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ABSTRACT: Ultrafast and high-sensitive photodetectors operat-
ing from the deep-ultraviolet to near-infrared region at room
temperature are essential for many applications such as analytical
chemistry, optical positioning, biomedical imaging, and remote
sensing. Toward high-performance photodetectors, hybrid colloid
quantum dots/graphene photodetectors based on the photogating
mechanism have been intensively studied. An ultrahigh sensitivity
has been obtained in the range from 105 to 109 A/W but the major
challenge of these configurations is the slow operating speed on the
millisecond to second time scale. Manipulating the transferring of
carriers at the interface of semiconductor nanostructures and
graphene is an essential key to optimize the interfacial photogating
effect. Here, we grow an absorber layer directly on graphene by e-
beam evaporation to obtain a fast photoresponse time of the detectors. Thus, the gap between the high responsivity and fast
response time can be bridged. The photodetectors indicate a high photoresponsivity of ∼2.5 × 106 A/W at low incident intensity on
the order of femto-watts, a specific detectivity of ∼8.5 × 1011 Jones, and a fast response process of ∼20 ns together with a slow
component of ∼850 ns (response time of <1 μs) under a drain-to-source bias of 100 mV. The study has provided a method to obtain
high-performance photodetectors based on graphene with high responsivity and fast response time.
KEYWORDS: interfacial photogating, graphene, field-effect transistor, photodetection, hybrid silicon−graphene photodetectors

■ INTRODUCTION

Graphene has attracted strong interest for ultra-broadband
photodetection from deep-ultraviolet to terahertz frequencies,
in which various applications such as remote sensing,
biomedical imaging, optical positioning, and optical commu-
nication require both fast speed and ultrahigh sensitivity.1−4

Ultrafast carrier mobility in single-layer graphene enables
ultrafast speed operation.5,6 The intrinsic graphene-based
photodetectors have shown photoresponse on the picosecond
time scale.7−9 However, the poor absorption (∼2.3%) and fast
carrier recombination on the femtosecond time scale of the
monolayer graphene limit the viability for weak-intensity light
detection.10,11 The photoresponsivity is only about few
milliamperes per watt.9,12

A number of proposed prototypes have been studied to
improve the sensitivity for weak light detection of graphene.
Graphene/silicon (Gr/Si) heterojunction devices have been
realized for photodetection.13−16 In these devices, graphene
contacts directly to silicon to form heterojunctions. On
graphene field-effect transistor structures, interfacial photo-
gating has been observed for the Gr/SiO2/Si interface in the
silicon substrate of devices.17−20 The photoresponsivity for this
structure is typically about 1000 A/W. In another approach,
the graphene photodetectors have been coupled with micro-

cavities, waveguides, optical antennas, and plasmonic struc-
tures to increase responsivity via the light-matter interaction in
these structures.21−25 One of the promising approaches based
on the photogating effect of hybrid of semiconductor
nanostructures (i.e., colloidal quantum dots (CQDs), nano-
wires, and nanorods) and graphene can significantly enhance
the responsivity and detectivity.26−30 In these hybrid nanoscale
structures, electron and hole pairs are generated from light-
absorbing nanostructures. One type of photogenerated carriers
is trapped in the nanostructures, while the opposite type of
charge transfers to graphene and quickly circulates in the
graphene channel controlled by a source−drain voltage,
leading to a photogating effect. Such photodetectors can
obtain ultrahigh responsivity up to 109 A/W;26−29 however,
the disadvantage of this approach is a slow response speed on
the millisecond (even second) scales, preventing the high-
speed photodetection.28,29,31 Obviously, we can only choose
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either ultrafast speed response or ultrasensitivity in the
graphene-based photodetectors. In the nanostructure−gra-
phene configurations, the nanostructures are typically synthe-
sized by chemical methods with introducing catalysts and
required ligand exchange before transferring on top of
graphene, producing high trap density at the nanostructure/
graphene interface or inside the nanostructures. To minimize
the traps introduced from the catalysts or ligand exchange, we
grow a thin absorber layer on top of graphene by electron-
beam (e-beam) evaporation, avoiding contamination between
graphene and the silicon absorber layer. The in-situ fabrication
condition can guarantee the high quality of the absorber layer
with less trap density and obtain an efficient process of charge
transfer. A large contact area between the thin film and single-
layer graphene provides an ultrafast process for carrier
transferring from the thin film to graphene. These could
increase the operating speed and still maintain the high gain for
the photodetectors.
Here, we have demonstrated hybrid silicon−graphene (Si/

Gr) photodetectors based on the photogating effect, in which a
silicon absorber layer with a thickness of 10 nm was grown by
the e-beam evaporation method. Our devices successfully
balance the gap between the photoresponse speed and the high
sensitivity. Specifically, the photodetectors show a high
photoresponsivity of ∼2.5 × 106 A/W at low intensity on
the order of femto-watts, a specific detectivity of ∼8.5 × 1011

Jones, and an ultrafast rise time of ∼20 ns under a drain-to-
source bias of 100 mV. The study shows a method to obtain
high-performance graphene photodetectors in the deep-
ultraviolet (UV) to near-infrared (NIR) region.

■ FABRICATION AND CHARACTERIZATION

We have fabricated graphene field-effect transistors on the Si/
SiO2 substrate with an n-type silicon absorber layer on top of
graphene. Initially, a 300 nm SiO2 layer was thermally grown
on an undoped silicon wafer. Photolithography, e-beam
evaporation, and metal lift-off processes were used to form
drain, source, and back-gate contacts (3 nm Cr and 100 nm
Au). After that, a monolayer graphene was transferred to the
Si/SiO2 substrate.3,32,33 The monolayer graphene was con-
firmed by the Raman spectrum (Figure S2). A 10-nm n-type
silicon absorber layer was grown on top of the graphene
channel by the e-beam evaporation method with a growth rate
of 0.1 Å/s. A schematic of the graphene field-effect transistors
for photodetection is shown in Figure 1a, including source
drain, back-gate contacts together with graphene, and the n-
type silicon layer. Finally, the active size of the graphene
channel was determined by photolithography and dry etching
steps. The length or distance between source and drain, L, is 5
μm, and the width of the graphene channel, W, is 10 μm. The
hybrid Si/Gr photodetector is illustrated in Figure S1. Atomic
force microscopy (AFM) images of our graphene/silicon
structure are shown in Figure S3. We made four sets of the
devices at different times. Each set includes 15 devices. The
results that we presented here are similar to other results from
different devices. Our devices show repeatable results.

■ RESULTS AND DISCUSSION

The current−voltage (I−V) relationship with and without
illumination of light at room temperature was measured by two
Keithley units (Figure 1b). A Keithley 2450 was utilized to
control the back-gate bias, VBG, from −30 to 30 V. Another

Keithley 2450 was used to fix a drain-to-source bias, VDS, of
100 mV and to collect the drain current, ID. The I−V
characteristic curves shift toward the positive of the back-gate
voltage under illumination (λ = 940 nm). In other words, the
charge neutrality point (CNP) voltage (VDirac) of the I−V
characteristic curves moves toward the positive of the back-
gate bias as the light intensity is varied from 10 fW to 0.66 nW.
The drain current, ID, increases with VBG < VDirac and decreases
for VBG > VDirac (Figure 1b).
The detectors are sensitive to light, which can be described

based on the interfacial photogating effect, as demonstrated in
the energy band diagram (Figure 1b, inset). The work function
of graphene is higher than that of the n-type silicon (i.e.,
absorber layer), so the height of the potential barrier between
graphene and n-type silicon is in the range from 0.7 to 0.86
eV.34 Thus, the energy bands of the n-type silicon are bent
upward at the Si/Gr interface, forming a built-in potential
between graphene and the silicon thin film.4,35 Electron−hole
pairs are generated in the silicon absorber layer during the
illumination and separated at the Si/Gr interface under the
built-in electrical field. By applying the back-gate bias, the
built-in electrical field can be manipulated quickly to speed up
the injection of carriers into the graphene channel. Holes are
transferred into the graphene channel. Under the varying of the
back-gate voltage, the bending of bands at the Si/SiO2
interface can be increased or decreased, resulting in an

Figure 1. (a) Schematic of the graphene field-effect transistor devices
for photodetection showing source drain, back-gate contacts together
with graphene, and the n-type silicon layer. (b) Current−voltage
characteristics of the hybrid Si/Gr photodetector with and without
illumination (λ = 940 nm), VDS = 100 mV at room temperature. The
inset illustrates the schematic diagram of the energy band of the
hybrid Si/Gr structure. The orange circles illustrate holes and blue
dots present electrons.
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increase or a decrease of the number of carriers injecting into
graphene. In addition, the electron density of states in the n-
type silicon absorber is much higher than that of graphene;
thus, the Fermi level of graphene is very sensitive to its carrier
concentration and the external electrical field.36 The carrier
concentration of the n-type silicon absorber layer (∼1015
cm−2) is also higher than that of graphene (∼ 1012 cm−2).37

Therefore, the graphene’s Fermi level is shifted more obviously
than that of the silicon layer under the modulation of the back-
gate bias. Under VBG ≤ VDirac, the potential barrier at the Si/Gr
interface will be lifted up, which leads to the injection of holes
into graphene. Because of the high carrier mobility in
graphene, when holes were diffused into graphene, they
move quickly to electrodes under the drain-source bias, VDS.
The thin absorber layer with a thickness of 10 nm acts as a
quantum well, which confines electrons. As long as, a hole
enters the electrode, a new one is introduced to the graphene
channel to neutralize with the electron in the absorber layer. A
combination of the fast transit time of holes in the graphene
channel and the long confinement time of electrons in the
silicon absorber layer results in a recirculation of holes between
metal contacts. This gives rise to a high gain of the
photocurrent for the hole-dominated channel. Under VBG >
VDirac, the potential barrier at the Si/Gr interface will be lower.
There is a reduction in the number of holes transfering to the
graphene channel from the silicon layer, resulting in a
reduction of the dark current (a negative photocurrent) or
an electron-dominated channel. The recirculation of holes in
the graphene layer is a crucial factor of ultrahigh photo-
conductive gain in the hybrid Si/Gr structure detectors.
To shed light on the characteristics of the Si/Gr photo-

detectors, we have performed the power dependence of
photocurrent and calculated the photoresponsivity. The
photocurrent is calculated by Iph = Iilumination − Idark, where
Iillumination and Idark are the current under illumination and dark
conditions, respectively. The photocurrent under different
excitation power is presented as a function of the back-gate
voltage and reaches a maximum value at VBG = 6 V (Figure
2a). At this voltage, the bending of bands at the Si/Gr interface
obtains a maximum efficiency for the photogating effect, thus,
the highest photocurrent has been obtained. The photocurrent
at VBG = 6 V under different excitation power of the 940 nm
laser is presented in Figure 2b. The photocurrent increases
linearly under a weak illumination power from 7 fW to 1.5 pW
and rises slowly under high radiation power. The detectors are
extremely sensitive to light. With an illumination power ∼10
fW, a net photocurrent value of ∼10 nA has been observed
(Figure 2b, inset).
A large range of photodetection is an essential feature of

photodetectors in many applications of imaging and remote
sensing. The photoresponsivity of the devices has been
determined, Rph = Iph/P. The photoresponsivity as a function
of illumination power has been characterized (Figure 2b,
inset). Under low excitation power, the linear power
dependence of photocurrent has been detected in a large
range of illumination power, resulting in a constant of the
photoresponsivity. The detectors show a high photorespon-
sivity of ∼7.5 × 105 A/W at λ = 940 nm for almost three
orders of magnitude of illumination power on the fW to pW
scale, allowing for weak signal detection. Under the low
illumination power regime, electrons and holes generated from
the photoabsorption process are well separated, thus a higher
number of photons will produce a higher electrical current.

Under high power illumination, a higher number of electron−
hole pairs are generated. Some holes recombine with electrons,
and thus, these holes do not contribute to the photocurrent.
Also, the number of photons also excesses the absorption
limitation of the thin-film silicon layer (∼10 nm). Thus, the
growth of the photocurrent with increasing power has been
slow down, and the photoresponsivity is reduced at high
illumination power. Note that we also observe the photo-
response from the silicon substrate (Gr/SiO2/Si), which is the
same structure but without the n-type silicon absorber layer.
The photoresponsivity of this structure shows a typical value of
∼1000 A/W,17−19 which is several orders of magnitude lower
when compared with our results reported here.
The lifetime of carriers strongly depends on the carrier

concentration or the illumination power. At a high illumination
power, a high number carrier concentration has been
introduced, they recombine, and thus, the average lifetime of
the carriers will be shortened. The lifetime of carriers, Tcarrier, as
a function of the illumination power, P, can be expressed27,30

T
T
P P1 ( / )carrier
0

0
=

+ γ
(1)

Figure 2. (a) Photocurrent as a function of back-gate voltage under
different illumination power of a 940 nm light source. The inset shows
the photocurrent under an illumination power of 10.5 fW. (b)
Photocurrent as a function of illumination power at VBG = 6 V. The
inset presents the photoresponsivity of the photodetector as a
function of illumination power.
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where T0 is the electron lifetime in the quantum well before it
recombines with a hole under illumination power, P, γ is a
fitting parameter, and P0 is the illumination power at which the
number of confined carriers reaches the saturation in the thin
film. The number of carriers diffused into the graphene
channel can be determined by

N N T N
T
P P1 ( / )carrier ph carrier ph
0

0
αη αη= =

+ γ
(2)

where α is the efficiency of carrier transferring from the silicon
absorber layer into the graphene channel, η is the internal
quantum efficiency of the carrier generation process in the
silicon absorber layer, Nph = P/(hν) is the number of incident
photons per unit time, and hν is the photon energy. Thus, the
relation between the photocurrent and the number of carriers
can be expressed as

I q
N
Tph

carrier

trans
=

(3)

where q is the elementary charge, T L
v

L
V Ltrans

drift DS
1= =

μ − is the

transit time of carriers between drain and source contacts, L,
and vdrift is the drift velocity. During the long confinement time
of electrons in the silicon layer, holes recirculate between the
metal contacts under the drain-source bias, VDS, resulting in a
high gain or responsivity of the hybrid Si/Gr photodetector.
The photoresponsivity can be determined by the ratio of
recirculated holes to incident photons per unit time28,30

R
I

P
qN

T h N
q

h
T

T P P
1

1 ( / )ph
ph carrier

trans ph

0

trans 0

i
k
jjj

y
{
zzz
i
k
jjjjj

y
{
zzzzzν

αη
ν

= = =
+ γ

(4)

The fast transit time of the carriers in graphene coupled with
the long confinement time of the oppositely charged carriers in
the silicon absorber layer gives rise to a high photoresponsivity,
Rph, of ∼7.6 × 105 A/W, at λ = 940 nm, under the drain-to-
source voltage, VDS, of 100 mV. The reduction of the
photoresponsivity at high illumination intensity indicates the
depletion of photogenerated electron−hole pairs. The solid red
line is the best fit to experimental data using eq 4 (Figure 2b,
inset), from which P0 ∼ 1.8 pW and γ ∼ 0.85 are obtained.
A fast response time of photodetectors is an important factor

for the performance of the devices. To gain insight into the
balance between the ultrafast response and ultrasensitivity of
the Si/Gr photodetectors, we have characterized the operating
speed of the photodetectors under VDS = 100 mV at room
temperature. We have used an acousto-optic modulator
(AOM) to modulate a continuous-wave 940 nm laser into
laser pulses with a rise time of 20 ns (or a bandwidth of 17.5
MHz). A Tektronix oscilloscope (a bandwidth of 5 GHz) is
employed to record the photocurrent dynamics. Figure 3
shows the response of photocurrent with the laser pulse. The
response and recovery times (or rise and fall times,
respectively) defined as the time for photocurrent changing
from 10 to 90% of the final value, are roughly ∼1 and ∼250 μs,
respectively. The rise time consists of two components,
including a fast, τriseF, and a slow, τriseS, component. The rise
time is fitted by an exponential function

I I A
t

B
t

exp expph 0
riseF riseS

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzzτ τ

= − − − −
(5)

The fast rise time, τriseF ∼ 20 ns, has been observed, which is
similar to the rise time of the laser pulses, while the slower time
constant, τriseS ∼ 850 ns, represents the diffusion of charge
carriers from the silicon absorber layer to graphene. The carrier
mobility, μ, was estimated about ∼6450 cm2 s−1 V− 1 (Figure
S4), and thus, the average transit time of carriers between the
source and drain contacts is about 0.2 ns. The rise time
observed here is limited by the rise time of the laser pulses ∼20
ns. The recovery time data of the photodetector can be
analyzed with the decay exponential function

I C
t

D
t

exp expph
fallF fallS

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzzτ τ

= − + −
(6)

The fast recovery time constant, τfallF ∼ 200 ns, is the
recombination time of holes at the Si/Gr interfacial with
confined electrons in the thin film. The slower time constant,
τfallS ∼ 250 μs, is contributed by the diffusion time of holes
from graphene back to the absorber layer for the recombina-
tion with electrons when the illumination is turned off. The
observation of the response and recovery times is similar in the
whole wavelength range studied here. The rise time in the NIR
region of these devices is faster than those of previous reports,
which is about few orders of magnitude.27−29,31,38,39 In
addition, the photoresponse of these detectors is remarkably
stable without drift of photocurrent for a long illumination
time over 40 000 on/off cycles (Figure S6). The performance
remains stable for many months in ambient conditions.
Although the hybrid CQDs/graphene photodetectors have

provided very high responsivity (∼105 to 109 A/W), typically,
the response time is on the time scale of a millisecond or even
seconds.28,29,31,38 The CQDs transferred on top of graphene
are typically synthesized by wet-chemical and/or physical
methods, including catalysts, and the ligand exchanges,40

containing a high trap density at CQDs/graphene interfaces or
in the CQDs. These traps have a long lifetime on the second
time scale, thus, the devices obtained a high gain. However,
these devices will possess a long response and recovery times.28

Instead of using CQDs, we grow the absorber layer on top of
graphene by the e-beam evaporation method. The in-situ
fabrication condition can substantially reduce the density of
surface traps (e.g., dangling bonds and defects at the Si/Gr
interface), providing a high quality of the absorber layer and

Figure 3. Time response of the hybrid Si/Gr photodetector under the
excitation of the 940 nm laser pulses.
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obtaining an efficient process for charge transfer. Therefore, a
fast-operating speed has been obtained, and a high gain has
been maintained. The rise time values are faster than previous
studies about few orders of magnitude, and the photo-
responsivity is in the range of 106 A/W. Using the
configuration, we can balance between high-speed response
and ultrasensitivity.
The hybrid Si/Gr photodetectors have demonstrated a large

detection range from the deep-UV to NIR region at room
temperature with a high gain (Figure 4). The 940 nm diode

laser and an Edmund Deuterium/Tungsten lamp with a
wavelength from 190 nm to 2.6 μm have been employed to
characterize the performance of the photodetectors. Using
narrow band-pass filters, we have extracted light with a narrow
bandwidth from the Deuterium/Tungsten lamp. The photo-
responsivity of these detectors is on the order of 103 to 106 A/
W from the deep-UV (200 nm) to the NIR (1200 nm) region.
Specifically, the photoresponsivity at 700 nm is 2.5 × 106 A/W.
The photocurrent and photoresponsivity at several wave-
lengths are presented in the Supporting Information (Figure
S8). The photoresponsivity of our detectors is comparable
with two-dimensional (2D) material-based photodetectors
such as graphene nanoribbons,41 graphene quantum dots,42

black arsenic phosphorus43 and black phosphorous,44,45 and
PtSe2;

46 however, the response time is a few orders of
magnitude faster.
To evaluate the performance of photodetectors, the

sensitivity is specified by the noise equivalent power (NEP)
and the specific detectivity (D*). NEP is the output signal of
an incident light equal to the detector noise level (i.e., the root
mean square noise level of the dark current) divided by the
responsivity of the detector within a standard bandwidth of 1
Hz, given by32,47,48

S f S S
R

NEP
(1/ ) (thermal) (shot)I I I

ph
=

+ +

(7)

where SI(1/f), SI(thermal), and SI(shot) are the power spectral
density of the 1/f, thermal, and shot noise, respectively, for 1
Hz bandwidth. The power spectral density of the 1/f noise of
the Si/Gr photodetector is presented in Figure 5 (inset). The
power spectral density values of SI(1/f), SI(thermal), and

SI(shot) noise for the 1 Hz bandwidth are 8.8 × 10−15, 6.61 ×
10−25, and 1.25 × 10−23 A2/Hz at VDS = 100 mV. The
measurement and estimation are presented in the Supporting
Information. Under VDS = 100 mV, we have obtained the NEP
values from 2.5 × 10−12 (at λ = 1200 nm) to 1.6 × 10−15 W
Hz−1/2 (at λ = 700 nm) in the detection range from the deep-
UV to NIR region. From the NEP values, we have calculated
the specific detectivity, D*, as presented in Figure 5.

D
A

NEP
* =

(8)

where A is the area of the graphene channel. The specific
detectivity, D*, is in the range from 5.6 × 108 to 8.5 × 1011

Jones (cm Hz1/2/W) in the deep-UV to NIR region. The
significantly small NEP values indicate that the hybrid Si/Gr
photodetectors are suitable for weak light detection and
switching/photometry.

■ CONCLUSIONS
In conclusion, we have fabricated and demonstrated the hybrid
Si/Gr photodetectors based on the interfacial photogating
effect with high responsivity and fast response speed. The thin-
film absorber layer of photodetectors has been grown by e-
beam evaporation. These devices allow us to detect a weak
illumination power on the femto-watt scale and with a fast
response time. The photodetectors are highly sensitive in a
large range of wavelengths from the deep-UV to NIR region
with a responsivity of ∼106 A/W.
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1. Device fabrication 

The graphene field-effect transistors (Gr-FETs) for photodetection have been fabricated on an un-doped 

silicon (Si) wafer. A 300-nm silicon dioxide (SiO2) was grown thermally on the Si substrate at 1050 oC. 

Metal contacts including source, drain, and back-gate (3-nm Cr and 100-nm Au metal films) on the Si/SiO2 

substrate were formed by using photolithography, electron beam thermal evaporation, lift-off, etching 

processes. After the lift-off process, the Si/SiO2 wafer with metal contacts was cleaned in oxygen plasma 

for 4 minutes to eliminate photoresist residue. 

 

Figure S1. Schematic diagram showing fabrication steps of hybrid Si/Gr photodetectors. 

 

A single-layer graphene grown by chemical vapor deposition (CVD) on a copper foil from Graphenea 

Inc. was transferred onto the Si/SiO2 substrate with metal contacts.1-5 The CVD graphene on the copper foil 

was spin-coated by poly-(methyl-methacrylate) (PMMA), after that a 0.3 M ammonium persulfate solution 

was used to remove the copper. Graphene with the PMMA film was rinsed with deionized water for 10 
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minutes and transferred onto the Si/SiO2 substrate with electrodes. The structure was baked at 85 oC for 10 

minutes, then at 135 oC for 20 minutes. The PMMA is removed by acetone for 1 hour, followed by IPA for 

30 minutes. Photolithography and oxygen plasma etching were employed to fabricate a (5 × 10) m2 

graphene pattern.3-4 A schematic diagram of the hybrid silicon/graphene (Si/Gr) photodetectors is illustrated 

in Figure S1. 

2. Raman spectrum 

A Raman spectrum was measured by using a WITec UHTS 300 micro-Raman spectrometer under the 

excitation of a 663.1-nm laser to evaluate the quality of graphene before growing a n-type Si absorber layer. 

Figure S2 reveals the high quality of a monolayer graphene with two peaks at ~ 2690 cm-1 (2D band) and 

~ 1585 cm-1 (G band). The 2D band has only a single component with a FWHM of 33 cm-1. The intensity 

ratio of the 2D peak to the G peak, I2D/IG, is 6.8, which confirms the high quality of the monolayer graphene.6 

In addition, the D band of ~ 1350 cm-1 presenting graphene defects from the graphene transferring process 

was not observed.7 Thus, the transferring graphene process can obtain the high-quality of the monolayer 

graphene. 

 

Figure S2. The Raman spectrum of a CVD monolayer graphene on Si/SiO2. 

2. Atomic force microscope images 

To verify the morphology of the n-type Si absorber thin film, atomic force microscope (AFM) 

experiments have been performed. Figure S3 shows an AFM image of the n-type Si absorber thin film with 

a size of 1 × 1 µm2 on graphene. The film has a roughness of less than 3 nm. 
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Figure S3. AFM images of the n-type silicon absorber thin film on graphene devices (a) three-

dimensional view, and (b) top-view, and (c) roughness of the surface. 

 

3. Carrier mobility in graphene devices  

The carrier mobility in graphene devices can be extracted by fitting the resistance – voltage (R-V) 

characteristic curve (Figure S3) to the expression.8-10 

𝑅 = 2𝑅c + 𝑅ch = 2𝑅c +  
𝐿/𝑊

𝑛𝑞𝜇
      (S1)   

𝑛 = √𝑛0
2 +  𝑛𝑔

2 = √𝑛0
2 +  (

𝐶G

𝑞
(𝑉BG − 𝑉D))

2

   (S2) 

where Rc is the contact resistance, Rch is the graphene channel resistance, L is the length or distance between 

source and drain, W is the width of the graphene channel, 𝑛𝑔 is the density of charged carriers generated by 

a voltage on the back-gate, VBG, away from the charge neutrality point voltage, VD, (the Dirac point), 𝑛0 is 

the carrier density resulting from charged impurities at the interface, q is the elementary charge, and  𝐶G =

𝜀𝜀0

𝑑
 is the gate capacitance per unit area with the thickness of the SiO2 layer, d, of 300 nm, the vacuum 

permittivity, 𝜀0, and the SiO2 dielectric constant, , of ~3.9.11 The capacitance of the 300-nm SiO2 dielectric 

layer is ~11.5 nF/cm2. The red curve in Figure S3 presents the best fit to the R-V characteristic data using 

Eqs 1 and 2. We have obtained the carrier mobility in the graphene devices of ~6450 cm2/(V⋅s).  
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Figure S4. Resistance – voltage transfer characteristics of a hybrid Si/Gr photodetector (L = 5 m, 

and W = 10 m) under VDS = 100 mV. 

4. Time-dependent photovoltage response 

 

Figure S5. (a) The time response of the hybrid Si/Gr photodetector under the excitation of the 940-nm 

laser pulses in the linear scale. (b) The transient photo-response of the device reacts with illumination light. 

The photocurrent response to a periodic on/off illumination was collected as a function of time to 

evaluate the long-term repeatable behavior. Figure S4 shows a result of reproducible tests. The detector 

was measured under ~40,000 on/off cycles.  The fluctuation of photocurrent in the entire dataset is less than 

 5 % (main figure) and the current fluctuated less than  1% for any 20 on/off cycles (inset), with no 

detection of fluctuation in current. The devices remain stable for many months in ambient conditions. 
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Figure S6. The photocurrent response under an on/off illumination 

5. Power and voltage dependence measurements 

The photo-responsivity, Rph, and photocurrent, Iph, as a function of back-gate voltage (Figure S7) and 

illumination power with different illumination wavelengths from the deep-UV to NIR region (Figure S8) 

have been characterized. 

 

 

Figure S7. Photo-responsivity as a function of back-gate voltage at  = 940 nm. 
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Figure S8. Photo-responsivity as a function of illumination power at different wavelengths. 
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7. Compare photo-responsivity signal from the substrate of the devices 

 

Figure S9. A comparison of the photo-responsivity of graphene Gr-FET devices with and without 

the silicon absorber layer, showing a weak contribution of the silicon substrate compared with the 

absorber layer. 

8. Noise characterization 

 

Figure S10. A schematic for 1/f noise measurements.  

To measure the 1/f noise behavior, a Keithley 2450 source-meter unit was used to vary the back-gate 

voltage, VBG, while another Keithley 2450 source-meter unit was employed to set a drain-source voltage, 

VDS, at 100 mV. A FEMTO DLPCA-200 low-noise current amplifier was used to amplify the drain current. 
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A 100 kHz FFT spectrum analyzer (Stanford Research 770 – SR770) was utilized to characterize the noise 

behavior of the hybrid Si/Gr photodetector without illumination. 

The noise equivalent power (NEP) and the specific detectivity (D*) are important parameters of a 

photodetector, which can be calculated by investigating the power spectral density of 1/f, shot, and thermal 

noise of the Si-Gr photodetectors. 

The power spectral density (𝑆I) of the 1/f noise (or the flicker noise) in the dark can be expressed as.12 

𝑆I(1/𝑓) =  
𝐴𝐼dark

2

𝑓𝛽  ,     (S3) 

where A is the noise amplitude (dimensional less), f is frequency,  is close to 1, and Idark is the dark current 

of the device. The spectra are dominated by 1/f noise up to 1 kHz. The power spectral density of the 1/𝑓 

noise is 8.8  10-15 A2/Hz. 

The power spectral density of shot noise is given by: 

𝑆I(shot) =  2𝑞𝐼dark  ,     (S4) 

where q is the elemental charge and Idark is the dark current. The dark current of the photodetectors under 

VBG = 100 mV is ~ 39 µA.  The calculated power spectral density of shot noise is  1.25  10-23 A2/Hz. 

The power spectral density of thermal noise is estimated by Nyquist’s equation: 

𝑆I(thermal)  =  4𝑘B𝑇/𝑅     (S5) 

where 𝑘B is the Boltzmann’s constant, T is temperature, and R is the differential resistance of the device in 

the dark. The thermal noise at room temperature is estimated  6.6  10-25 A2/Hz. 
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