 3a). It can
be c learly s een t hat t he photocurrent of QDs/RGO hybrids
device (0.1 μA) i s approximately 2 orders of magnitude greater
than that of QDs (4 nA) at −3 V reverse bias even though l ess
Ge QDs are utilized i n QDs/RGO structure, which can be seen
in Figure 2e,f, Ge QDs i n panel f are much more s parse t han
those i n panel e.
Different mechanisms f or t hese t wo devices are i llustrated i n

Figure 3b. In t he MOS structure, photogenerated carriers have
to tunnel t hrough t he entire Ge oxide l ayer to reach electrodes
(Figure 2b, l eft).24−26 H    owever, i n t he RGO/ZnO s tructure,
photogenerated carriers are t ransferred t o t he graphene surface

and then driven to the electrodes (Figure 2b, right). Thus, f our
possible h ypotheses a re p roposed t o e xplain t he r elatively
higher p hotocurrent g ain o f t he QD-docrated-RGO/ZnO
heterostructure device: (1) The more effective photogenerated
carrier c auses s eparation i n t he QDs/RGO h ybrids.29 ( 2)
Compared with t he ultrafast mobility of graphene, t he l imited
carrier mobility of Ge Qds will constrain t he photocurrent i n
MOS structure. (3) Coulomb blockade effects i n t he Ge QDs
can hamper t he f urther i ncrease of t he electron t ransfer i n t he
QDs l ayer. Especially f or the QDs which are not l ocated on the
MLG e lectrode, i t i s d ifficult t o t ransfer t heir p hotoexcited
electrons t o t he electrode t erminal across massive other QDs.
(4) Under i ncident light, t he S chottky b arrier f or e lectrons
diminishes,30−33 w    hich f acilitates the charge drifting f rom RGO
to ZnO at r everse bias. On t he contrary, t he barrier of MOS
structure i s i nsensitive at reverse bias.24,25 A possible reason f or
this phenomenon i s t he offset t unneling barrier of Ge oxide
shell f or electrons a nd holes ( 0.7 ev f or electrons, 4.3 ev f or
holes).34 Another i mpact e lement i s t hat e lectrons a re much
more mobile t han holes because of t heir l ower t unneling mass.
Consequently, b ecause many more e lectrons t han holes a re
transferred t o t he RGO, d eep e lectron-doping i s c aused i n
RGO, and the barrier f or electrons’ drifting f rom RGO to ZnO
is r educed a t r everse v oltage. Finally, we c an r ule o ut t he
influence o f t he p hotogenerated c arriers f rom ZnO i n I R
waveband considering i ts wide bandgap (∼3.3 eV).
To quantify the rectifying behavior of the device i n Figure 3c,

the c urrent ( I) p assing t hrough t he S chottky b arrier i s
described i n t he f ollowing equations:35

η
= −

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟   

⎤
⎦⎥I I 

qV
kT

exp 1sat
(2)

Figure 3. Characterization of photodetector’s opto-electric performance. (a) Photocurrents of the two different representative devices upon IR 1400
nm i ncident l ight i llumination. (b) Energy band and bias mechanism schematic diagram of t he t wo devices. (c) The l inear I −V curve of t he QD-
decorated-RGO/ZnO heterostructure under dark and 1400 nm i llumination to show the rectifying behavior of the device. (d) Photocurrent variation
of t he QD-decorated-RGO/ZnO device exposed t o t he different wave i ncident I R l ight.
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ϕ
η

= −∗ ⎛
⎝⎜

⎞
⎠⎟I AA T

q

kT
expsat

2 SBH

(3)

where Isat i s t he saturation current, A, T, q, k, and η (= (q/kT)
dV/d l n Id),

28 are the Schottky contact area, room temperature
(300 K), electron charge, Boltzmann constant, and t he i deality
factor, respectively. A* i s the Richardson constant, which i s 32A
cm−2K − 2 f  or ZnO.3          5

Using t hese t wo e quations a nd t he e xperimental I dark−V
curve i n F igure 3 c, t he c orresponding S chottky h eight i s
calculated as 0.665 eV. The i deality f actor η i s 5.24, while t he
normal r ange of η i s between 1 and 2, which i s aroused f rom
the defects i n RGO and t he i nterface between RGO and ZnO,
such as dislocations, vacancies, and i mpurities. Theoretically, i t
would be i mproved with t he s ubstantial i ncrease of annealing
temperature.28,37 However, t he r elatively l ow a nnealing
temperature ( 200 ° C) d etermined b y t he t emperature
instability o f PET fl exible s ubstrate ( <220 ° C) l imited t he
further i mprovement t hrough t his method. Besides, t he QD
density i s a nother determinant a ffecting t he c ontact between
RGO a nd ZnO. Because t he QDs a nd RGO a re r andomly
distributed with e ach other, i nevitably, t here may e xist s ome
QDs t hat a re i n direct c ontact with ZnO. Electrons i n t hese
QDs have t o t unnel t hrough t he dialectic GeO2 s hell when
transferring t o ZnO. Additionally, t he Fermi-level position i n a
different part of RGO i s a lso unpredictable due t o different
reduction l evel ( Figure 3 b). I n s um, t he e ffective b arrier
between RGO a nd ZnO a ctually i s a c ombination of various
effects, i ncluding S chottky b arrier, t unneling b arrier, s urface
defects, and different position of Fermi-level.
To f urther a nalyze t he e lectrical performance of t he QD-

decorated-RGO/ZnO heterostructure device, photocurrents of

different wavelengths were measured under a n i ncident l ight
power of 32 μw/cm2 (Figure 3d). The device on/off r atio at
reverse bias i s much higher compared with t hat at f orward bias
owing to the decrease of effective electron barrier as mentioned
above under i llumination compared with i ts counterpart.
According t o t he statistics i n Figure 3d, responsivities of t his

device were calculated using t he f ollowing equation:

=−R AW
I

P
( ) p1

opt (4)

where Ip i s photocurrent, and Popt i s the i ncident optical power
(obtained by t he l ight i ntensity multiplies t he area). Given by
an active area of 150 × 200 μm, the calculated responsivities at
different I R wavebands a re s hown i n Figure 4a a t t he s ame
conditions ( luminous power density: 32 μw/cm2 a nd −3 V
reverse v oltage). Both t he p hotocurrents i n Figure 3 d a nd
responsivities i n Figure 4a i ndicate a fluctuating decrease f rom
near I R waveband ( 800 nm) t o middle I R waveband ( 1800
nm) and a r elative extremum between 1300 and 1450 nm I R
wavelengths. The r esponsivity a t 1400 nm, which i s near t he
extremum, i s obtained at 9.7 A/W given by i ts Popt (9.6 × 10−9

W) and a 9.3 × 10−8 A photocurrent. Additionally, according to
Figure 4 a, t he p hotocurrent d ata c orrelates with t he QDs
absorption s pectrum, w hich c ertifies t he a mplification o f
photocurrent i n our device i s primarily driven by the absorption
of Ge QDs rather t han RGO. Furthermore, on t he basis of t he
above h ypothesis, e ffective e lectron b arrier n early r emains
unchanged b ecause u nexcited QDs a re u nable t o t ransfer
charges o nto R GO i nterface, w hich c an e xplain t he
phenomenon t hat p hotocurrent d eclines d ramatically a nd
difficult t o be measured beyond t he absorption of Ge QDs.

Figure 4. Characterization of the photodetector’s detection performance and dynamic photoresponse to the pulsed IR l ight signal. (a) Responsivity
of t he device under different wavelength c orrelating t o t he a bsorption c urve of t he Ge QDs ( at 32 μW/cm2 a nd −3 V r everse v oltage). ( b)
Photocurrent versus l uminous power density at −3 V reverse voltage and (inset) I−V characters curve under representative power density. (c) On/
off performance of t he device under T = 3 ms I R signal. (d) The schematic i mage of (left) t he t esting l oop and (right) t he rise/fall photocurrent
response t o a microsecond I R signal.
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If w e c onsider o nly t he n oise f rom d ark c urrent, t he
detectivity of a given PD c an be quantified by t he f ollowing
equation:

=∗D
A R
eI(2 )

1/2

dark
1/2

(5)

where e i s the elementary charge, A i s the active area, Idark i s the
dark c urrent a nd R i s t he r esponsivity. The detectivity ( dark
current, 1.4 nA) of RGO/ZnO heterostructure PD i s 7.98 ×
1012 J ones under 1 400 nm I R l ight i llumination a nd −3 V
reverse bias. To compare t he device performances before and
after optimization, t he responsivity (0.47 A/W) and detectivity
(6.42 × 1 011 J ones) o f t he MOS s tructure P D were a lso
estimated according t o t he statistics i n Figure 3a (1400 nm IR
region, −3 V reverse voltage, 32 μw/cm2) f ollowing f ormulas 4
and 5 . Consequently, t he overall performance of t he PD i s
greatly ameliorated after t he i ntroduction of RGO.
Figure 4 b d emonstrates t he r elationship b etween p hoto-

current and l uminous power i ntensity, while t he i nset portrays
photocurrent v ersus b ias v oltage u nder f our d ifferent l ight
intensities. The i ncrease of photocurrent a lmost k eep l inear
under t he f aint i ncident l ight i ntensity but gradually r eaches a
saturation state r esulting f rom all t he discrete Ge QDs on t he
RGO surface being sufficiently excited.
Finally, t he on/off performance and r esponse s peed of t his

photodetector u nder r everse b ias ( −3 V) were i nvestigated
(Figure 4c and d), where FPGA-cored LED driving circuit was
used to generate the pulsed l ight signal. Under the i llumination
of 3 ms period I R l ight s ignal (1400 nm, ∼32 μW/cm2), t he
device s howed a r apid r esponse t o t his o n/off modulation
measured by s ource meters. Herein, a 2 MΩ s eries r esistance
was s et i n t he t esting l oop with a oscilloscope t o probe t he
transient photocurrent under a microsecond pulsed I R s ignal
light s ource ( the s ame peak power density, 32 μW/cm2). As
shown i n Figure 4d, when t he period was t uned at 170 μs by
the c ontrol c ircuit, t he photocurrent s howed a “ just enough”
on/off r esponse, where r ise t ime ( τr) a nd f all t ime(τf) were
estimated t o be a round 40 a nd 90 μs, r espectively. The f ast
response t ime i s attributed t o t he enhanced charge s eparation
of the QDs/RGO hybrid29 and effective charge transfer on Ge/
RGO i nterface,28,37 a s s hown i n F igure 1 j. However, t he
dynamic photoresponse t ime i s much s lower c ompared with
this ultrafast QD emission quenching t ime (Figure 1j), which
suggests the time of the charge transfer between RGO and QDs
is not the most i mpact determinant i n the photoresponse time.
We s upposed t hat t he electron t ransfer barrier between RGO
and Z nO w ill n ot d isappear i nstantaneously a fter t he
illumination. I t i s b ecause t hat t he e lectrons f rom QDs
accumulated o n RGO n eed c ertain a ccumulation t imes t o
reach e nough e lectron-doping l evel a nd c urtail t he e ffective
barrier s ufficiently. E ven s o, d ue t o t he microsecond l evel
accumulation t ime, t his device’s r esponse t ime i s s till much
shorter t han t hose of some other graphene based or QDs-base
devices, such as graphene/ZnO nanorod array31 and graphene/
PbS QDs FET.38

In c onclusion, we have demonstrated a novel micron-sized
QD-decorated-RGO/ZnO heterostructure photodetector. Ad-
ditionally, t he effective electron barrier f ormed at t he i nterface
of t he QD-decorated-RGO/ZnO heterostructure endows t his
device with a good rectifying behavior i n t he dark ambient and
excellent photoresponse under i llumination. The combination
of t he f ollowing five key f eatures makes t his device s tand out

from t he o thers: e nvironmentally f riendly materials, h igh
responsivity, high on/off r atio, f ast r esponse t ime, and flexible
substrate. All t hese r esults s uggest t hat t his photodetector can
be a potential c andidate f or t he f uture a pplication i n near-IR
detection field.
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