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Electrochemical half-reaction-assisted sub-bandgap
photon sensing in a graphene hybrid phsotodetector

Ze Xiong1’6, Jiawei Chen’®, Jizhuang Wangl, Yu Cail, Xiang Liu?, Zhicheng Su?, Shijie Xu?, Arshad Khan?,
Wendi Li%, Juncao Bian* Gaomin Li’, Mingyuan Huang5 and Jinyao Tang1

The photogating effect has been previously utilized to realize ultra-high photoresponsivity in a semiconductor-graphene hybrid
photodetector. However, the spectral response of the graphene hybrid photodetector was limited by the bandgap of the
incorporated semiconductor, which partially compromised the broadband absorption of graphene. Here, we show that this
limitation can be overcome in principle by harnessing the electron-accepting ability of the electrochemical half-reaction. In our
new graphene phototransistor, the electrochemical half-reaction serves as an effective reversible electron reservoir to accept the
photoexcited hot electron from graphene, which promotes the sub-bandgap photosensitivity in a silver chloride (AgCl)-graphene

photodetector. The photoconductive gain of ~ 3 x 10° electrons per photon in the AgCl-graphene hybrid is favored by the
long lifetime of photoexcited carriers in the chemically reversible redox couple of AgCI/Ag®, enabling a significant visible light
(400-600 nm) responsivity that is far beyond the band-edge absorption of AgCl. This work not only presents a new strategy to
achieve an electrically tunable sub-bandgap photoresponse in semiconductor-graphene heterostructures but also provides
opportunities for utilizing the electrochemical half reaction in other two-dimensional systems and optoelectronic devices.
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INTRODUCTION

Ultrathin two-dimensional (2D) nanomaterials are a new class of
materials that have exotic properties for application in next generation
electronics and optoelectronic devices. These properties include gate-
tunable electronic properties, high transparency, and excellent
mechanical flexibility and compatibility with current silicon-based
microfabrication processes. Owing to its intriguing electronic and
optical properties, graphene has been studied extensively over the past
decade as a promising material for broadband photodetectors.'
However, due to fast carrier recombination, most graphene-based
photodetectors suffer from low responsivity (<10 mA W™1).

By contrast, graphene hybrid phototransistors*® provide high
photoresponsivity by incorporating a layer of light absorbing material,
such as a layer of semiconducting quantum dots (QDs),>~'* which is
in contact with the graphene. Upon illumination, the photoexcited
carriers in the QDs can be injected into graphene while the charged
QDs layer can modulate the conductance of graphene by capacitive
coupling. Owing to the long lifetime of injected carriers (Zijifeime) in
QDs, a high photoconductive gain G (G = Tjifetime/ Ttransiv Where Tyansit
is the transit time) of ~10% can be achieved.’ Since the photon is
absorbed by the incorporated light absorbing material, the spectral
response of the graphene hybrid phototransistor seems to be
fundamentally limited by the bandgap of the integrated materials as

shown in previous studies.>™'?> However, the internal photoemission
from graphene in the graphene-semiconductor hybrid structure
provides an alternative method to realizing broadband photo
sensing.!*1¢ In this hybrid structure, the photocurrent is generated
as the photoexcited hot electron in graphene is injected into the
conduction band of the adjacent semiconductor. However, due to the
low quantum efficiency and poor light absorption of graphene, only
moderate photoresponsivity (~ 0.1 mA W™!) was demonstrated,'*!>
and signal amplification will be required at a later stage for practical
application.

In this paper, we report a new graphene-semiconductor hybrid
phototransistor in which the internal photoemission signal is locally
amplified within the graphene transistor itself. Importantly, we show
that the reversible electrochemical redox couple (AgCl/Ag®) can serve
as an efficient electron reservoir to obtain an ultra-high photocon-
ductive gain, which is the key to realizing high photoresponsivity for
sub-bandgap photons in graphene hybrid phototransistors. Further-
more, we demonstrated the spectral selectivity in our graphene
photodetector by simply tuning the dielectric layer thickness of the
substrate, which is favorable for many color-sensitive applications. In
our current design, although the spectral response is not as wide as for
a PbS-graphene hybrid, in principle, it offers an alternative method to
achieve broadband photosensitivity without using strongly light-
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absorbing narrow-band semiconductor materials, which shows
promise for highly transparent photodetectors and other novel
optoelectronic devices.

METHODS

Photodetector device fabrication

The process flow of the AgX-graphene hybrid photodetector fabrication is
illustrated in Supplementary Figure 1. Monolayer chemical vapor deposition
(CVD) graphene on a copper foil (Graphene Laboratories, Inc., Calverton, NY,
USA) was spin-coated with poly(methyl methacrylate) (PMMA) and air dried.
Then, the copper was removed by etching in 0.1 M (NH4),S,05 aqueous
solution overnight. The released graphene layer that was attached on the
PMMA film was scooped out and rinsed consecutively in several clean DI water
baths. Finally, the film was transferred onto various supporting substrates
(silicon wafer, a quartz substrate or polyethylene terephthalate (PET) film) and
air dried. After dissolving PMMA with a mixture solution of dichloroethane
and acetone (1:5, v/v), the graphene was patterned into micro-ribbons with
electron beam lithography followed by oxygen plasma etching. Then, 0.5-nm
silver was deposited on the lithographically defined central area of the graphene
ribbon via thermal evaporation in vacuum at ~ 1x 106 Torr.

Vapor-solid reactions were utilized to convert the Ag nanoparticles into the
AgCl nanoparticles. A 5-ml glass vial with the sample substrate was placed in a
sealed 25-ml glass vial together with 0.05g of KClO; solid crystals. Then,
0.15 ml of 37% HCI solution was added to the solid KClIO3 and the Cl, was
generated via an in situ reaction (KClO3+6 HCl=KCI+3 ClL+3 H,0) and
allowed to react with Ag nanoparticles on the sample substrate for 10 min at
room temperature. For the AgBr nanoparticle synthesis, a 5-ml glass vial with
the sample substrate was placed in a sealed 25-ml glass vial with 0.05 g of solid
KBr. Then, 0.15 g of solid KMnO,4 and 98% H,SOj solution were added to the
solid, and Br, vapor was produced via reaction (2 KMnOy+8 H;SO4+10
KBr=6 K,SO4+5 Bry+2 MnSO,+8 H,O) and allowed to react with Ag
nanoparticles for 10 min at room temperature. For the Agl nanoparticle
synthesis, the sample substrate was placed in a sealed 25-ml glass vial containing
0.05 g of solid I,. Then, the reaction vial was heated to 105 °C to allow the I,
vapor to react with Ag nanoparticles for 10 min. After the vapor-solid
conversion, 5-nm Al,O3; was coated using atomic layer deposition (Cambridge
NanoTech, Inc., Waltham, MA, USA, Savannah 200) using trimethylaluminum
(Sigma-Aldrich, Inc., St Louis, MO, USA) as the precursor at 70 °C. The AL,O;
on the electrical contact area was removed by dipping in a 5:1 buffered HF
solution for ~ 1 s. The electrodes were patterned on the graphene ribbon using
electron beam lithography, followed by 100-nm nickel (Ni) sputtering.

Transmission electron microscope (TEM) sample preparation

As shown in Supplementary Figure 3, the monolayer CVD graphene on copper
was spin-coated with PMMA and air dried. After copper removal, the graphene
film was rinsed in DI water and scooped onto the TEM grid (SPI Supplies, Inc.,
West Chester, PA, USA, G200HS) with a 5-nm AL, O3 coating produced via
atomic layer deposition. Then, 0.5-nm Ag was deposited through the mesh of
the grid onto graphene via thermal evaporation and individually reacted with
Cl,, Br, and I,. After the reaction, another 5 nm of Al,O3; was coated over the
device via atomic layer deposition at 70 °C to protect the AgX-graphene surface.

KPFM measurement

The device with graphene on top of the AgCl nanoparticles was prepared using
a TEM grid-assisted dry transfer method similar to the TEM sample
preparation. The monolayer CVD graphene supported with PMMA film was
scooped by the Al,O3-coated TEM grid. After the AgCl conversion reaction,
PMMA-supported graphene was transferred onto a clean Si substrate with
470 nm of a thermal oxide and baked on the hot plate at 120 °C for 5 min to
improve the adhesion between the graphene and the substrate. Then, the
PMMA on graphene was removed by rinsing with a mixture solution of
dichloroethane and acetone (1:5, v/v), followed by isopropanol rinsing and
blow drying with nitrogen. A 15-nm Au electrode was patterned on the
graphene surface as a work function reference via electron beam lithography
and thermal evaporation. The KPFM measurement was performed using an
Asylum Research MFP-3D-SA atomic force microscope under ambient
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conditions. Asylum Research ASYELEC-01 cantilevers with titanium and
iridium coatings (3 nm/17 nm) were used at a resonance frequency of
72.394 kHz with a tip voltage of +3.0 V with respect to the ground. The
illumination during scanning was achieved by utilizing a Fiber-Liter MI-150R
illuminator with a remote controller (Dolan-Jenner Industries, Boxborough,
MA, USA).

Photoresponse measurements

The temporal photoresponse and gate tunability of the AgX-G hybrid device
were measured using a white light LED light source with an adjustable power
output. The spectral response of the hybrid photodetector was measured using
an SVX 1450 xenon lamp light source (Miiller Elektronik-Optik, Moosinning,
Germany) and an Acton SP 300i monochromator equipped with 1200 lines per
mm of grating. The photocurrents of the samples were measured using a
Keithley 2400 Source Meter. The eEQE was measured with a super continuum
laser (YSL Photonics, Wuhan, Hubei, China, Supercontinuum Source SC-PRO)
with a laser pulse of ~ 100ps and a repetition rate of 3 MHz. The
photoresponsivities at 400 and 500 nm were measured using a monochromatic
LED to provide uniform illumination. All light source intensities were
calibrated using a standard silicon diode (Hamamatsu S1336-BQ) and an
optical power meter (Molectron Detector, Inc. Portland, OR, USA, POWER
MAX 500D).

Finite-difference-time-domain simulation

The power absorption spectrum of the AgCl-graphene heterostructure was
calculated using a finite-difference-time-domain software package (Lumerical
Solutions, Inc., Vancouver, BC, Canada, FDTD Solutions). Since the nano-
particles were well dispersed, a single AgCl sphere with a diameter of 18 nm on
monolayer graphene was modeled, which showed no significant difference
from the model with multiple AgCl spheres. A 5-nm AL, O3 capping layer was
also included in the model. The optical constants of AL,Os, SiO, and Si were
selected from the software database (Palik, E.D., Handbook of Optical
Constants). The absorption simulation was performed with a cross-section
analysis module, total-field scattered-field light source and perfectly matched
layers boundary conditions without light polarization.

RESULTS

Photodetector design, device fabrication and temporal
photoresponse

We fabricated the phototransistors using a silver halide-graphene
hybrid (AgX-G, X=Cl, Br, I) as depicted in the schematic diagram
(Figure la). Degenerately p-doped Si substrate with 470-nm thermal
oxide was used as the back-gate electrode to modulate the Fermi
level of the AgX-G hybrid. Well-dispersed silver nanoparticles
were deposited on the CVD graphene via thermal evaporation
(see Methods and Supplementary Figure 1). Then, the Ag nanopar-
ticles were completely converted into AgX nanoparticles by allowing
the Ag nanoparticles to react with the respective halogen gas
(2Ag(y) + Xy(q) > 2AgX(5)) as observed in X-ray photoelectron spec-
troscopy (Supplementary Figure 2). After the reaction, the AgX
nanoparticles were well dispersed on the graphene surface
(Supplementary Figures 3 and 4) with an average diameter of
18 nm. Finally, 5-nm AL, O3 was coated over the device surface with
atomic layer deposition to minimize the influence of ambient gas
molecule adsorption and desorption upon illumination. To estimate
the possible contribution of the plasmonic absorption from the trace
amount of unreacted Ag metal on the graphene surface, a control
device was fabricated with silver nanoparticles over the graphene
surface. Because no detectable photoresponse was observed in this
control sample (Supplementary Figure 5), it was safe to conclude that
the Ag metal plasmonic contribution to the photoresponse in our
device was insignificant.
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Figure 1 AgCl-graphene photodetector and temporal photoresponse. (a) A schematic diagram of the silver halide-graphene (AgX-G, X=Cl, Br, I
photodetector. Inset: A false colored optical image of the as-prepared AgCl-G photodetector. (b) The temporal photoresponse of the as-prepared AgX-G hybrid
photodetectors. The visible light illumination power is ~ 54.9 nW, and the source-drain voltage (Vsp) is 1 V. The photocurrents of AgBr-G and Agl-G have
been magnified by 10 and 50 times, respectively, for clarity. (c) The energy band diagram at the junction formed by graphene and the semiconducting AgX.
For low-energy photons, the AgX cannot be excited directly due to its wide bandgap (E52” = 3.25eV, £S5 = 2.69 eV, £48' = 2.83 eV).?8 Instead, the hot
electrons generated in graphene are injected into the conduction band of the AgX nanoparticles through internal photoemission and transferred to the redox
level of AgX/AgP. (d) The long-time (1000 cycles) temporal photoresponse of the AgCI-G photodetector after 6 months of preservation under ambient
conditions. (e) The schematic diagram of the photoelectrochemical measurement setup for internal photoemission at the AgCl-graphene junction. (f) The
temporal photoelectrochemical response of the AgCI-G working electrode at a 0-V bias under chopped green light illumination (520 nm wavelength).

We examined the photoresponse of hybrid phototransistors with
AgCl, AgBr or Agl under the same visible illumination. Since AgCl is
a wide bandgap (E;f”' = 3.25eV) semiconductor, only ultraviolet
sensitivity is expected (Supplementary Figure 6), assuming the same
sensing mechanism as previously reported for a graphene-
semiconductor hybrid phototransistor.”~!> By contrast, a high photo-
response was observed with visible light illumination, suggesting a new
sensing mechanism in our phototransistor. Figure 1b shows the
photocurrent (after dark current subtraction) of the as-prepared
AgX-G photodetectors at room temperature under chopped light
illumination (white light illumination with a power of ~ 54.9 n\W) at
a 1-V source-drain voltage (Vsp) and a 0-V back-gate voltage (V). If
working as a traditional graphene hybrid phototransistor in which the
semiconductor is responsible for light absorption, the photoresponse
of the AgI-G hybrid should be the highest because Agl has the lowest
bandgap and the highest photosensitivity. However, the observed
photoresponse of the AgCl-G hybrid is much stronger than that of
AgBr-G and Agl-G, which strongly suggests that the photoresponse
did not originate from AgX nanoparticle absorption. To explain this
phenomenon, we attributed this sub-bandgap photosensitivity in our
device to the electrochemically assisted internal photoemission from
graphene to the AgX nanoparticles. As illustrated in Figure 1c, upon
illumination with low-energy photons, the photoexcited hot carriers
with an energy higher than the Schottky barrier height (®p) can
be injected into the AgX nanoparticles!” and then stored into the
low-energy redox level of AgX/Ag” by inducing the half electroche-
mical reduction reaction AgX + e~ — Ag® + X, which will negatively
charge the AgX nanoparticles and enhance the conductance of the
graphene transistor via capacitive coupling. In the dark, the reduction

reaction is reversed and the injected electron is released back to
graphene through a tunneling process, restoring the phototransistor
back to its low conductance state. Here, the sub-bandgap photo-
responsivity of the graphene hybrid detector is primarily determined
by the nanoparticle’s ability to accept electrons. In electrochemistry,
the electrochemical potential (E) is classically used to represent the
ability of an oxidant to accept electrons. In our case, since AgCl is a
stronger oxidant than AgBr and Agl (Eagcyag=—4.66 €V <Epgpr/ag=
—4.51 eV <Epgag=—4.29 eV)!® and readily retains the injected hot
carriers from the graphene, the highest gain and photoresponsivity
were observed in AgCl-G, followed by AgBr-G and AgI-G. This result
suggested that the classical standard electrochemical potential could
also be used to benchmark the electron-accepting ability of other
electrochemical reaction-assisted graphene hybrid phototransistors
for low energy photon sensing. Without a favorable redox couple
(for example, in the ZnO-graphene hybrid), the internal photoemis-
sion from graphene to the semiconductor is insignificant and the
sub-bandgap photoresponse is negligible.!®!! Since our phototransis-
tor involves an electrochemical redox reaction, it is important to assess
the stability of our device, which is determined by the reversibility of
the redox reaction. The AgCl-G sample was stored under ambient
conditions for 6 months and then subjected to a long stress test under
chopped illumination (Figure 1d). After over 1000 on—off cycles, the
photocurrent maintained the same level, indicating the great reversi-
bility and reliability of our device.

To confirm the sensing mechanism in our phototransistor, we
prepared a photoelectrochemical electrode based on the AgCl-G
hybrid to test the internal photoemission current from graphene to
the AgCl nanoparticles at a 0-V bias. As shown in Figure le, AgCl
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Figure 2 Structure and surface potential profiles of graphene-AgCl. (a) KPFM setup for the two-pass technique. (b) KPFM image taken on the surface of
graphene-AgCl (left) and the Au electrode (right) under alternating ‘dark’, ‘light’ and ‘dark’ illumination states at V=0 V. Scale bar: 5 pm. (c) Height and
surface potential profiles along the green dashed lines on the graphene-AgCl surface. (d) Height and surface potential profiles along the blue dotted lines on

the Au surface. KPFM, Kelvin probe force microscopy.

nanoparticle-loaded monolayer graphene was used as a working
electrode and submerged into a 1M KCI solution with AgCl/Ag as
the counter electrode. Upon illumination with low-energy photons
(520 nm), the AgCl could not be excited while the hot electron was
generated in graphene. We recorded the temporal photocurrent at the
0-V bias in chopped green light illumination, as shown in Figure 1f.
Since no detectable photocurrent was observed for AgCl nanoparticles
over the platinum surface (Supplementary Figure 7), which has a
similar work function as graphene (®graphene = 4.95.1, @pe = 5.1),1°
the photocurrent clearly did not originate from the AgCl absorption
and should be attributed to the graphene internal photoemission
similar to the recently demonstrated graphene-semiconductor
photodetector.'*!> In this mechanism, since the internal photoemis-
sion is controlled by the Schottky barrier height at the graphene-
semiconductor interface instead of the bandgap of the incorporated
semiconductor, our photodetector is capable of exploiting sub-
bandgap photons and extending the sensitivity to the visible spectrum.
This strategy offers a new approach to engineer the spectral response
of optoelectronic devices via surface engineering without using narrow
bandgap materials.

KPFM characterization
To further verify the internal photoemission process at the AgCl-
graphene junction, Kelvin probe force microscopy (KPFM) was
utilized to investigate the surface potential modulation of graphene
under different illumination conditions (Supplementary Figure 8).
Because the KPFM measurement is highly surface-sensitive, a sample
with graphene on top of AgCl (G-AgCl) was prepared (see Methods).
As shown in Figures 2a and b, the surface potential image was taken
using the standard two-pass technique while the electrically grounded
Au electrode was used as an internal reference to show the surface
potential change upon illumination.

The surface potential in the KPFM measurement is determined
by the contact potential difference between the probe and the
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sample surface. Given the identical probe conditions, the difference
in the work function between the Au electrode (®,,) and the
G-AgCl (@) can be related to the surface potential difference, AVcpp,
as eAVepp = e(Vg=Vy) = <1>Au—<Dg,20 where Vy, and Vj are the average
surface potential of the Au electrode and the G-AgCl, respectively.
Hence, the work function of graphene can be quantified after taking
the work function of the electrically grounded Au electrode
(®p,=4.82eV).2! The surface potential profiles in Figures 2c and d
show that the work function of G-AgCl upshifts from a ‘dark state’
((Dgark ~4.88¢eV) to a ‘light state’ (@gghtz4.90 eV), whereas no
detectable shift in work function was observed on the Au electrode.
Additionally, there was no distinguishable potential change after visible
light illumination in the control sample made of graphene without
AgCl nanoparticles (Supplementary Figure 9c), which indicates that
the photoexcited hot electrons were emitted from graphene to the
AgCl nanoparticles upon illumination. The photoactive area in our
AgCl-G device is not constrained to the vicinity of the Au electrode,
which allows a larger photoactive area for photon harvesting than that
of photovoltaic graphene photodetectors.!?

Sub-bandgap photoresponse of the AgCl-graphene hybrid

The performance of the AgCl-G phototransistor under visible
illumination was further explored in detail. Figure 3a shows the
dependence of responsivity on Vsp under 500-nm illumination with
different powers at V=0V (400 nm illumination, see Supplementary
Figure 10). The raised responsivity at higher Vgp values can be
ascribed to the shortened transit time and the subsequently improved
gain value. Figure 3b plots the responsivity as a function of the light
power for 500-nm illumination at Vsp=1V and V5=0V. A high
responsivity of ~ 7.3 x 10* AW ™! was obtained under an illumination
power of 164pW. Under a higher illumination intensity,
the photoresponsivity gradually decreases because the filling of the
AgCl/Ag® reservoir prevents the accepting of additional photocarriers
and shortens the average Tiifeime.'°
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Figure 3 Sub-bandgap and gate-tunable photoresponse. (a) The photoresponsivity increases linearly with Vsp under 500-nm illumination of different optical

input powers at V5=

0 V. (b) Photoresponsivity as a function of the optical input power under 500-nm illumination at Vsp=1 and V5=

0 V. (c) The effective

external quantum efficiency (eEQE) of the AgCI-G sample on quartz at Vsp=1V. (d) A photo of the University’s main building taken through flexible AgCI-G
(the area of AgCI-G is highlighted by a brown dashed line) on PET film. Inset: A photographic image of the flexible AgCI-G photodetector on PET film. (e) The
photocurrent of AgCI-G as a function of Vg under 500-nm light illumination with a power of ~ 5.42nW at Vgp=1V. Inset: Transfer characteristics of the
AgCI-G phototransistor in the dark state, showing p-type doping in graphene by AgCl nanoparticles. (f) Energy band diagram of the AgCl-G phototransistor at

different Vg values. The dashed lines correspond to the Fermi level of graphene at various Vg (black for Vg=

To evaluate the intrinsic spectral response of AgCl-G, the effective
external quantum efficiency (eEQE) was estimated by multiplying the
external quantum efficiency by the photoconductivity gain of the
device (Figure 3c).> A AgCl-G sample on a quartz substrate was
measured with monochromatic illumination. The eEQE had a
pronounced value in the visible range from 385 to 600 nm (13.6%
at 425 nm) beyond the band edge of AgCl. As predicted by the Fowler
theory,?> hot carriers with lower energy have less photoemission
probability, which leads to the decreasing of eEQE towards a longer
wavelength. When the light wavelength goes below 425nm, the
photoexcited electrons from AgCl itself will partially occupy the
AgCl/Ag redox couple, hindering the collection of photocarriers
from graphene and lowering the eEQE. Owing to the low light
absorbance of the graphene and the ultrathin AgCl layer, a transparent
AgCI-G phototransistor with a high transmittance of ~ 92.8% could
be prepared on PET film (Figure 3d).

The carrier mobility () of the graphene channel in AgCl-G without
illumination was calculated to be 362.2 cm? V™! s~ ! from the transfer
characteristic measurement (Figure 3e, inset) using

= (dIsp/dV)x [L/(WC;Vsp)], where L is the channel length
(22 pm), W is the channel width (16 pm) and C; is the areal
capacitance (7.34nFcm™2, SiO, thickness of 470 nm).2> The gate
tunability of the photocurrent in the AgCl-G device is shown in
Figure 3e under a uniform 500-nm light illumination with a power of
542nW at Vgp=10V (385nm light

~ illumination see

0, red for V>0 and blue for V5<0) values.

Supplementary Figure 11). As shown in Figure 3f, a negative V; leads
to a lower Fermi level in graphene and a raised barrier height at the
AgCl-graphene junction, which mitigates the hot electron injection
into AgCl and leads to lower overall photoresponsivity.

Spectral selectivity modulation
The spectral selectivity in graphene has previously been realized by
integrating with various photonic devices via sophisticated fabrication
processes.“’26 We demonstrate that, in our phototransistor, the
spectral selectivity can be accomplished by simply modulating the
thickness of the thermal oxide underneath the graphene layer
(Figure 4a). As shown in Figure 4b, for AgCl-G on a silicon substrate
with 470 nm of SiO,, two major responsivity peaks at 400 and 500 nm
were observed. This enhancement can be attributed to the optical
resonance inside the dielectric layer, which resembled the spectral
response of single-layer graphene on 300-nm SiO,®. The power
absorption spectrum predicted by the finite-difference-time-domain
simulation matches well with the experimental data. As a comparison,
only a single photoresponse peak located at approximately 400 nm
could be identified for a photodetector fabricated on a 200-nm SiO,
substrate as calculated by the finite-difference-time-domain simula-
tion. An overview of the spectral selectivity upon changing the oxide
thickness is shown in Figure 4c.

In contrast to the previously demonstrated graphene-semiconductor
phototransistor, our phototransistor relies on the photon absorption
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Figure 4 Spectral selectivity modulation. (a) Illustration of multiple reflections within the dielectric layer beneath the monolayer graphene. (b) The
experimental wavelength-dependent responsivity of AgCI-G on thermal oxide substrates at Vsp=1V and V=0V (black circles for 470-nm SiO, and brown
squares for 200-nm SiO,, left axis) and corresponding FDTD-calculated absorption spectra (black line for 470-nm SiO, and brown line for 200-nm SiO»,
right axis). All of the data were normalized to the responsivity at 400 nm. (c) Absorption intensity map for AgCI-G as a function of both the excitation
wavelength and the SiO, thickness. (d) The calculated absorption of AgCI-G and bare graphene on 470-nm SiO, after normalization to the peak value of bare

graphene. FDTD, finite-difference-time-domain.

in the graphene layer rather than in the semiconductor. As shown in
Figure 4d, the simulated absorption spectra of AgCl-G and bare
graphene match well with each other in the visible region, indicating
that the light absorption in AgCl is negligible for the AgCl-G
heterostructure. The power absorption ratio between graphene
(Pgraphene) and AgCl (Pagcr) is 126:1 for 400-nm incident wavelength
and even higher for 500 nm (246:1) (Supplementary Figure 12), which
again confirms the distinct sensing mechanism of the AgCl-G hybrid
phototransistor.

DISCUSSION

Photoconductive gain is a key figure of merit for a photodetector. Based
on the mobility value in AgCl-G, the transit time (Tyansit = L1t ' V)
of the carriers is ~ 2.76 ns.!® Therefore, the photoconductive gain
is estimated to be ~ 3.04 x 10° by adopting Tjfeime = 8.4 s (Figure 1b,
~50% photocurrent decay), which is over 30 times larger than the value
of a PbS QD-graphene hybrid photodetector.” Because the photocon-
ductive gain scales linearly with the mobility of graphene, we can expect
that the responsivity can be further improved by adopting boron
nitride?” or a self-assembled monolayer-coated oxide'? as the substrate.
One drawback of our device is that the response speed is slower
compared to the previously demonstrated graphene hybrid photode-
tector primarily due to its slow turnoff speed. This is understandable
because the AgCl nanoparticles in our device are in situ synthesized by
gas phase halogenation in which more deep trap states are present on
the AgCl surface compared to solution-synthesized QDs, which
significantly slows down the charge released in the dark. To facilitate
the charge releasing, we applied a positive reset pulse at the gate
electrode, which lowered the Fermi level of graphene and promoted the
charge extraction from the trap states in AgCl to graphene.” As shown
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in Supplementary Figure 13, the transit time of our photodetector can
be effectively reduced to 2.3 s by introducing the reset pulse. We expect
that by improving the synthesis process and introducing surface
passivation to the AgCl, a further improved response speed can be
achieved. Moreover, ZnO has a band structure that is similar to AgCl
(bandgap Eé“o = 3.2¢V, Eggm = 3.25 eV; conduction band minimum
E/O = —4.19¢eV, E%Y = 43¢V and valence band maximum
EZO = —7.39eV, E\A,gCI = —7.55 eV);28-31 however, only an ultravio-
let response was observed in a ZnO-graphene hybrid.®!%!! This fact
indicated the vital role of the AgCl/Ag’ redox couple in our
photodetector. To evaluate the noise characteristics of our photodetec-
tor, the noise-equivalent-power, which is the optical power that yields a
unity signal-to-noise ratio for a given bandwidth, was estimated by
analyzing the noise in the dark current (Supplementary Figure 14).%2
A noise-equivalent-power of ~ 1074 W Hz™ 2 can be achieved at a
frequency of 1Hz by dividing the noise spectral density by the
responsivity (~ 7.3x10* AW ™! at 500 nm, Figure 3b).

In summary, we demonstrated a hybrid graphene phototransistor
for sub-bandgap photon sensing by utilizing the electrochemical
redox half-reaction of
reservoir. Specifically, an ultrahigh photoconductive gain and photo-
responsivity far beyond the absorption band edge of AgCl
was achieved. Our experiment and simulation results reveal that
graphene can serve as a light absorbing material in a hybrid graphene
phototransistor in which the spectral response is no longer
limited by the integrated semiconducting material. This study
not only presents a new paradigm of sub-bandgap absorption in
semiconductor-graphene heterostructures but also inspires the
broader application of the electrochemical redox half-reaction in other
optoelectronic devices.

silver chloride as a reversible carrier
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