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O
ver the past decade, graphene has
presented itself as an atomically
thin material with extremely excit-

ing electronic, photonic and optoelectronic
properties.1�4 To harness the attractive at-
tributes of graphene into existing silicon-
based platforms, there has been a grow-
ing effort in developing high-performance
applications using graphene�silicon junc-
tions. Examples of such applications include
solar cells,5 the “barristor'',6 optical modu-
lators,7 four-wavemixers,8 Schottky diodes,9

photodetectors,10�13 gas sensors,14,15 and
electrodes for photoelectrochemistry.16 The
availability of large-area CVD-grown gra-
phene17,18 and high-quality wafer-scale
transferring techniques19 have extremely
favorable implications for scalability and

CMOS compatibility, and hence, technolo-
gies based on the graphene�silicon hetero-
junctions are very likely to receive in-
creasing attention.
A number of the above-mentioned appli-

cations of graphene�silicon junctions in-
volve the use of photons. Even those that
do not could be subject to weak ambient
lights. In our previouswork,11we had shown
that graphene�silicon interfaces tend to
form Schottky-barrier like junctions, and
the absorption of light by silicon can lead
to injection of carriers into graphene, lead-
ing to sizable photovoltage differences be-
tween graphene and silicon (Vf hundreds
of millivolts). A fundamental question of
considerable importance is how the injec-
tion of photoinduced carriers from silicon to
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ABSTRACT In an earlier work, we had reported a method that

enables graphene�silicon junctions to display exceptionally high

photovoltaic responses, exceeding 107 V/W. Using a completely

different method that has recently been reported to result in ultrahigh

gain, we now show that these junctions can also demonstrate giant

photocurrent responsivities that can approach ∼107 A/W. Together,

these mechanisms enable graphene�silicon junctions to be a dual-

mode, broad-band, scalable, CMOS-compatible, and tunable photo-

detector that can operate either in photovoltage or photocurrent

modes with ultrahigh responsivity values. We present detailed validation of the underlying mechanism (which we call Quantum Carrier Reinvestment, or

QCR) in graphene�silicon junctions. In addition to ultrasensitive photodetection, we present QCR photocurrent spectroscopy as a tool for investigating

spectral recombination dynamics at extremely low incident powers, a topic of significant importance for optoelectronic applications. We show that such

spectroscopic studies can also provide a direct measure of photon energy values associated with various allowed optical transitions in silicon, again an

extremely useful technique that can in principle be extended to characterize electronic levels in arbitrary semiconductors or nanomaterials. We further

show the significant impact that underlying substrates can have on photocurrents, using QCR-photocurrent mapping. Contrary to expectations, QCR-

photocurrents in graphene on insulating SiO2 substrates can be much higher than its intrinsic photocurrents, and even larger than QCR-photocurrents

obtained in graphene overlaying semiconducting or metallic substrates. These results showcase the vital role of substrates in photocurrent measurements

in graphene or potentially in other similar materials which have relatively high carrier mobility values.
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graphene can affect the electronic properties of the
latter. Given the growing importance of these junc-
tions, it is imperative that nature of carrier dynamics
across these junctions are carefully investigated.
In this work, we look critically at the effect that

photoinduced carrier injection has on the electrical
properties of graphene. On the basis of recentworks by
Konstantatos et al.20 and Roy et al.,21 we lay down a
simple model for the carrier injection and recombina-
tion process, and how this results in excess photocur-
rents in graphene. We then use this model to predict
and experimentally verify the photocurrent change as
a function of the applied drain-source bias across
graphene (VDS), the size (L) of the devices, and the re-
combination time scale. The recombination time scale
is a critical parameter in this system, and we find that
this could vary significantly, over 2 orders ofmagnitude
as a function of incident light power, reaching values
exceeding a millisecond at the lowest tested powers.
The large recombination time scale and the ultrafast
transition of carriers within graphene render the in-
jected carriers ultrahigh quantum gain values that
exceed 106 electrons per incident photon, resulting
in these junctions being highly efficient photodetec-
tors with responsivities that approach ∼107 A/W. We
also present detailed spectral response of photocur-
rents generated through this mechanism, a method
that allows us to directly obtain recombination time
scales as a function of photon energy under very low-
intensity incidences, as well as identify various allowed
interband optical transitions in silicon. Further, as a
result of this ultrahigh gain mechanism, photocurrent
response in graphene is sensitive to charge-injection
from any surface, andwedemonstrate how this feature
can be made use of to clearly distinguish between
metallic, semiconducting and insulating underlying
layers in the same device. On one hand, this result

could be viewed as an interesting new method by
which the carrier injection dynamics of underlying
layers may be directly imaged. On the other hand, it
clearly shows that the accuratemeasurement of photo-
currents in graphene-based devices needs very careful
consideration of carriers injected from the underlying
substrates.

RESULTS AND DISCUSSION

Figure 1 outlines the basic device architecture and
measurement technique used to characterize the
graphene�silicon junctions. Figure 1a shows a cross-
sectional schematic of the most commonly used de-
vice configuration (high-gain mode). It comprises a
sheet of graphene, the central part of which is physi-
cally overlaid on top of a bare silicon surface, and the
ends are placed on a layer of insulating SiO2where they
are attached to external electrodes. During the experi-
ment, light is incident on the graphene�silicon junc-
tion area. Figure 1b is a pseudo-colored SEM image of a
typical device, where the (largely) monolayer, CVD-
grown17 graphene sheet was first mechanically trans-
ferred, and then lithographically etched to approxi-
mately match the width of the silicon window. The
silicon windowwas fabricated by etching out a 100 nm
thick oxide layer and graphene was transferred onto
this surface immediately. At various regions, the gra-
phene sheet lies over silicon and SiO2 areas; these
and metal contact regions are shown (see details in
Supporting Information) Figure 1c schematically shows
the bridge-based circuit configuration used for low-
noise, a/c detection of photocurrents. The bridge was
balanced in complete darkness, and the chopper
frequency (ω/2π) was used as a reference for a lock-
in amplifier. Three low-noise variable resistors were
adjusted to be as close to the sample (dark) resistance
as possible, to obtain equal dark current in both arms

Figure 1. (a) A schematic and (b) a pseudo-colored SEM image of a graphene�silicon high-gain photodetector (see text). (c) A
Wheatstone bridge-integrated, chopped-incidence scanning photocurrent microscopy and spectroscopy setup used to
characterize the devices. (d�f) Typical photocurrentmaps at different incident powers showingbrightest photocurrent signal
in the graphene�silicon region (color scale in amperes). Spectral responsivity in the samedevice in (g) high-gainmode and (h)
photodiode mode. Note the spectacular difference in their magnitudes, even though the spectral shapes are similar.
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andmaximum sensitivity. The samplewasmounted on
a computer-controlled X�Y stage with submicrometer
precision. The spot size was focused by a 100� lens to
about a micrometer for photocurrent mapping mea-
surements. The a/c bridge configuration allowed us to
directly measure the RMS of the first harmonic re-
sponse (ω) of the total photocurrent Iph (Iph = VAB/Rs),
which we estimated to be about 45% of the DC
response(

√
2/π, assuming the input, VAB, is a square

wave). In experiments where the response of the entire
device was being tested, the light was made to cover
the entire junction area, and for experiments involving
measurements of response time-scale and reproduci-
bility, the lock-in amplifier was replaced by an oscillo-
scope in order to capture the transient responses.
Figure 1d�f shows the photocurrent map of the

device shown in Figure 1b measured using light spots
focused from a λ = 633 nm laser using a fixed DC bias,
VDC = 1 V (i.e., VDS = 0.5 V across the device), and with
different incident powers (P) as shown. The maximum
photoresponse is seen in the graphene�silicon win-
dow region, which immediately suggests that the
carriers generating the photocurrents are originated
from silicon, and are not intrinsic photoexcited carriers
in graphene. The role of silicon can be further con-
firmed by investigating the spectral dependence of
photocurrent response. With the use of a variable
wavelength monochromated light source, it was pos-
sible to study the spectral response at a fixed incident

power. Figure 1g shows the spectral photocurrent
response in a device, measured in the high-gain mode
(see inset). A rather large photocurrent responsivity,
R(λ) = Iph(λ)/P(λ) of the order of 10

4 A/W is seen in this
device. We recall that due to its low absorption coeffi-
cient of about 2.3%, intrinsic photocurrent in graphene
is limited to a fewmilliamperes per watts (mA/W).22�24

Since the photocurrent responsivities seen in these
devices are many orders of magnitude larger, as seen
in Figure 1g, we conclude that the photocurrent
measured in these samples had insignificant contribu-
tions from photocarriers generated in graphene. At
the same time, the spectral shape of the responsivity
curve in Figure 1g is similar to that of Figure 1f, where
the responsivity has beenmeasured in the photodiode
mode,11 clearly indicating that most of the photo-
induced carriers originate in silicon and then get
injected into graphene. It is interesting to note how
far more efficient the photon-to-carrier conversion is in
the high-gainmode (Figure 1g) compared to the photo-
diode mode (Figure 1h), resulting in the orders-of-
magnitude higher responsivity in the former. In the
remaining portion of this work, we investigate this
phenomenon in greater detail.
The photoinduced injection of carriers into gra-

phene can be understood through a simple model
(originally proposed by Konstantatos et al.20) as out-
lined in Figure 2. Consider a junction between gra-
phene and lightly n-doped silicon. The light n-doping

Figure 2. Schematics outlining the gain mechanism at graphene�Si junctions. (a) Dark current (Idark) under an external
bias (V) due to intrinsic carriers in graphene. Electrons and holes are denoted by dark and light circles, respectively.
(b) Incident photons generate electron�hole pairs in the (lightly n-doped) silicon. Due to the built-in potential at the junction
(see Figure 3c), holes inject out into graphene, while electrons move away from the junction as indicated by the arrows.
(c) These injected carriers “dope'' graphene and remain available for a certain time-scale, τr, before they recombine back into
silicon. During this time, the applied bias V replaces these carriers several times by driving them through the external circuit,
causing the photocurrent, Iph, as shown. (d) At the end of their lifetime, these carriers recombine back into silicon. Since
graphene possesses ultrafast carrier transport with high mobility, a single photoinduced extra carrier may be recirculated
several times during its lifetime, effectively leading to a quantum gain.
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helps us fix the location of the Fermi level of silicon just
below its conduction band, even though silicon re-
mains highly nonconductive (compared to graphene).
Under an applied external bias VDS, and in darkness, a
dark current Idark flows through the external circuit due
to the intrinsic carriers in graphene, as shown in
Figure 2a. When illuminated, electron�hole pairs are
generated in silicon. Due the nature of the Schottky-
type barrier formed at the junction,11 the electrons
move away into the body of silicon, and holes get
injected across the junction into graphene, as shown in
Figure 2b. These additional holes that inject into
graphene result in a change of sheet current (=Iph,
Figure 2c), arising from the “borrowed'' holes from
silicon. Under the applied external bias, the “borrowed''
additional carrier may be removed from its quantum
mechanical state (through an external metal lead on
one side of graphene), and the empty state may be
subsequently replaced by another carrier (injected in
from a second lead on the other side), generating an
electrical current in an external circuit. Due to the
extremely rapid transit of carriers within graphene, a
single borrowed carrier can be replaced many times
before another “equivalent'' hole reverse-injects across
the junction into silicon (Figure 2d). During the lifetime
of the “borrowed'' carrier, τr, a time scale determined
by the quantum-mechanical probability of recombi-
nation, the borrowed carrier can be “reinvested'' sev-
eral times into the external circuit, adding to the net
photocurrent, and leading to a quantum gain. For
convenience, we call it the quantum carrier reinvest-
ment (QCR) mechanism, to distinguish it from photo-
gating,25 photodoping,26 photovoltaic11 or photo-
conductive27 effects.
The QCR mechanism in graphene-based hybrid

structures has been successfully implemented very
recently by two groups, to obtain ultrasensitive
photodetectors20 using graphene�quantum dot hy-
brid structures, and novel photomemory devices,21

using graphene�MoS2 heterojunctions. The key factor
that drives the gain mechanism in QCR is the interplay
of two time scales. Due to the ultrafast recombination
time scale of picoseconds in graphene,28 photoexcited
carriers recombine well before they can be circulated
out into an external circuit. As a result, it is quite difficult
to obtain intrinsic photoconductive gain in graphene.
In contrast, if the photoexcited carriers are “borrowed''
from a neighboring material across a junction with a
favorable built-in potential drop, these carriers can
survive much longer than intrinsically photoexcited
carriers within graphene. Further, if the intrinsic re-
combination time scale of the secondary material is
slow, it can further reduce the recombination rate. We
next try to obtain a model that relates the quantum
gain with these time scales.
We start by defining the external quantum efficiency

(QE) as the number of carriers created in silicon and

then injected across the graphene�silicon junction per
incident photon. This number is typically between
50% and 65% in most of the visible wavelengths in
graphene�silicon junctions.11 The number of times
that each injected carrier is “reinvested'' is equal to the
ratio of the recombination time, τr, to the electrode-to-
electrode transit time, τt. The quantum gain, QG, can
then be related to the quantum efficiency through this
ratio, i.e., QG = QE � (τr/τt). Assuming free-electron-
type transport in graphene, τr is related to the drift
velocity, τt

�1 = vd/L = μ� E/L, where μ is the mobility of
graphene, E is the applied electric field (=V/L), and L =
length between the electrical contacts, which implies
QG = QE� τr� μV/L2. For incident light of wavelength
λ, and incident power P, photocurrent responsivity is
given by R = Iph/P = (eλ/hc)�QG = (eλ/hc)�QE� τr�
μV/L2. This expression implies that the photocurrent
response should be linearly dependent on the applied
drain-source bias, inversely proportional to the square
of the device size, and directly proportional to the
recombination time scale of the system. We next
present results from a set of experiments designed to
investigate these predictions.
Figure 3 summarizes a range of experiments we

have performed to establish the efficacy of the QCR
model for a whole range of devices tested for a variety
of experimental conditions. Figure 3a shows a simpli-
fied schematic of the different measurement config-
urations tested. In addition to the drain and source
electrodes that were used to apply an external bias
across the graphene sheet VDS, a separate ohmic
contact was fabricated on the back-surface of the
silicon wafer. When a DC voltage is applied across
the graphene�silicon junction, VGS tunes the potential
difference on the two sides of the junction, effectively
allowing us to play around with the recombination
time scale. The data presented here is for lightly
n-doped silicon, with a doping level n e 1016 cm�3

and resistivity F g 10 Ω 3 cm. We have also tested
p-doped silicon devices with equal success (see
p-doped Si in Supporting Information). The photocur-
rent response of bare silicon devices were separately
tested and found to be negligible. Figure 3b shows
the transient photocurrent response as monochro-
matic light was chopped on and off, showing immedi-
ate response and reproducibility of the photocurrent
(see Figure S6 in Supporting Information for stability
and repeatability test for extended time scale).
Figure 3c shows a proposed energy-level diagram of
the graphene�silicon junction, including how the
Fermi levels line-up on both sides, giving rise to a
Schottky-like barrier. Incident photons create e�h
pairs, and in this case, holes get injected into graphene
across the junction, lowering the Fermi level to its new
position, i.e., the quasi Fermi level.11 This lowering
explains why the photocurrent observed in Figure 3b
is negative.
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To test the linearity of the photocurrent with the ap-
plied source-drain bias, VDS, the graphene�silicon junc-
tion voltage, VGS was kept open (floating). Figure 3d
shows the photocurrent response as a function of
applied source-drain bias, which is seen to remain linear
over the entire voltage range tested. The linear bias
dependence of the photocurrent is a very important
result, as it implies that the photoresponsivity of these
devices can be completely tuned, to obtain a responsiv-
ity of choice, a very important feature for developing
tunable photodetectors, and for imaging applications
that can adjust to variable lighting conditions. A more
stringent examination of the QCR mechanism comes
fromexamining its applicability over devices of different
sizes. Figure 3e shows the variation of responsivity as a
function of device size. In each case, the error in estima-
tion of responsivity is smaller than the size of the data
points shown. We find that over several orders of
magnitude change in device length L (1/L2 ranges over
4 orders ofmagnitude), the responsivity remains linearly
dependent on 1/L2 within experimental error. We note
here that this not only provides strong evidence of the
validity of this model, but also reflects on the highly
reproducible nature of QCR in devices that range from
tens ofmicrometers to several millimeters in dimension.
Figure 3f shows the variation of the QCR photocur-

rent and diode photocurrent from the same device as a
function of the graphene�silicon junction bias. On one

hand, applying a reverse bias shifts the Fermi level of
graphene (Ef(Gr)) upward,

29 implying that the re-entry
barrier for holes (from graphene to silicon) is higher.
The photocurrent is enhanced as a result of longer
recombination time scale. On the other hand, applica-
tion of a forward bias lowers its Fermi level and brings it
closer to the valence band of silicon. This effectively
lowers the barrier for holes to reverse-inject into silicon
and recombine with available electrons. At the same
time, under forward bias, electrons are not “pushed
away'' from the graphene�silicon junction. These two
factors combined can significantly decrease the life-
time of the injected carriers, which would then result in
a smaller photocurrent. At a “threshold” forward bias
which is close to the size of the Schottky barrier (VGS=
0.5 V, see Supporting Information), the re-entry barrier
will be so low that the probability of holes injecting in
and out of graphene will be equal, resulting in a vanish-
ing photocurrent. Since the diode photocurrent directly
reflects how many holes were injected into graphene,
both QCR and diode photocurrent should behave the
same as a function of bias voltage, shown in Figure 3f.
Again, this provides an independent method for com-
pletely tuning the photocurrent responsivity of the
devices. (Band diagrams and photocurrent under differ-
ent incident power are in Supporting Information.)
Having demonstrated that the high-gain response

in graphene�silicon junctions indeed follow the QCR

Figure 3. (a) Device configuration for testing the QCR model (see text). Lightly n-doped silicon was used to fix the Fermi level
below the conduction band. (b) Time-dependent response to the periodic chopping of light source, demonstrating the
reproducibility of the photodetection. (c) Schematic band-alignment diagram of the graphene�Si junction explaining the
generation andmovement of electrons and holes under the formation of a Schottky-type barrier. (d) Photocurrent as a function
of VDS for a device of L = 100 μm under 0.51 nW illumination. (e) Variation of responsivity as a function of 1/L2, where L is the
device length. (f) Variation ofQCR anddiode-modephotocurrent as a function of an appliedgraphene�silicon junction bias,VGS.
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model, we next examine a number of other important
features of photodetection in graphene�silicon junc-
tions in thismode. Figure 4a shows the time-dependence
of photoresponse in a typical device as the incident
light is chopped on or off. The time-scale of chopping
is much smaller (of the order of 20 μs). A response-time
of the order of milliseconds is seen for incident light
power of∼0.1 nW. Themillisecond switching response
implies that arrays of such photodetectors would be
ideally suitable for the development of imaging, video-
graphy, or time-resolved spectroscopy applications,
without the need for any reseting mechanism. More-
over, we find that the switching times are strongly
dependent on the incident light power.
Figure 4b shows the variation of τOFF as a function of

incident power, which is seen to rise sharply as a
function of decreasing incident light power. We recall
that the quantum gain (and hence the photocurrent
responsivity) is linearly dependent on the recombina-
tion time-scale, τr. Since the recombination processes
are statistically random, we assume that the system is
Ergodic (time average t ensemble average), i.e., the
recombination time-scale τr is the same as τOFF. Since
τOFF rises sharply as the incident light-power is de-
creased, the responsivity, which is directly proportional
to τOFF, is also expected to increase. Figure 4c shows
the variation of responsivity as a function of incident
light power. Indeed, we find a sharp power-law rise of
responsivity as the incident light intensity is decreased,
and this behavior is seen to retain its consistency over
several decades of incident power values. At the lowest
measured incident powers (as the incident power
approaches picowatts), the responsivity exceeds a
few 106 A/W and approaches 107 A/W, corresponding
to quantum gain factors of 106�107. We do note,
however, that the rise in responsivity as a function of
decreasing incident powers is almost twice as sharp as
compared to that of τOFF. This is most likely because of
capacitor-like Coulomb-repulsion effects at higher in-
cident powers that increasingly suppresses carrier
injection into graphene as the excess charge density
on graphene grows. Nevertheless, such ultrahigh

photocurrent responsivity and quantum gain in such
low-voltage devices is extremely attractive for low-
intensity measurements where high responses are
greatly desirable. These results are comparable to
those of other graphene-based junctions that have
used QCR to develop photodetectors and memory
devices.20,21 Moreover, by using silicon as the light-
absorbing material along with CVD-grown graphene,
our devices remain operational in the broadband
visible wavelength range, and furthermore are com-
pletely compatible with CMOS-integrable silicon photo-
nics platforms. We now move on to discuss two other
applications beyond photodetection that arise as a
direct consequence of the QCR mechanism.
A predictable outcome of the QCR mechanism is

that its resulting spectral dependence of photo-
response is determined by the underlying material, in
this case silicon. Indeed, this fact is directly responsible
for the approximately similar spectral shapes of re-
sponsivities seen in Figure 1g,h. We find that beyond
this obvious similarities of spectral shapes, these mea-
surements contain other interesting information. We
recall that the responsivity measured in the photo-
diode mode is a direct measure of the external quan-
tum efficiency11 through the relation, R(λ) = (eλ/hc) �
QG. The quantum efficiency is a direct measure of how
many carriers get injected across the junction and out
into graphene (per incident photon) in the absence of
any gain mechanism. Hence, when we measure the
responsivity in photodiode and QCR modes in the
same device, it is possible to obtain the QCR gain
factor, QG/QE. Figure 5a shows the QCR gain factor,
QG/QE = (τr/τt) as a function of photon energy. This
was measured on the same device investigated in
Figure 4a, under similar incident powers over the entire
spectrum. Using τOFF = τr = 1.79ms at λ= 488 nm (Eph =
2.54 eV), we obtain τt ≈ 10�7 s. At an applied bias of
0.25 V for an L = 100 μm device, this corresponds to a
mobility of ∼4000 cm2/(V 3 s), which is similar to the
field-effect mobility of high-quality CVD-grown
graphene.17,31,32 Moreover, since τt is an intrinsic prop-
erty of graphene, depending only on its mobility, it is

Figure 4. (a) Temporal response at chopping frequency of 50Hz and 488nm laser power of 0.1 nW; τON and τOFF are calculated
by exponential fitting. (b) Variation of τOFF as a function of several decades of incident power. (c) Variation of responsivity as a
function of incident power. According to the trend seen here, the responsivity exceeds 106 A/W and approaches 107 A/W as
the incident power approaches picowatts.
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safe to assume that τt will remain independent of in-
cident photon energy values. Hence, it is possible to
directly obtain the extrapolated value of τr vs photon
energy from the QCR gain-factor spectrum, without
actually measuring it. The right-axis of Figure 5a also
shows the corresponding values of the recombination
time scale τr. We note that this method of direct lock-in
based measurement of τr is extremely useful at very
low light incidences, when DC transient responses
become comparable to instrument noise-levels. As
we show later, this provides us a new way for directly
comparing the surface charge dynamics in materials
with different injection time scales under varying
incident light powers.
The spectral dependence of QCR gain factor pro-

vides a wealth of information regarding the electronic
structure of underlying semiconductor. As seen in
Figure 5a, the gain factor has an overall slow decrease
with increasing photon energy values, and this slow
decrease in recombination time scales may be related
to gradually increasing tunneling-induced recombina-
tion events in carriers that receive higher excitation
energy values. Riding on this slow change are several
spectral features in the form of sudden “jumps'' or
sharp changes in the QCR gain factor. The origin of
these peak-like features can be directly traced to the
energy related to a number of possible electronic
transitions in silicon. To elucidate this point, we have
drawn a schematic band structure of silicon in Figure 5b
(adapted with permission from Chelikowsky et al.30),
with some of the relevant critical points as labeled.
When we compare panels a and b in Figure 5, several
optical transitions are immediately identifiable. Start-
ing at the indirect band gap, corresponding to transi-
tions between the maximum of the valence band at
the Γ-point, Γ25

0
, to the next-higher energy-minimum

along the Γf X symmetry direction (Δ), the QCR gain
factor curve showsmultiple identifiable transitions cor-
responding to Γ25

0
f X1 ≈ 1.25 eV, Γ25

0
f L1 ≈ 2.1 eV,

Γ25
0

f Γ15 ≈ 3.35 eV, and Γ25
0

f L3 ≈ 3.87 eV. These

transitions, annotated by labels of specific colors in
Figure 5a, are denoted by arrows of corresponding
colors in Figure 5b. In addition to these identifiable
transitions, a number of other features are also present,
but could not be immediately associated with the
electronic structure of silicon. These approximately
few electronvolt transitions are most probably related
to excitations from dopant and impurity levels. Hence,
we find that theQCRmechanism is extremely useful for
performing ultralow light spectroscopic investigation
of carrier time scales, which is extremely important for
many photonic and photovoltaic applications, and can
vary significantly with incident powers, as seen in
Figure 4b. Moreover, the same technique gives us a
novel way of identifying interband optical transitions in
silicon, and can potentially be applied to other semi-
conductors and nanomaterials that form heterojunc-
tions with graphene.
Finally, we explore another very important aspect of

the QCR mechanism, the role of substrates on photo-
response in graphene. Due to the enormous gain
factors involved, charges injected into graphene from
neighboring materials can result in photocurrents
which are orders of magnitude larger than intrinsic
photoexcited response in graphene. To investigate
this, we have constructed a device where the same
graphene sheet overlays three electronically different
types of materials, (a) metal, (b) semiconductor, and (c)
insulator, as shown in Figure 6a. This was accomplished
by lithographically fabricating an array of silicon is-
lands (lateral size 15 μm � 15 μm, height 50 nm) on a
400-nanometer-thick insulating SiO2 surface. Au elec-
trodes were fabricated on two ends, and a sheet of
graphene was transferred on top of this composite
array of multimaterial substrate. Figure 6b shows a
pseudo-colored SEM image of this device, where the
different regions (metal, semiconductor, and insulator)
have been demarcated by arrows. A fixed voltage was
applied across the two metal electrodes. Figure 6c�e
shows photocurrent maps measured on these devices

Figure 5. QCR spectroscopy as a direct measure of recombination time scales in graphene�silicon junction. (a) Spectral
dependence of the QCR gain factor, QG/QE, as well as the extrapolated recombination time (τr). Some spikes in the data could
be associatedwith various optical transitions in silicon as outlined in the schematic electronic structure shown in (b) (adapted
with permission from ref 30; copyright 1974 American Physical Society).
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at different incident powers. At the lowest incident
power, the local responsivity (Rspot) ranged between 2
and 4 A/W implying that the photocurrent is not due to
intrinsic carriers in graphene.
At this power-level, the photocurrent map is dif-

fused, varying slowly across the device, but indicating
no distinction between different substrate regions.
This implies that the quantity QE � τr is similar for
junctions formed at different regions. However, as the
incident power is gradually increased, the photocur-
rent response from different regions become increas-
ingly distinguishable, with clear patterns (correlated
with the geometry of the silicon islands and metal
electrodes) emerging, as seen in Figures 6d,e. This is
not surprising, since both quantum efficiency and
the recombination time scales can be expected to
change differently in different materials as the incident
power increases, providing a interesting method for
“imaging'' graphene subsurface materials. Figure 6f
shows the photocurrent map at P = 14 μW, where

the underlying features are well-formed, and the var-
ious “types'' of materials below the graphene sheet
indicated by arrows. These maps bring out several
extremely important features of graphene-based
photocurrent measurements. First, contrary to our
expectations, it is the “insulating'' SiO2 regions which
demonstrate the highest photocurrent responses. One
would expect that insulating regions, with little or no
carriers would provide very few photoinduced carriers
under incident light, and hence photoresponse com-
ing from these surfaces are expected to be quite low.
However, it turns out that the carriers, which are most
likely excited from defects and trap states in the oxide,
have extremely long lifetimes (minutes to hours33) and
hence result in high QCR gain factors. In contrast,
although the silicon islands have more carriers to offer,
the recombination time scales are faster and this
compensates the overall photoresponse, generating
intermediate values of photocurrents. The extreme op-
posite situation occurs at metal�graphene junctions

Figure 6. (a) A schematic and (b) a pseudo-colored SEM image of a patterned, multisubstrate device designed to investigate
the effect of substrates on photocurrent response due to the QCR mechanism. The metallic, semiconducting, and insulating
regions, and the overlaying graphene sheet are indicated by arrows. (c�e) The photocurrent map was measured on this
device using a 488 nm incident light chopped at 100 Hz. The bias across the device is 2.5 V, and the incident power was varied
as indicated. As the incident power increases, the photocurrent response due to QCR from different substrates gets
increasingly distinct. (f) Photocurrent map at the highest measured incident power, P = 14 μW, and the different substrate
regions are clearly indicated. In all the maps, the color-scalebar is in amperes.

A
RTIC

LE



LIU AND KAR VOL. 8 ’ NO. 10 ’ 10270–10279 ’ 2014

www.acsnano.org

10278

(at the electrodes). Metals have very high number of
carriers to offer, but the recombination fromgraphene to
metals can be of the order of picoseconds, resulting
in little or no photocurrent response at these regions
(in comparison to the semiconducting and insulating
regions). These experiments clearly indicate that sub-
strate- or top-gate relatedeffects are extremely important
to considerwhenperformingphotocurrent-basedexperi-
ments in graphene. This is specifically so for SiO2, which is
oneof themost commonlyused substrates, and canhave
a very significant impact on these measurements.

CONCLUSIONS

In conclusion, we have presented a detailed investi-
gation of high-gain photoresponse at graphene�silicon
junctions. We refer to the underlying photoresponse
mechanism as quantum carrier reinvestment due to
the manner in which photocarriers are borrowed into
graphene and reinvested several times in the external
circuit during its lifetime, resulting in a quantum gain.
Due to the significantly high mobility values of gra-
phene, the quantum gain factors can exceed 106, re-
sulting in these junctions becoming ultrasensitive
weak-incidence broadband photocurrent detectors
with photocurrent responsivity values nearly appro-
aching 107 A/W at approximately picowatt incidences.
We note that this mechanism complements the photo-
voltage-based detection at the similar junctions, which
utilizes the unique band-structure of graphene (and
not its mobility) to result in ultrasensitive photovoltage
detectors with photovoltage responsivity exceeding
107 V/W. Together, these two completely independent
mechanisms can result in graphene�silicon junctions
to be utilized as tunable dual-mode (either in photo-
current or in photovoltage mode) broadband, visible
wavelength photodetectors with ultrahigh responsiv-
ities under weak illuminations. We have utilized a free-
electron-theory type model to elucidate the role of

applied bias and device size, as well as recombination
time scales on the photoresponse behavior at these
junctions. We have also shown how the spectral de-
pendence of these recombination time scales at very
weak incidences can be directly obtained from lock-in
amplifier-based photocurrent measurements. These
spectra have features directly related to transitions
within various energy levels in silicon, providing an
interesting new method for direct investigation of
possible optical transitions in semiconductors. Further,
we have investigated the importance of substrates in
photocurrent measurements of graphene, and estab-
lished that SiO2, one of the most commonly used
substrates, can have the maximum impact on photo-
current measurements in graphene. This can be a
matter of concern in many graphene (or any other
high-mobility 2D material)-based optoelectronic ex-
periments where the role of substrates, gate-oxides,
etc. is not carefully taken into consideration. Using a
power-dependent photocurrent mapping technique,
we have also presented a new method that can
compare the carrier dynamics across graphene-based
junctions of different materials. This technique may
provide a new way for understanding variations of
carrier dynamics across such junctions with micro-
meter spatial resolution. Such measurements could
be of great interest to obtain optimized performances
in a number of optoelectronic devices that use
graphene-based junctions. We believe our work is a
significant step forward in the optoelectronics of gra-
phene-based junctions, especially in characterizing
carrier time scales that are applicable to diverse semi-
conductors and nanomaterials that can form junctions
with graphene. Indeed, a generic understanding of the
QCR mechanism is highly important, since it can, in
principle, affect the photoresponse in junctions of any
nanomaterial (and not just graphene) which has com-
paratively high mobility values.

METHODS
Synthesis of Graphene. Graphene was grown by CVD method.

Twenty-five micrometers copper (Cu) foil was first annealed
at 1000 �C in a tube furnace with a hydrogen flow of 10 sccm
for 30 min. Then a 30 min methane flow of 5 sccm was used
for growth while keeping the same hydrogen flow rate. After
the growth, the furnace was cooled down naturally at a rate of
∼30 �C/min. To transfer graphene, the graphene�Cu foil
was spin-coated with poly(methyl methacrylate) (PMMA) in
order to protect and support the graphene sheet while the Cu
foil was etched away in diluted nitric acid. PMMAwas removed in
acetone after the transfer process. See detailed characterizations
of graphene and device fabrication procedures in Supporting
Information.

Characterization. SEM images were taken with a Hitachi
S-4800. All DC signals were collected by a Keithley 2400
sourcemeter, and AC signals by a Stanford Research Systems
SR830 lock-in amplifier. Spectral responsivity tests were carried
out inside a PerkinElmer UV/vis spectrophotometer using the
AC-bridge configuration.
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