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ABSTRACT: A novel size-controllable germanium quantum
dot (Ge QD) is synthesized and decorated onto reduced
graphene oxide (RGO) fragments to overcome the low
infrared (IR) photoresponses (∼0.1 A/W)13,14 of pristine
graphene. With the integration of ﬂexible substrate, monolayer
graphene (MLG) electrode and n-type zinc oxide (ZnO), a
high-performance QD-decorated-RGO/ZnO heterostructure
infrared photodetector is reported in this study. The Ge QDdecorated-RGO hybrid photosensitive composite improves the
responsivity (∼9.7 A/W, 1400 nm) in IR waveband without
sacriﬁcing the response speed (∼40 μs rise time and 90 μs recovery time). In addition, the eﬀective barrier formed between
graphene and ZnO interface restricts the dark current (∼1.4 nA, −3 V) to guarantee the relatively excellent rectifying behavior
and high on/oﬀ ratio (∼103) for this IR photodetector. With these superior inherent properties and micron-sized sensing active
area, this photodetector manifests great potential in the future application of graphene-based IR photodetector.
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1. INTRODUCTION

Nevertheless, the conventional Ge quantum dot synthesis
method relies on the in situ growth formation method with
high temperature (>700 °C) and sophisticated layer-by-layer
processes (such as molecular beam epitaxy,15 high-temperature
RF sputtering, and annealing), which are usually utilized in the
integration of InP, InAs, and InGaAs IR emission quantum
dots.8 Considering the natural thermal instability of ﬂexible
substrate and graphene electrode, these fabrication methods
cannot be employed in the future ﬂexible IR photodetectors.
In this study, size-tunable colloid Ge QDs solution, which
can be transferred on a large scale, was synthesized through an
aqueous chemical etching method and then integrated into the
graphene-based ﬂexible IR photodetector. To explore an
optimal fabrication process and operating structure, we
designed two diﬀerent photodetectors and contrasted then
under the same experimental ambient. In this regard,
performances such as photocurrent, responsivity, rectifying
capability, and response time of each device were measured and
characterized. In addition, two diﬀerent mechanisms that led to
the distinct properties of these two devices were also elucidated
in this study.

Cost-eﬀective group IV semiconductors including Ge and Si
have been greatly developed in the fabrication of conventional
optoelectronics devices during past several decades.1−4
However, when the future interface technologyquantum
dots began to attract many researchers’ interests, too much
emphasis has been put on the II−VI Cd-based, IV−VI Pbbased, III−V In, Ga-based compound quantum dots (PbS,5
CdSe,6 PbSe,7 InAs8) due to their wavelength-tunable emission,
strong absorption toward the incident light, and long electron−
hole recombination lifetime.9 The nontoxic group IV semiconductors Ge and Si quantum dots with similar characteristics
are great candidates to substitute the above cytotoxic heavy
metal quantum dots. Especially on account of the larger
excitonic Bohr radius (11.5 nm) and narrower band gap (0.67
eV) compared with those of silicon (4.9 nm excitonic Bohr
radius, and 1.12 eV), germanium quantum dots can exhibit
more quantum conﬁnement eﬀects10,11 and extend the spectral
range to infrared (IR) waveband (850−1800 nm) in opticelectronic applications such as IR light emitting diode and IR
photodetector. Moreover, with the coupling of graphene, the
hottest two-dimensional (2D) atomic material, the alternative
Ge quantum dot/graphene systematic composite can avoid the
limited charge mobility in quantum dot ﬁlms12 and the low
infrared (IR) photoresponses (less than 0.1A/W) of pristine
graphene.13,14
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Figure 1. Characterization of Ge QD material. (a) TEM image of Ge nanoparticle precursor solution. TEM image of (b−d) large-scale and (f−h)
detailed Ge QDs. (e) Schematic of the Ge QDs formation process. (i) The IR photoluminescence (PL) spectrum of diﬀerent size Ge QDs. (j)
Transient time-resolved ﬂuorescence decay of the contrasted Ge QDs with diﬀerent size and oxide shell.
purchased to be reverted to reduced graphene oxide (RGO) with
∼20 μm diameter through the reduction process by oxidation−
reductant NaBH4. The PET substrate (transmission wavelength, 300−
2500 nm) with monolayer graphene was purchased from Suzhou Nord
Derivatives Pharm-Tech Co., Ltd. After that, thin-layer Au was
deposited on the edge of the graphene as the metal contact. Then, two
diﬀerent structured photodetectors (PDs) were fabricated by asprepared 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 in a vacuum
chamber at 200 °C. And this spin-coating process with low
temperature annealing treatment was repeated 2 times to form ∼50
nm Ge QDs layer. The hybrid Ge QDs/graphene solution was made
up of 1 mL of 5 mg/mL Ge QDs and 1 mL of 1 mg/mL RGO
solution. The hybrid solution was ﬁltered through membrane ﬁlter to
obtain the QD-decorated RGO. The hybrids would be added to the
PET graphene substrate by drop-cast process and were annealed at
190 °C to bond QDs on RGO surface. Finally, room-temperature RFmagnetron sputtering was carried out to deposit ∼30 nm n type-ZnO
and another thin layer Au metal contact (150 × 200 μm) using
alignment deposition metal mask (presion, 10 μm). They were
combined with the graphene electrode to sandwich the Ge QDs and
QD-decorated-RGO respectively.
2.4. Characterization of As-Prepared Materials and Devices.
The size-tunable Ge/GexOyHz QDs samples were characterized by
Transmission electron microscope (TEM, Tecnai G2 F20 U-TWIN)
and QD-decorated RGO was characterized by scanning electron
microscope (SEM, Hitachi S4800). Atomic force microscope (AFM,
Multimode-8-AM) was used to characterize two diﬀerent structure
devices’ interfaces. Meanwhile, the photoluminescence curve was
obtained by LS55 (PerkinElmer Instruments Co., Ltd.) and timeresolved spectroﬂuorometer (FL3-21-IHR320-TCSPC) was the testing spectrometer to investigate the charge transfer between Ge/
GexOyHz QDs and RGO fragments. All the graphene material Raman
spectrum was swept out by Raman spectroscopy (inVia). The light-

2. EXPERIMENTAL SECTION
2.1. Synthesis of Bulk Ge Nanoparticle Solution. Germanium
precursor solution was prepared by reported typical reduction
method.10,11,16 The synthesis process of Ge nanoparticles is described
as following: (1) Under inert atmosphere, GeO2 powder (1g, sigmaaldrich) was dissolved in 50 mL ammonium hydroxide solution in an
ultrasonic machine heated to 70 °C. (2) Oxidation−reductant NaBH4
diluted with 50 mL DI-water (5 mol/L) was then injected. The
reaction mixture solution stood for approximately 12 h, and the
solution changed from transparent to germanium red. (3) At ∼ −8 °C,
the reaction product was transferred to a centrifuge tube and
centrifuged to obtain the precipitate. (4) The same amount of
methanol was added to obtain the Ge nanoparticle precursor solution
(diameter, 40−60 nm; in Figure1a).
2.2. Chemical Wet-Etching Method Forming Size-Tunable
Colloid Ge/GexOyHz Core/Shell QDs. Chemical wet-etching
method has been utilized in the synthesis of another group IV
semiconductor silicon QDs in previous reports.17−20 The obtained
germanium nanoparticles were reduced to Ge QDs using etching
buﬀer solution (mixed with hydroﬂuoric acid (HF) and nitric acid
(HNO3)). Then, 69 wt % HNO3 and 46 wt % HF mixed etching
buﬀer solution (1:4 v/v) was added to the Ge nanoparticle dilution.
The chemical etching reaction was operated in the ultrasonic machine,
which played a vital role in promoting the uniformity of the Ge
quantum dots after the reaction. The etching solution was obtained by
micropipette, which was used to add the etching solution dropwise to
the reaction polytetraﬂuoroethylene (PTFE) beaker in 2 μL quantities
every 10 s. The etching time was controlled from 10 to 40 min and the
approximate QD diameter was determinated through this method
(Figure 1b−d,f−h). Finally, the obtained Ge/GexOyHz QDs solution
was ﬁltered by 0.1 μm ﬁlter (polyvinylidene ﬂuoride (PVDF)) and
collected after drying in a drying-oﬀ oven.
2.3. Preparation of Graphene and Device Fabrication
Process. Hummer’s method grown graphene oxide (GO) was
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Figure 2. Characterization of the ﬂexible IR photodetectors. (a) Structure schematic of the QD-decorated-RGO/ZnO heterostructure
photodetector. (b) Overall optical photography of the ﬂexible IR photodetectors and (inset) SEM image of the detector unit. (c) SEM image of the
QDs/RGO hybrid on the MLG substrate. (d) Raman spectrum for RGO and MLG. (e) Surface detail of the one-step spin-coating/annealed Ge
QDs ﬁlm (∼25 nm) on the MLG (PET substrate) and (inset) structure schematic of the device. (f) AFM image of the QD-decorated-RGO surface
after the annealed bonding and (inset) structure schematic of the device.
bias was applied by the power-adjustable LED lamp and the power
density of the device planar was measured by multiwavelength optic
intensitometer DES-100H (U.S.A SP Co.Ltd.). The electric character
was tested using a Keithley 4200 and oscilloscope (National
Instrument, DSA91304A) was set in the device testing loop to get
the pulse photocurrent response.

kinetics of diﬀerent size Ge/Ge oxide QDs and QDs/RGO
samples. A carrier quench occurred in the interface between
QDs and RGO, as shown in Figure 1j. The exponentially ﬁtted
time constant referred to the radiative excitation lifetime is τ =
3.4, 2.8, 0.56, and 0.37 ns for 12 and 6 nm Ge QDs and 12 and
6 nm QDs/RGO hybrids, respectively. The charge transfer or
energy transfer between the 12 nm QDs (thinner Ge oxide
shell) and RGO is more eﬃcient than that of the 6 nm QDs
(thicker Ge oxide shell), which has been proved in previous
reports that more trap states in the thicker shell QDs can
hamper the radiative recombination of holes and electrons.21,22
Therefore, on the premise of better absorbance in the IR
waveband and the eﬀective charge transfer, 12 nm QDs were
chosen to be integrated onto this device to guarantee the
optimal device performance.
Figure 2a demonstrates the schematic diagram of the asfabricated QD-decorated-RGO/ZnO heterostructure device.
The fabrication process has been described in the Experimental
Section. Furthermore, we prepared the patterns on the ﬂexible
PET substrate through lithography, as depicted in Figure 2b.
Figure 2d compares the 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 and a nearly 2:1 I2D/IG
ratio certify the crystal quality of our monolayer graphene
(MLG) electrode.23 The MLG electrode set here has two
beneﬁts for this device: ﬁrst, MLG has lower incident light loss
(2−3%) due to its low sheet resistance and high transparency
compared with ITO (∼22%); second, the barrier between
MLG and RGO can be ignored considering that they are all
“graphene” with the same work function which can supply a
high charge collection eﬃciency. On the other hand, in the
spectrum of RGO, the peak and intensity of G band and 2D
band is shifted, indicating the existing of defect states in
graphene.13,14 Figure 2e presents the morphology of MLG ﬁlm

3. RESULT AND DISCUSSION
According to the high-resolution TEM image of the large-scale
and detailed Ge QDs in Figure 1b−d,f−h, the diameters and
errors of the QDs in each image were approximately 18 nm ± 1
(5 min etching time), 12 nm ± 0.5 (10 min etching time), and
6 nm ± 0.25 (20 min etching time), respectively. Figure 1e
depicts the chemical etching process to form the Ge oxide shell
and two chemical steps (oxidation by HNO3 and hydrogenated
by HF) in the Germanium surface. These reactions can be
summarized as follows: 3Ge + 4HNO3 → 3GeO2 + 4NO +
2H2O and GeO2 + 6HF → H2GeF6 + 2H2O. Therefore, as the
etching time (at the same concentration) increases, the size of
the Ge QDs gradually declines, which makes the Ge QDs
convert to the Ge/Ge oxide structure. Furthermore, the
thickness of the formed Ge oxide shell augments gradually
accompanied by longer etching time.
The IR photoluminescence (PL) and time-resolved
ﬂuorescence decay were measured to characterize the photonic
properties of the Ge QDs and the charge transfer between
RGO and Ge/Ge oxide at room temperature in Figure 1i,j.
Though the bulk germanium material has weak absorbance in
infrared waveband, Ge QDs enhance the absorbance and
photoluminescence in near-infrared waveband by reason for the
quantum conﬁnement and tensile strain.10,11 Due to the
relatively long 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 seen from the PL emission
curve in Figure 1i). Figure 1j exhibits the emission decay
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Figure 3. Characterization of photodetector’s opto-electric performance. (a) Photocurrents of the two diﬀerent representative devices upon IR 1400
nm incident light illumination. (b) Energy band and bias mechanism schematic diagram of the two devices. (c) The linear I−V curve of the QDdecorated-RGO/ZnO heterostructure under dark and 1400 nm illumination to show the rectifying behavior of the device. (d) Photocurrent variation
of the QD-decorated-RGO/ZnO device exposed to the diﬀerent wave incident IR light.

and then driven to the electrodes (Figure 2b, right). Thus, four
possible hypotheses are proposed to explain the relatively
higher photocurrent gain of the QD-docrated-RGO/ZnO
heterostructure device: (1) The more eﬀective photogenerated
carrier causes separation in the QDs/RGO hybrids.29 (2)
Compared with the ultrafast mobility of graphene, the limited
carrier mobility of Ge Qds will constrain the photocurrent in
MOS structure. (3) Coulomb blockade eﬀects in the Ge QDs
can hamper the further increase of the electron transfer in the
QDs layer. Especially for the QDs which are not located on the
MLG electrode, it is diﬃcult to transfer their photoexcited
electrons to the electrode terminal across massive other QDs.
(4) Under incident light, the Schottky barrier for electrons
diminishes,30−33 which facilitates the charge drifting from RGO
to ZnO at reverse bias. On the contrary, the barrier of MOS
structure is insensitive at reverse bias.24,25 A possible reason for
this phenomenon is the oﬀset tunneling barrier of Ge oxide
shell for electrons and holes (0.7 ev for electrons, 4.3 ev for
holes).34 Another impact element is that electrons are much
more mobile than holes because of their lower tunneling mass.
Consequently, because many more electrons than holes are
transferred to the RGO, deep electron-doping is caused in
RGO, and the barrier for electrons’ drifting from RGO to ZnO
is reduced at reverse voltage. Finally, we can rule out the
inﬂuence of the photogenerated carriers from ZnO in IR
waveband considering its wide bandgap (∼3.3 eV).
To quantify the rectifying behavior of the device in Figure 3c,
the current (I) passing through the Schottky barrier is
described in the following equations:35

deposited by Ge QDs directly, while the hybrids of Ge QDs
and RGO are characterized in Figure 2c and f observed from
SEM and AFM.
Without the RGO fragments, the two-terminal device with
encapsulated Ge/Ge-Oxide QDs operates like a metal-oxidesemiconductor (MOS) structure PD (Figure 2e, inset).24−26,36
However, after blending the Ge QDs with RGO fragments,
because the radius of RGO fragments (∼20 μm) is much larger
than that of Ge QDs (Figure 2c), Ge QDs were only
distributed on the RGO surface discretely (Figure 2f), causing a
direct contact between RGO and n-type ZnO. The rectifying
behavior of this device can be observed in Figure 3 a,c,d as a
result of the eﬀective barrier in this contact interface. In this
RGO/ZnO interface, a Schottky barrier is formed, given that
the work function of RGO (WRGO = 4.5 eV) is greater than the
electron aﬃnity of semiconduction ZnO (χ ∼ 4.1 eV).27 The
height of Schottky barrier (ϕSBH) can be expressed by the
following equation:28
ϕSBH = WRGO − χ

(1)

To investigate the photocurrent contribution of RGO, we
compared the photocurrent of these two diﬀerent representative devices upon IR 1400 nm incident light (Figure 3a). It can
be clearly seen that the photocurrent of QDs/RGO hybrids
device (0.1 μA) is approximately 2 orders of magnitude greater
than that of QDs (4 nA) at −3 V reverse bias even though less
Ge QDs are utilized in QDs/RGO structure, which can be seen
in Figure 2e,f, Ge QDs in panel f are much more sparse than
those in panel e.
Diﬀerent mechanisms for these two devices are illustrated in
Figure 3b. In the MOS structure, photogenerated carriers have
to tunnel through the entire Ge oxide layer to reach electrodes
(Figure 2b, left).24−26 However, in the RGO/ZnO structure,
photogenerated carriers are transferred to the graphene surface

⎡ ⎛ qV ⎞
⎤
I = Isat⎢exp⎜
⎟ − 1⎥
⎣ ⎝ ηkT ⎠
⎦
2455

(2)
DOI: 10.1021/am5072173
ACS Appl. Mater. Interfaces 2015, 7, 2452−2458

Research Article

ACS Applied Materials & Interfaces

Figure 4. Characterization of the photodetector’s detection performance and dynamic photoresponse to the pulsed IR light signal. (a) Responsivity
of the device under diﬀerent wavelength correlating to the absorption curve of the Ge QDs (at 32 μW/cm2 and −3 V reverse voltage). (b)
Photocurrent versus luminous power density at −3 V reverse voltage and (inset) I−V characters curve under representative power density. (c) On/
oﬀ performance of the device under T = 3 ms IR signal. (d) The schematic image of (left) the testing loop and (right) the rise/fall photocurrent
response to a microsecond IR signal.

⎛ qϕ ⎞
Isat = AA∗T 2exp⎜ − SBH ⎟
⎝ ηkT ⎠

diﬀerent wavelengths were measured under an incident light
power of 32 μw/cm2 (Figure 3d). The device on/oﬀ ratio at
reverse bias is much higher compared with that at forward bias
owing to the decrease of eﬀective electron barrier as mentioned
above under illumination compared with its counterpart.
According to the statistics in Figure 3d, responsivities of this
device were calculated using the following equation:

(3)

where Isat is the saturation current, A, T, q, k, and η (= (q/kT)
dV/d ln Id),28 are the Schottky contact area, room temperature
(300 K), electron charge, Boltzmann constant, and the ideality
factor, respectively. A* is the Richardson constant, which is 32A
cm−2K−2 for ZnO.35
Using these two equations and the experimental Idark−V
curve in Figure 3c, the corresponding Schottky height is
calculated as 0.665 eV. The ideality factor η is 5.24, while the
normal range of η is between 1 and 2, which is aroused from
the defects in RGO and the interface between RGO and ZnO,
such as dislocations, vacancies, and impurities. Theoretically, it
would be improved with the substantial increase of annealing
temperature.28,37 However, the relatively low annealing
temperature (200 °C) determined by the temperature
instability of PET ﬂexible substrate (<220 °C) limited the
further improvement through this method. Besides, the QD
density is another determinant aﬀecting the contact between
RGO and ZnO. Because the QDs and RGO are randomly
distributed with each other, inevitably, there may exist some
QDs that are in direct contact with ZnO. Electrons in these
QDs have to tunnel through the dialectic GeO2 shell when
transferring to ZnO. Additionally, the Fermi-level position in a
diﬀerent part of RGO is also unpredictable due to diﬀerent
reduction level (Figure 3b). In sum, the eﬀective barrier
between RGO and ZnO actually is a combination of various
eﬀects, including Schottky barrier, tunneling barrier, surface
defects, and diﬀerent position of Fermi-level.
To further analyze the electrical performance of the QDdecorated-RGO/ZnO heterostructure device, photocurrents of

R(AW −1) =

Ip
Popt

(4)

where Ip is photocurrent, and Popt is the incident optical power
(obtained by the light intensity multiplies the area). Given by
an active area of 150 × 200 μm, the calculated responsivities at
diﬀerent IR wavebands are shown in Figure 4a at the same
conditions (luminous power density: 32 μw/cm2 and −3 V
reverse voltage). Both the photocurrents in Figure 3d and
responsivities in Figure 4a indicate a ﬂuctuating decrease from
near IR waveband (800 nm) to middle IR waveband (1800
nm) and a relative extremum between 1300 and 1450 nm IR
wavelengths. The responsivity at 1400 nm, which is near the
extremum, is obtained at 9.7 A/W given by its Popt (9.6 × 10−9
W) and a 9.3 × 10−8 A photocurrent. Additionally, according to
Figure 4a, the photocurrent data correlates with the QDs
absorption spectrum, which certiﬁes the ampliﬁcation of
photocurrent in our device is primarily driven by the absorption
of Ge QDs rather than RGO. Furthermore, on the basis of the
above hypothesis, eﬀective electron barrier nearly remains
unchanged because unexcited QDs are unable to transfer
charges onto RGO interface, which can explain the
phenomenon that photocurrent declines dramatically and
diﬃcult to be measured beyond the absorption of Ge QDs.
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from the others: environmentally friendly materials, high
responsivity, high on/oﬀ ratio, fast response time, and ﬂexible
substrate. All these results suggest that this photodetector can
be a potential candidate for the future application in near-IR
detection ﬁeld.

If we consider only the noise from dark current, the
detectivity of a given PD can be quantiﬁed by the following
equation:
D∗ =

A1/2 R
(2eIdark )1/2

■

(5)

where e is the elementary charge, A is the active area, Idark is the
dark current and R is the responsivity. The detectivity (dark
current, 1.4 nA) of RGO/ZnO heterostructure PD is 7.98 ×
1012 Jones under 1400 nm IR light illumination and −3 V
reverse bias. To compare the device performances before and
after optimization, the responsivity (0.47 A/W) and detectivity
(6.42 × 1011 Jones) of the MOS structure PD were also
estimated according to the statistics in Figure 3a (1400 nm IR
region, −3 V reverse voltage, 32 μw/cm2) following formulas 4
and 5. Consequently, the overall performance of the PD is
greatly ameliorated after the introduction of RGO.
Figure 4b demonstrates the relationship between photocurrent and luminous power intensity, while the inset portrays
photocurrent versus bias voltage under four diﬀerent light
intensities. The increase of photocurrent almost keep linear
under the faint incident light intensity but gradually reaches a
saturation state resulting from all the discrete Ge QDs on the
RGO surface being suﬃciently excited.
Finally, the on/oﬀ performance and response speed of this
photodetector under reverse bias (−3 V) were investigated
(Figure 4c and d), where FPGA-cored LED driving circuit was
used to generate the pulsed light signal. Under the illumination
of 3 ms period IR light signal (1400 nm, ∼32 μW/cm2), the
device showed a rapid response to this on/oﬀ modulation
measured by source meters. Herein, a 2 MΩ series resistance
was set in the testing loop with a oscilloscope to probe the
transient photocurrent under a microsecond pulsed IR signal
light source (the same peak power density, 32 μW/cm2). As
shown in Figure 4d, when the period was tuned at 170 μs by
the control circuit, the photocurrent showed a “just enough”
on/oﬀ response, where rise time (τr) and fall time(τf) were
estimated to be around 40 and 90 μs, respectively. The fast
response time is attributed to the enhanced charge separation
of the QDs/RGO hybrid29 and eﬀective charge transfer on Ge/
RGO interface,28,37 as shown in Figure 1j. However, the
dynamic photoresponse time is much slower compared with
this ultrafast QD emission quenching time (Figure 1j), which
suggests the time of the charge transfer between RGO and QDs
is not the most impact determinant in the photoresponse time.
We supposed that the electron transfer barrier between RGO
and ZnO will not disappear instantaneously after the
illumination. It is because that the electrons from QDs
accumulated on RGO need certain accumulation times to
reach enough electron-doping level and curtail the eﬀective
barrier suﬃciently. Even so, due to the microsecond level
accumulation time, this device’s response time is still much
shorter than those of some other graphene based or QDs-base
devices, such as graphene/ZnO nanorod array31 and graphene/
PbS QDs FET.38
In conclusion, we have demonstrated a novel micron-sized
QD-decorated-RGO/ZnO heterostructure photodetector. Additionally, the eﬀective electron barrier formed at the interface
of the QD-decorated-RGO/ZnO heterostructure endows this
device with a good rectifying behavior in the dark ambient and
excellent photoresponse under illumination. The combination
of the following ﬁve key features makes this device stand out
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