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ABSTRACT: We present the photodetection properties of
graphene/Si heterojunctions both in the photocurrent and
photovoltage modes. Monolayer graphene/Si junctions were
found to be excellent weak-signal detectors with photovoltage
responsivity exceeding 107 V/W and with noise-equivalent-
power reaching ∼1 pW/Hz1/2, potentially capable of
distinguishing materials with transmittance, T = 0.9995 in a
0.5 s integration time. In the photocurrent mode, the response
was found to remain linear over at least six decades of incident
power (P), with tunable responsivity up to 435 mA/W
(corresponding to incident photon conversion efficiency
(IPCE) > 65%) obtained by layer thickening and doping.
With millisecond-scale responses and ON/OFF ratios exceed-
ing 104, these photodiodes are highly suitable for tunable and scalable broadband (400 < λ < 900 nm) photodetectors,
photometers, and millisecond-response switching, spectroscopic and imaging devices, and further, and are architecturally
compatible with on-chip low-power optoelectronics.
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Nanoscale materials, due to their diverse electronic and
optical properties, and with a range of architectures, are

constantly being explored for an array of low-cost, sensitive, and
scalable photodetection technologies.1−4 For example, nano-
wires of conventional semiconductor materials such as Si, Ge,
GaN, GaAs, InP, and so forth provide a versatile platform for
photodetection, affording direct structural and functional
compatibility with existing photonic and optoelectronic
circuitry.1 In contrast, low-cost solution-processable quantum
dots are highly appealing due to their potentials for large-area
and flexible-electronic applications. Their photoconductive
response characterizes high quantum gains resulting in
ultrahigh responses (∼103 A/W) and specific detectivities
(∼1013 Jones).2 Nanoscale junctions of quantum dots with
metals have also been reported to have ultrafast responses of
the order of GHz.3 Similarly, carbon nanotubes,4 with their
extremely narrow diameters and chirality-dependent band-gaps,
can be potentially utilized for spectrally selective photo-
detectors of ultrasmall dimensions.
In this context, graphene-based photon-sensing and photo-

switching devices have recently attracted enormous attention
for their ultrafast and broadband response.5−15 Although these
devices are highly appealing for ultrafast optical communica-
tions, they suffer limitations for weak signal detection, imaging,
and spectroscopic applications due to their low responsivity
values. Within the visible to telecommunications-friendly
wavelength range (i.e., 400 nm ≤ λ ≤ 1550 nm), using both

photovoltaic5,10 and photothermoelectric or hot-carrier ef-
fects9,11,14 along with enhancement techniques including
asymmetric metal-contacts,6 plasmonic architectures,7,8 and
microcavity confinements,12,13 the photocurrent responsivity
(RI = Iph/P) has at best remained limited within 1−2 × 10−2 A/
W.7,13 These low responses have been primarily attributed to
the intrinsically low optical absorption (≈2.3%) of graphene16
along with the absence of any gain mechanisms.
By using graphene as the carrier collector and multiplier, an

effective gain mechanism (with RI > 107 A/W) was recently
reported in graphene/quantum-dot hybrid devices.15 Despite
their appeal for ultraweak signal detection, the responsivity of
these devices above P ≈ 10−13W fall as RI ∼ 1/P, implying a
rapid photocurrent saturation above these incident light
powers. With considerably large dark currents that render
them ineffective as photoswitches (ON/OFF ratio ≪1) and
large dark-power consumption, they are impractical for many
large-scale applications (such as pixels in imaging devices that
require large arrays of photodetectors).
For many applications, photovoltage (instead of photo-

current) measurements are preferred as a sensitive method for
photodetection without any Joule-heating associated power
consumption. Past works reveal that metal−graphene interfaces
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can generate photovoltages of ∼1 V/W,5 which can be
enhanced to ∼5 V/W using plasmonic focusing and
appropriate gate voltages.7 It appears that the limits of
photovoltage response for low dark-current graphene-based
devices, especially under extremely weak signals (where the
high responsivities are more meaningful), have not been
critically investigated. Further, most of the above-mentioned
devices used mechanically exfoliated graphene,17 which possess
high carrier mobility, but are unsuitable for large-scale
deployment. For realistic applications, high-performance
devices using large-area chemical vapor deposition (CVD)-
grown graphene18 without complex enhancement architec-
tures6−8,12,13 are highly desirable. However, so far, a simple
approach for obtaining tunable high-responsivity graphene-
based devices with low dark currents, low-power detection
limits, and high operational dynamic ranges, using simple,
scalable, and potentially low-cost techniques remains undem-
onstrated.
We show that planar 2D heterojunctions of CVD-grown

graphene and Si in a conventional Schottky-diode-like
configuration can effectively address these issues, providing a
platform for a variety of optoelectronic devices. In these
junctions, the photoexcitation resides in Si, while graphene is

the carrier collector. In recent times, a number of works have
explored the unique properties of graphene/Si heterojunctions
to develop diodes,19 solar cells,20,21 and the so-called
“barristor”22a variable-barrier switch. However, so far, these
junctions have not been examined for ultrasensitive photo-
detection for applications such as weak-signal imaging or
spectroscopy. Further, in these junctions, low reverse-biases can
very effectively manipulate the Fermi-levels of graphene (unlike
larger voltages that are required in capacitively coupled gates).
The ability to tune the dark Fermi level (Ef(Gr)) of graphene
and, more importantly, its relative position with respect to the
quasi-Fermi level for holes in silicon (E′f,h(Si), the modified
Fermi level due to the generation of photoexcited holes in Si) is
a key mechanism that enables a high degree of tunability and
efficient capture of photoexcited carriers, resulting in high
photocurrent responsivity values whose performances can be
dramatically improved by layer-thickening and simple doping
approaches. The tunable photocurrent responsivity is an
attractive feature for adjustment to variable-brightness imaging
applications. At the same time, these junctions also possess
exceptionally high photovoltage response, which increases with
decreasing incident power, making it highly suitable as weak-
signal detectors in the photovoltage mode. In this work, we

Figure 1. (a) Schematic and (b) a digital photograph of a monolayer graphene (1LG)/Si heterojunction device, with the polarity in part (a) shown
for forward bias. (c) Thermal equilibrium energy band diagram of the heterojunction in darkness, with the band profile of n-Si pinned to the charge
neutrality level of its own surface states (see text). The dark Fermi level of graphene Ef(Gr) is also shown. (d) Current−voltage (I−V) curves of
device A (area = 25 mm2) under darkness and weak illumination (P = 1.23 μW, λ = 488 nm) showing a conventional photodiode-like behavior. (e)
Deviation of the I−V curves from a conventional photodiode response as the incident light power is increased up to P = 6.5 mW. The expected ideal
photodiode behavior at P = 6.5mW is plotted with a red dashed line. (f) Schematic showing the application of a forward bias (Vf

bias) that lowers
Ef(Gr) and reduces the number of accessible states for the injection of photoexcited holes from Si, resulting in the strongly suppressed photocurrent
in forward bias seen in part e. The red surface on the Dirac cone of graphene denotes the holes injected from Si and is a measure of the maximum
photocurrent when the quasi Fermi level of graphene, E′f(Gr), aligns with the quasi Fermi level for holes in Si, E′f,h(Si). (g) Application of a reverse
bias (Vr

bias) raises Ef(Gr) and opens up a large number of accessible states that can be occupied by photoexcited holes injected from Si under
illumination. This results in the unsuppressed large photocurrents under reverse bias as seen in part e. The external bias controls the position of the
Fermi level and hence the number of photoexcited carriers that can inject from Si (i.e., the photocurrent).
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critically investigate the various important parameters of such
applications, such as responsivity, detection limit, switching
speed, ON/OFF ratio, spectral bandwidth, contrast sensitivity,
and dynamic range in monolayer and few-layered graphene/Si
heterojunctions, operating both in photocurrent and photo-
voltage modes.
The photoresponse behaviors were first tested in monolayer

graphene (1LG)/Si devices, and their intrinsic parameters were
found to be largely independent of size. We present results
from the largest (device A) and the smallest (device B) devices
with junction areas = 25 mm2 and 5000 μm2, respectively. We
used lightly n-doped Si (ρ = 1−10 Ω cm), and the details of
device fabrication and characterization can be found in the
Supporting Information. Figure 1a shows a schematic of a
typical monolayer graphene 1LG/Si device, and part b shows a
digital photograph of device A. The energy band diagram,
showing the Fermi levels of graphene (Ef(Gr)) and lightly n-
doped Si (Ef(Si)) at thermal equilibrium (in a dark condition)
is shown schematically in Figure 1c. From detailed measure-
ments of the Schottky barrier heights (as discussed later on),
we found that in our devices, Ef(Si) was pinned to the charge-
neutrality level of its own surface states, with a Schottky barrier
height ϕbn ∼ 0.8 V. Figure 1d shows the dark and low-power (P
= 1.23 μW, λ = 488 nm) current−voltage (I−V) curves in
device A, which follow a conventional rectifying and photo-
diode-like behavior, respectively. Incident photons generate e−
h pairs in Si, and these photoexcited carriers thermalize rapidly
to form quasi Fermi levels (separately for holes and electrons

near the valence and conduction band edges (VBE and CBE)
of Si, respectively). The built-in electric field at the graphene/Si
junction causes holes to inject out from Si (from the small
energy-band between the VBE and quasi Fermi level for holes
in Si) into graphene, which causes the appearance of a quasi
Fermi level in graphene, E′f(Gr). The position of the quasi
Fermi level in graphene depends on (a) the position its bias-
dependent Ef(Gr) and (b) the number of injected holes from
Si. At low incident powers, E′f(Gr) lies between Ef(Gr) and
E′f,h(Si), and the photoexcited holes can all find accessible
states in graphene to inject into, resulting in the conventional
photodiode-like response. Figure 1e shows the I−V curves
under increasing incident light powers (up to P = 6.5 mW). At
higher incident powers, there is a significant deviation of the I−
V curves from the conventional photodiode-like response, with
a strong suppression of photocurrents close to V = 0, and a
sharp rise and rapid saturation of photocurrents at low reverse
biases. This highly tunable photocurrent response is a result of
the unique electronic structure of graphene near its Fermi level.
Figure 1f schematically represents the situation under a low
forward bias, Vf

bias, which lowers the Fermi level from its
“unbiased” position. As seen in this figure, the lowering of the
Fermi level brings it closer to the quasi Fermi level for holes in
Si, greatly diminishing the number of accessible states for the
photoexcited carriers to inject into from Si. Hence, under a
forward bias, with increasing incident power and rate of hole-
injection, E′f(Gr) lowers and quickly aligns with the quasi
Fermi level for holes in Si, E′f,h(Si) (E′f(Gr) = E′f,h(Si), Figure

Figure 2. (a) Variation of the voltage responsivity obtained from the open-circuit voltage, VOC, and as a function of incident power, P, in device B. At
the lowest powers, the voltage responsivity exceeds 107 V/W. (b) Variation of the dynamic photovoltage responsivity (or, the contrast sensitivity
dVOC/dP) as a function of P in both devices A and B. In device B, the contrast sensitivity exceeds 106 V/W at P ≈ 10 nW, and the ∼P−1 dependence
is identical in both devices. The voltage response to (c) turning ON and (d) turning OFF of incident light in device B, showing exponential rise and
fall behaviors with millisecond time scales. In all cases, the incident light wavelength was 488 nm.
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1f). Consequently, only a relatively small photocurrent
(denoted by the small red part of the surface of the Dirac
cone), limited by the small number of photoexcited holes that
can inject into graphene, is possible under forward bias.
Increasing the incident light power beyond this point will not
allow any more photoexcited holes to inject into graphene since
E′f(Gr) cannot lie below E′f,h(Si). However, an applied reverse-
bias can lift Ef(Gr) to higher values, as shown in Figure 1g,
opening up a large number of accessible states for the holes to
inject into and allowing a complete collection of the injected
holes. As a result, the photocurrent, which is significantly
suppressed near V ≈ 0, can completely recover under small
reverse biases, as seen in Figure 1e. (These deviations from a
conventional photodiode behavior are explained with additional
schematics in the Supporting Information document). The
photocurrent saturates for a given incident power at higher

reverse biases (Figure 1e) when all photoexcited holes can
inject into graphene. The photocurrent saturates for a given bias
at higher incident powers (see later, Figure 3a) when the quasi-
Fermi level in graphene, E′f(Gr), reaches the quasi-Fermi level
for holes in Si, E′f,h(Si). The voltage-induced tunability of the
relative positions of the Fermi levels that enables a high
photocurrent responsivity (see later), along with the low dark-
current density (≪1 μA/cm2), results in a tunable photo-
current ON/OFF ratio exceeding 104 at V = −2 V and at a light
intensity of 260 pW/μm2 making them highly suitable for low-
power switches in micrometer-scale optoelectronic circuitry.
Figure 2a shows the photovoltage responsivity in device B as

a function of incident power. At the lowest incident power, the
absolute device responsivity RV (= VOC/P, VOC is the open
circuit voltage) exceeds 107 V/W, which is significantly larger
than that of previously reported graphene-based devices,7

Figure 3. (a) The (dark-current subtracted) photocurrent (in device A) as a function of incident power for different applied voltages, showing strong
voltage dependence at higher powers. The inset shows the photoresponse of both devices A and B. A device-independent responsivity of 225 mA/W
was obtained at V = −2 V that remains constant over the entire range of powers we were able to test (∼6 orders of magnitude). (b) IPCE map of
device A, demonstrating the high photon-to-electron conversion efficiency of ∼57% that can be tuned to remain constant over a large range of
incident powers under reverse-bias operation. (c) Variation of IPCE as a function of the incident power at representative operational voltages in
device A. The dashed lines are guides to the eye. The IPCE remains nearly unchanged at V = −2 V and goes →0 at V = 0.2 V. This small voltage
range (−2 to 0.2 V) can be used as a switch to turn the photocurrent on and off with a high switching ratio (>104, see text). (d) Transient
photocurrent response in device B, showing that the devices were capable of switching within a few milliseconds. In all cases, the incident light
wavelength was 488 nm.
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rendering it a highly sensitive device for weak signal detection/
switching/photometry. For applications such as weak-signal
imaging, video-recording, or analytical chemistry, sensitivity to
extremely small changes in incident power is another important
parameter. To quantify this, we define the dynamic photo-
voltage responsivity or contrast sensitivity as dVOC/dP. Figure
2b shows the contrast sensitivity in both devices A and B,
measured over a broad range of incident powers. We find that
the contrast sensitivity is remarkably independent of the device
areas, exceeding 106 V/W at low light intensities. In addition,
these devices show sharp rise in both the absolute and dynamic
responsivity as the incident power decreases, which is a rather
convenient feature appropriate for weak-signal detection.
For any photodetector, the detection limit is specified by the

noise-equivalent-power (NEP),23 which is the incident power
at which the signal is equal to the RMS dark noise density (SV),
measured within a specified bandwidth (commonly 1 Hz), that
is, NEP = SV/RV. To obtain SV, a large sequence of voltage
fluctuations (Vnoise) was measured using a voltmeter set to 0.5 s
integration time (which corresponds to a bandwidth of 1 Hz),24

while keeping the device in darkness. The RMS noise density
was then calculated as SV = (⟨V2

noise⟩/1 Hz)1/2. For the device
B, we obtained SV = 1.66 × 10−5 V/Hz1/2. From the lowest
measured power of 10 nW, RV ≈ 1.8 × 107 V/W, and hence
NEP = 9.2 × 10−13 W/Hz1/2 (implying that in the photovoltage
mode, P ∼ picoWatt incidences can be detected above the
noise level, when integrated over 0.5 s), and specific detectivity
D* = (device area)1/2/NEP = 7.69 × 109 Jones (cm Hz1/2/W).
Further, at 10 nW incidence, SV/(dVOC/dP) ≈ 5 pW/Hz1/2,
indicating that these detectors are capable of distinguishing
materials with transmittance, T = 0.9995 (to compare,
transmittance of monolayer graphene is about 0.977) within a
0.5 s integration time, making it extremely useful for absorption
spectroscopy applications of ultradilute or ultrathin materials.
We have also examined the transient-response time scale of
these detectors, to ascertain how quickly they “switch” when an
incident light is turned “on” or “off”. To do this, an optical
chopper was placed in front of a laser source, and the
photovoltage was recorded as a function of time using an
oscilloscope triggered by the same chopper. Figure 2c and d
show the photovoltage rise and fall response times obtained
using a 50 ms timed optical chopper (which took about ∼1.7
ms to completely chop the beam). In both cases, the response
could be fitted to an exponential function as shown, with time
scales of a few milliseconds (with the zero on the time axis
corresponding to the point of opening and closing of the
chopper). When tested at higher chopping speeds no change
was found in the time-scale of the transient response, indicating
that the response-time of a few milliseconds was intrinsic to the
devices. We also note that the oscilloscope used had an input-
impedance rated at 1MΩ in parallel with a 20 pF capacitance.
The effective time constant of the oscilloscope, RC, = 20 ×
10−6 seconds, is ∼3 orders of magnitude smaller than the rise/
fall time of the devices tested and hence did not affect detector
transient response in any significant way. In addition, the long-
term response to a periodically switching light was found to be
extremely stable, with a variation of the OFF and ON state
photovoltages well within ±2.5% and ±5%, respectively, over
1000 switching cycles, and with absolutely no sign of drift or
aging effects even after 10 days (see SI). The stable, millisecond
level response is quite appealing for applications such as high-
speed photography, videography, and rapid optical analysis of

chemical reactions that require tens of milliseconds of response
time.
We now turn to the photocurrent response. Figure 3a shows

the photocurrent Iph as a function of incident powers for
various biases in device A. In the inset, the response for V = −2
V has been plotted for both devices. We find that the response
not only remains independent of device size but scales in an
absolutely linear manner over six decades of incident power.
The photocurrent responsivity of ∼225 mA/W is 1−2 orders-
of-magnitude higher than those of previously reported
graphene-based photodetectors5−14 and a variety of normal-
incidence (i.e., not waveguide coupled) Ge/Si photodetec-
tors,25 making it an extremely sensitive linear photodetector
and photometer with a large dynamic range. The responsivity
can be almost doubled at λ = 850 nm, as we show later. Also,
the presented power range is only limited by our instrumental
capabilities, and with higher reverse-biases, the linear response
can potentially extend much beyond the experimentally tested
range. The range-independent photocurrent responsivity and
the dVOC/dP ∼ 1/P dependence suggests that the underlying
mechanism in our devices is photovoltaic5−8,10 and not hot-
carrier-induced or photothermoelectric.9,11,14 Figure 3b is a 3D
incident photon conversion efficiency (IPCE(V,P) = (Iph(V,P)/
P) × (hc/eλ)) map of device A. By applying a low reverse bias,
the device can operate with an IPCEmax ∼ 57% over four
orders-of-magnitude incident power. As shown in Figure 3c, by
applying different biases, it is also possible to almost completely
tune the IPCE between 0 < IPCE < IPCEmax, which is
extremely useful for brightness adjustment in imaging devices.
Figure 3d shows the typical rise and fall times in response to a
chopper. In this case, the responses could not be fitted to
exponential functions. Nevertheless, it is clear that even in the
case of photocurrent detection, the response is rapid enough
(within a few milliseconds) for many imaging and analytical
applications. The dark noise power spectral density (obtained
in a manner similar to the one described earlier for SV) was
approximately SI = 11 pA/Hz1/2. For the undoped 1LG/Si
device at 488 nm, this gave a NEP = SI/RI = 50 pW/Hz1/2,
which corresponds to a specific detectivity of 1.4 × 108 Jones
(cm Hz1/2/W), making it quite a sensitive photodetector even
in the photocurrent mode. Moreover, the sensitive behavior of
these detectors remain intact over the entire visible range of
incident wavelengths, as seen from the spectral dependence of
NEP and D* in Figure 4, which is an important criterion for
broadband imaging applications.
The photocurrent responsivity and hence conversion

efficiencies could be further improved by increasing the
graphene layer-thickness, and doping. Layer-thickening pro-
vides more states for the holes to inject into, and was achieved
by multiple stacking of monolayer sheets of graphene. Doping
the graphene sheets can be expected to increase their sheet
conductance, and has been utilized in the past to enhance the
performance of graphene/Si Solar cells.21 In our devices, p-type
doping of the graphene sheets was obtained by drop-casting 1-
pyrenecarboxylic acid (PCA), on the graphene sheets. In the
past, we had reported how the π-stacking interaction between
the pyrene part of PCA and graphene can lead to a stable but
noncovalent attachment of these molecules to graphene and
had performed extensive structural, electronic, optical, and
electrochemical characterizations of PCA-functionalized gra-
phene.26−28 In particular, we have found that attachment of
PCA does not seem to have a very significant effect on the
thickness of graphene layers26 but increases the surface
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roughness of graphene by about 0.2 nm (see SI). In addition,
Raman spectra of PCA-doped graphene shows an increase in
the D-band (see SI) that is most likely due to the presence of
large number of edges in the graphene-like crystalline structure
of pyrene. Figure 5a shows the resulting p-type doping effect of
PCA on a separately prepared 3-terminal 1LG transistor. The
drain current minimum of pristine graphene devices is at a
positive voltage, indicating that the “pristine” graphene is
already p-doped, either due to environment29 or contaminant30

effects. The application of PCA shifts the drain current
minimum to higher gate voltage values, indicating an additional
p-doping effect. Figure 5b and c compares the spectral
dependence of IPCE and photocurrent responsivity in a
three-layer graphene (3LG)/Si device (with and without
doping) vis-a-̀vis the 1LG/Si device A, all of which had the
same junction area. The IPCE of 3-layer graphene (3LG)/Si
device improves over that of the 1LG/Si device, remaining at
∼60% over a larger window of visible wavelengths. The
corresponding responsivity grows to higher values (up to ∼0.4
A/W at λ = 885 nm) in the 3LG/Si device, providing a greater

operational bandwidth compared to the 1LG/Si device. After
PCA doping, the IPCE and responsivity values increase further
over a large window of wavelengths, with maximum IPCE ≈
65% between 550 and 800 nm; and RI ≈ 435 mA/W for 850
nm < λ < 900 nm, making it highly appealing for on-chip
applications that could benefit from the use of energy-efficient
850 nm VCSELs.31 We note that, as in the case of the 1LG/Si
device, these improved responsivity/IPCE values could be
seamlessly extended to high-power applications using low
reverse biases (not shown).
Finally, we discuss the nature of the interface in these

junctions. We have performed extensive measurements of the
Schottky barrier height of these junctions, using graphene,
doped graphene, and even control devices of Ti/Au with Si (to
obtain the “metallic” side of the junction with a range of work-
function values). Since p-doping lowers the Fermi level of
graphene with respect to its Dirac point, one expects a larger
Schottky barrier height,32−35 for the p-doped graphene samples.
Surprisingly, we found that the Schottky barrier ϕbn = 0.79 ±
0.05 eV was nearly independent of the “metal” being used, a
fact that can be traced to the nature of the graphene/Si
junction.
In an ideal Si Schottky junction, the interfaces between the

metal and Si is expected to be atomically clean to prevent the
formation of any surface states on Si, resulting in the formation
of an “unpinned” Schottky barrier junction,36 whose barrier
height ϕbn (= ϕm − χSi) is dependent on the work-function of
the metal, ϕm. In thermal equilibrium, the Fermi levels on both
sides of the junction get aligned, and under illumination,
behaves as conventional photodiodes with a reverse-bias
independent photocurrent. In contrast, we believe that in our
devices, the inadvertent formation of natural oxide on the Si
surface, allows the energy bands in Si to naturally “pin” itself to
its own surface states. This results in a Schottky barrier which is
still rectifying but with a barrier-height which is pinned to its
Bardeen limit of ϕbn ∼ 0.8 eV,36 independent of the work
function of the metal. With the Fermi level of Si pinned to its
own charge-neutrality level, the thermal equilibrium position of
the Fermi level of graphene at zero bias is determined by its
own intrinsic doping level. UV-emission spectroscopy37 has
shown that CVD grown graphene can have work functions as
high as 5.2 eV (due to substrate-induced effects), implying that

Figure 4. Spectral dependence of the noise-equivalent-power (NEP)
and specific detectivity (D*) of device B in the photocurrent mode.
The minimum NEP and the maximum D* were found to be 33 pW/
Hz1/2 and 2.1 × 108 Jones, respectively, at λ = 730 nm.

Figure 5. (a) Variation of drain−current as a function of gate voltage in a monolayer graphene 3-terminal transistor without and with PCA doping.
The shift of the minima toward higher gate voltages is indicative of p-type doping due to PCA. (b) Spectral dependence of IPCE (200 nm < λ <
1100 nm) of device A (1LG/Si) versus a 3LG/Si device before and after doping with PCA. (c) Spectral responsivity for the same devices within the
same wavelength window. The improved bandwidth and efficiency/response is clearly visible with increased layer thickness and doping. The doped
3LG/Si device has the best IPCE exceeding 60% over a broad range and with a maximum IPCE exceeding 65%. The responsivity peaks at ≈435 mA/
W for 850 nm < λ < 900 nm.
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the Fermi level can lie very close to the valence band edge of Si,
effectively preventing the injection of photoinduced carriers
into graphene under zero applied bias. We believe that this
causes the suppressed photocurrent at zero-bias seen in our
devices. This turns out to be an attractive feature, as it allows
for an additional tunability of the photocurrent that results in
the voltage-controllable responsivity discussed before.
Hence, graphene/Si heterojunctions can be used for a variety

of tunable optoelectronic devices with high responsivities over a
broad spectral bandwidth in the visible region. Their high
responses and low dark-currents render them with a high
switching ratio and low dark-power consumption. The
picoWatt-level detection capability in both photovoltage and
photocurrent modes along with linear operation demonstrated
up to milliwatts of incident powers reflects a significantly large
dynamic operational range. This, in addition to their milli-
second-responses makes them versatile and highly sensitive
photodetectors for a variety of imaging, metrology, and
analytical applications over a broad range of input powers.
The voltage-tunability allows brightness control for variable
light conditions and enables linear operation over a large
dynamic range. The responsivity peaking at 850 nm is ideal for
coupling with VCSELs operating at these wavelengths31 for
low-power integrated optoelectronic circuitry. Built using
simple, low-cost, and scalable methods, additional improve-
ments of CVD-graphene quality,38 integration with as wave-
guides,25 and plasmonic7,8 or microcavity11,12 enhancements
could lead to greater performances. Moreover, graphene
junctions with other semiconductors such as Ge, GaAs, and
so forth can provide further flexibility for controlling the peak-
responsivity, spectral bandwidth, and high-speed operations.
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