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Synergistic-potential engineering enables
high-efficiency graphene photodetectors for
near- to mid-infrared light

Hao Jiang1,2,3, Jintao Fu1, Jingxuan Wei 4, Shaojuan Li 5, Changbin Nie1,
Feiying Sun1, Qing Yang Steve Wu 6, Mingxiu Liu5, Zhaogang Dong 6 ,
Xingzhan Wei 1 , Weibo Gao 2 & Cheng-Wei Qiu 3

High quantum efficiency and wide-band detection capability are the major
thrusts of infrared sensing technology. However, bulk materials with high
efficiency have consistently encountered challenges in integration and
operational complexity. Meanwhile, two-dimensional (2D) semimetal materi-
als with unique zero-bandgap structures are constrained by the bottleneck of
intrinsic quantum efficiency. Here, we report a near-mid infrared ultra-
miniaturized graphene photodetectorwith configurable 2Dpotential well. The
2D potential well constructed by dielectric structures can spatially (laterally
and vertically) produce a strong trapping force on thephotogenerated carriers
in graphene and inhibit their recombination, thereby improving the external
quantum efficiency (EQE) and photogain of the device with wavelength-
immunity, which enable a high responsivity of 0.2 A/W–38 A/W across a broad
infrared detection band from 1.55 to 11 µm. Thereafter, a room-temperature
detectivity approaching 1 × 109cmHz1/2 W−1 is obtained under blackbody
radiation. Furthermore, a synergistic effect of electric and light field in the
2D potential well enables high-efficiency polarization-sensitive detection at
tunable wavelengths. Our strategy opens up alternative possibilities for easy
fabrication, high-performance and multifunctional infrared photodetectors.

Infrared sensing compatible with complementary metal–ox-
ide–semiconductor (CMOS) technology has been the core of
various optoelectronic applications, especially in the mid-infrared
spectral range (multiple atmospheric windows of 3–5μm and
8–14μm for thermal imaging and environmental monitoring)1–7.
Commercialized photodetectors for the mid-infrared range, such as
HgCdTe and InAsSb/AlAsSb superlattices, face challenges related to
compatibility with complementary metal–oxide–semiconductor

(CMOS) technology, manufacturing complexity, and limitations asso-
ciated with low-temperature operation. In contrast, graphene with
broadband optical absorption capability and easy-integration features
offers unique opportunities for on-chip infrared detection8–15. How-
ever, due to the limitation of internal quantum efficiency on the exci-
tation and transport of incident photocarriers, the performance of
pure graphene devices in most reports is currently not comparable to
commercial photodetectors or image sensors1. A series of physical
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mechanisms are attempted for developing the broadband detection
capability of graphene, such as thin coherent absorption effect16–22,
photo-thermoelectric effect23,24 and bolometric effect25,26. However,
most still face limitations such as narrowband photoresponse, low
responsivity, and low-temperature requirement (Fig. 1a).

A potential developmental trend in current infrared detection
technology involves achieving high responsivity and integration
compatibility with silicon-based systems at room temperature. This
promises a heterogeneous platform capable of meeting the demands
of future functional detection. Device architecture design with effi-
cient signal acquisition and amplification functions are expected to be
a highly competitive choice, including charge-injection effect27, and
manipulated photogating effect28–36. These methods can achieve high
EQE from the perspective of charge transfer and amplification
mechanisms to detect light with lower photon energy (i.e., longer
wavelengths). Therefore, to excite the wide-spectrum detection cap-
ability of graphene while ensuring high responsivity, an adaptive
method is urgently needed to integrate monolithically with silicon-
based integrated circuits in a back-end-of-line process.

Here, we introduce a 2D dielectric slit-induced potential well into
the monolayer graphene photodetector with manipulated photogat-
ingmechanism, yielding broadband (from short-wave infrared to long-
wave infrared (1.55–11 µm)) and high responsivity detection (0.2 A/W-
38 A/W) at room temperature. Regarding the device structure,

graphene is wet-transferred onto dry-patterned silicon-on-insulator
and connected to drain electrodes to serve as the channel (Fig. 1b). We
found that the structural design of 2D dielectric slits can introduce
periodic surface potential wells on the surface of graphene. This will
spatially (laterally and vertically) produce a strong trapping force on
the photogenerated carriers in graphene and inhibit their recombi-
nation, thereby improving EQE and photogain of the device. Because
this design is based on the electrical gain derived from the carrier
amplification mechanism, it enables an enhancement in responsivity
across an ultra-wide spectral range. As a result, a room-temperature
detectivity can reach up to nearly 1 × 109cm Hz1/2 W−1 under blackbody
radiation. Under the synergistic action of electricfield andopticalfield,
the specifically configured dielectric structure can be used not only as
a trap material, but also as a metasurface structure with selectivity for
polarized light. Not less importantly, this design is realized by an easy-
integration graphene/silicon-based composite device. Therefore, it is
compatible with CMOS technology and hold great potential applica-
tion prospects for high-performance, multi-dimensional integrated
mid-infrared detection.

Results
Design of graphene/2D slit structure photodetectors
The design mechanism of our device is elaborated in Fig. 1c. The
generation of electrical gain encompasses three primary physical
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Fig. 1 | Principle andmechanism. a Comparison of different mechanisms for wide
spectral detection of graphene. Limited by the internal quantum efficiency of
graphene, high responsivity is hard to achieved solely through methods such as
metal junctions or bolometer14,25,26. The assistance ofmetasurfaces canmostly only
provide narrowband response7,24. Introducing heterostructures with gain effects
can break through the bottleneck of internal quantum efficiency, but the spectral
range remains limited27–36. A design approach is needed to simultaneously achieve
high gain and wide-band detection targets. b Illustration of the designed graphene
photodetector with configurable all-dielectric surface, which consists of silicon

gratings with different duty cycle (DC) and 2D slit structures. The fluctuating
potential is thus introduced. c Schematic diagrams of interface potentials of dif-
ferent dielectric surface configurations and corresponding separation effects on
photogenerated carriers. Polarization selectivity for linearly polarized light can be
achieved by specific configuration of anisotropic grating structure. EC, EV, and EF
respectively represent the conduction band, valence band, and Fermi level of the
silicon band structure. The blue spheres represent electrons, and the orange
spheres represent holes.
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processes: the first entails the creation of potential wells, the second
involves the separation of photocarriers, and the third encompasses
the photoconductive gain process, as detailed in Supplementary Fig. 7
of Supplementary Note 2.

The separation of photogenerated carriers in traditional silicon-
based graphene photodetectors mainly relies on the limited built-in
electric field formed on the surface of graphene and silicon29,30,37–39. It
has been discovered that a strong electric field exists at the edge of
silicon and siliconoxide, surpassing the intensity of the built-in electric
field formed by graphene and silicon32,40,41. Therefore, the periodic
isolated nanograting can provide fluctuating surface potential as a
driving force for separating photocarriers. That is, the amplified sur-
face potential will trap more separated photo-induced charges of
graphene into the silicon strip, leading to the enhanced photogating
effect. Actually, the spacing and duty cycle (DC) of gratings play a
crucial role in surface potential engineering. Under the condition of
DC=0.5, equidistant potential fluctuations will form on the dielectric
surface, where a strong local electric field will be generated at the
junction of silicon and silicon oxide. As the DC increases, the width of
the lowpotential regionwill becomenarrower, forming a slit structure.
Due to the electric field coupling between adjacent grating bound-
aries, the surface potential distribution will resemble a valley with a
higher potential difference, as shown in the corresponding schematic
diagram of Fig. 1c.

When light illuminates the device, photogcarriers in graphene
covering the surface will be separated under such a potential dis-
tribution, confining electrons to low potential regions while holes flow
to high potential regions, thus intensifying the photogating effect to
generate gain. A detailed analysis of the process can be seen in Sup-
plementary Note 2. This potential distribution caused by the slit
structure can be called the slit effect. Furthermore, when a slit struc-
ture is constructed in two mutually perpendicular directions in a two-
dimensional plane, the valley potential distribution will evolve into a
2D potential well. At this point, the slit effect becomes a 2D slit effect,
which will achieve the further enhancement effect. Besides, such a
photoconductive gain induced by the distribution of electric field can
also be coordinated with light field. For example, configurable
dielectric structures can be specifically designed as anisotropic
dielectric grating structures, serving as a metasurface sensitive to lin-
early polarized light. In general, these configurable dielectric surfaces
can simultaneously control the interface electric field, trap regions,
and polarization-sensitive characteristics, thereby realizing photo-
detection with multifunctional capabilities.

Further calculations can be conducted to analyze the surface
electricfield distribution of slit structures byTCAD, as shown in Fig. 2a.
The top sub-graph shows the three-dimensional distribution of the

electric field of the 2D slit structure. It can be clearly seen that the
strong electric field at the edge of the stripes can couple with the weak
electric field at the center of the groove to form a valley potential.
Similarly, a potential well can be formed by surrounding hot spots at
the intersection of valley potentials in both directions. Under the
action of the 2D slit structure, the surface potential is distributed as
displayed in the schematic diagram (bottom sub-graph). This inho-
mogeneous potential distribution will affect the separation and
arrangement of photogenerated carriers. The corresponding electric
field distribution for the cross-sectional and longitudinal sections of
the 2D slit structure is illustrated in Fig. 2b. By intercepting the trans-
verse electric field, the relationship between the electric field and the
interface position can be obtained.We also calculated the electric field
variation with position for DC= 1 (all silicon), DC =0.5, and DC=0.8,
respectively, as illustrated in Fig. 2c. The surface potential of all-silicon
dielectric remains constant, whereas, the periodic slit structure can
lead to the generationof valley potential. As the gapspacingdecreases,
the coupling effect of the edge electric field becomes stronger, indu-
cing larger local electric fields and deeper valley potentials. We mea-
sured the surface potential of the structure and obtained electric field
distribution maps that were consistent with the experiment (See
Supplementary Fig. 5 and Supplementary Fig. 6 in Supplemen-
tary note 2).

Slit effect and characterization of device
The above slit effect can dramatically amplify the photocurrent
from graphene by providing high photogain, as schematically
shown in Fig. 3a. The slit structure formed by increasing the DC of
the silicon grating (shortening the grating spacing) will evolve the
enhanced built-in electric field on both sides of the grating into a
valley potential distribution, which is manifested as a spatial
potential well in the 2D slit structure. Under the well potential,
photocarriers in graphene can be efficiently separated. In the high
potential region, photo-induced holes are injected into silicon,
while photo-induced electrons remain in graphene and are con-
fined to the low potential region. That is to say, the enhanced
built-in electric field here plays two driving roles:

qVbi / ψs
G�S +ψs

G�G ð1Þ

One is the heterojunction electric field ψs
G�S that separates

photo-induced holes into silicon grating, and the other is the homo-
junction electric field ψs

G�G that traps photo-induced electrons into
potential wells. This strong separation and trapping effect can spatially
enhance the photogating effect and improve quantum efficiency. The
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Fig. 2 | Interface electric field analysis. a Studies on the electric field distribution
induced by slit structure. The top sub-figure shows 3D plot of the slit structure and
the simulated field distribution, in which the blue area represents the low potential
area, while the red area represents the high potential area, as bottom sub-figure.

b The simulated potential distribution of the slit structure in cross-sectional and
longitudinal sections. The grating height is 160 nm, the unit length is 1 µm, and the
DC is 0.8. c Simulation of surface electric field distribution with lateral position at
DC =0.5, DC=0.8, and no grating structure. Black scale bar in a, b, 1μm.
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derivation is shown in Supplementary Note 2. According to the
expression of gain as29

G=η τr ,μ
� � � ω ψs N,n0

� �� � ð2Þ

Two figure-of-merits, namely the lifetime-gain factor η τr ,μ
� �

and
the potential-gain factorωðψsðN,n0ÞÞ, can be simultaneously improved
here due to enhanced built-in electric field and trapping effect.
The lifetime-gain factor is mainly determined by the recombination
lifetime τr and themobility of conduction carriers µ, and the potential-
gain factor is mainly influenced by the carrier concentrations N of
silicon and n0 of graphene. The estimation of device lifetime can be
seen in the test of Supplementary Fig. 19.

We measured the infrared responsivities of devices with dif-
ferent DC, as shown in Fig. 3b. As the DC increases, the stronger
photoelectric chopping signal can be obtained and reaches its max-
imum in the 2D slit structure due to electrical gain. Calculated peak
responsivity can reach 40A/W at 1.55 µm and 7.5 A/W at 4 µm. Fur-
thermore, Fig. 3c shows the responsivity of the devicemeasured by a
quantum cascade laser and corresponding EQE calculated from the
measured responsivity as EQE = Rhc/qλ, where q, h, λ, and c are

electron charge, Planck’s constant, wavelength, and speed of light,
respectively. The gain generated by the enhanced photogating effect
can lead to high responsivity and EQE in the long-wave infrared
region (More data can be seen in Supplementary Fig. 8 of Supple-
mentary Note 2).

According to the testing and analysis, the 2D slit structure can
create hotspots at the edges and intersections of the grating, greatly
enhancing the separation efficiency of photocarriers. In fact, the
separation efficiency of the photogenerated carriers in the graphene/
silicon interface, which is far away from the hotspots, can be further
improved by synergistic effect of back-gate voltage. When a positive
back-gate voltage is applied, a carrier accumulation effect is formed
in the semiconductor material, leading the injection of electrons into
graphene. This can increase the built-in electric field at the interface,
thereby improving the overall quantum efficiency, as shown in
Fig. 3d41–45. The corresponding energy band diagram is shown in right
sub-graph of Fig. 3d. The carrier injection effect caused by gate
voltage can effectively enhance the interface electric field by chan-
ging the Fermi level of graphene. Applying gate voltage modulation
to devices with the DC of 0.8 caused an improvement in the
response signal to light of 1.55 µm wavelength, as shown in Fig. 3e.
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Fig. 3 | Device performance and electrical test analysis. a Schematic diagram of
slit effect on the separation of photogenerated carriers in graphene. The potential
well formed by the slit effect enhances the separation and capture of photo-
generated carriers, leading to higher quantum efficiency and gain. The blue dashed
line represents the interface electric field between silicon and graphene, while the
yellow dashed line indicates the enhanced electric field caused by the slit. The red
arrows denote the separation effect of both on the photocarriers. b The respon-
sivity of different devices measured during on-off cycles of incident lasers at
1.55 µm and 4 μm wavelength. The illustration above shows a SEM image of the

corresponding device structure. White scale bar is 1μm. c Responsivity and EQE of
graphene/2D slit structure device measured at different wavelengths. d Simulated
schematicdiagramof themanipulation of gate voltageon electricfielddistribution.
The carrier injection effect caused by gate voltage can effectively enhance the
interface electric field eΦi’ by changing the Fermi level of graphene. The top-silicon
height is 160 nm. The gate-voltage is 30V. The blue spheres represent electrons,
and the orange spheres represent holes. e The enhancement effect of gate voltage
on the photoelectric response of devices with DC =0.8. The wavelength of the
incident light is 1.55 µm. The bias voltage of above tests and simulations is 0.1 V.
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This indicates that both the slit structure and back-gate voltage can
improve the device responsivity by enhancing the interface electric
field. This observation also helps clarify whether the interface electric
field can effectively affect the photogating mechanism for such
structures (More details can be seen in Supplementary Figs. 9 and 10
of Supplementary Note 2).

Polarization sensitive detection
The configurable dielectric structure provides us with a platform that
can be flexibly designed according to our requirements to achieve
functional detection with high responsivities, such as polarization sen-
sitive detection. Currently, on-chip integrated polarization-sensitive
detectors mainly rely on anisotropic two-dimensional materials or
metasurface structures7,24,46–49. Anisotropic metal metasurface struc-
tures can compensate for the low polarization ratio of anisotropic
materials. However, most face the problem of low responsivity. Here,
the gain induced by electrical field engineering can synergistically
interact with the anisotropic distribution of light field. By designing the
dielectric material that can serve as photogating trap material into an
anisotropic structure, we can effectively achieve polarization sensitive
detection with high responsivity. With the design parameters set to
DC=0.3, H = 160nm, and L = 1 µm, the structure exhibits a high reflec-
tion polarization ratio for light of 1.55 µm in the X (perpendicular to the
grating) and Y (parallel to the grating) polarization directions, as shown
in Fig. 4a. The simulation (dots) and experimental measurements (lines)
of far-field characteristics are highly consistent (See Supplementary
Fig. 11 for different DCs). We can refer to the points with the strongest
and weakest reflections as R point and A point. The electric field dis-
tribution caused by the incidence of polarized light inside the grating
exhibits significant differences. Fromthenear-field characteristics of the
light field intensity distribution corresponding to the incident light at
1.55 µm (Fig. 4b), it can be seen that Y-polarized light is largely reflected
(R point). In contrast, X-polarized light is localized around the silicon
strip (A point), leading a difference in absorption of graphene, as shown
in Supplementary Fig. 12. Supplementary Fig. 13 in Supplementary
Note 3 shows the near-field distribution under different polarization
angles of light. Hence it will have an impact on the number of photo-
generated carriers participating in the photogating process, further
leading to varying degrees of gain. Themeasured chopping signals with
different polarization angles are shown in Fig. 4c. The linear polarization
state of the incident light at 1.55 µm is controlled via rotation of the half-
wave plate (HWP). It can be observed that as the polarization angle of
the incident light changes, the near-field enhancement of the structure
and the measured photocurrent show a high degree of correlation,
including the corresponding “R” and “A” points, as shown in Fig. 4d.
Through multiple measurements, a sinusoidal function relationship
between the photocurrent and the polarization angle can be obtained,
as shown in Fig. 4e. The maximum polarization ratio is 10, and the
responsivity is about 1.43 A/W. In addition, by adjusting the structural
DC to 0.8, polarization sensitive detection can be achieved at wave-
length of 4 µm, as shown in Fig. 4f (See Supplementary Fig. 14). Never-
theless, in the caseof the 2Dslit structure, noparticular resonancemode
exists for the test wavelength range, making it suitable for emphasizing
its remarkably high responsivity characteristics. Based on these struc-
ture,more flexible designs can be achieved, for example, bymodulating
the conductivity of graphene through gate voltage, one can tailor
polarization ratio and wavelength, as shown in Supplementary Fig. 15 of
Supplementary Note 3.

Blackbody characterization of device
Blackbody detection, as a detection standard for practical applica-
tions, is used to demonstrate the infrared detection performance of
photodetectors. Further, we investigated the devices for blackbody
detection at room temperature. Figure 5a presents the schematic
diagram of the blackbody detection system. The blackbody source is

Cisystems SR200N with an adjustable temperature from 500K to
1200K. The device was placed in front of the aperture with a fixed
modulation frequency of chopped by an optical chopper wheel. Here,
the calculationof real black-body radiationpower on device P needs to
take into account the blackbody temperature T, background tem-
perature T0, aperture radius of the blackbody radiation source r, the
distance between the aperture and the detector d, the detector pho-
tosensitive area A and black-body radiation rate Er. According to the

Stefan-Boltzmann law of Er =
2π5k4

B

15h3c2
� ðT4 � T4

0Þ50–52, where c is the speed
of light, h is the Planck constant, and kB is the Boltzmann constant.

Thus, P can be calculated by P = Er �r2 �A
d2 . The relationship between

blackbody emission power without background temperature is shown
in Supplementary Fig. 16 of Supplementary Note 4. Under black-body
radiation at different temperatures, the device can display stable
photoelectric chopper signals, as shown in Fig. 5b. Furthermore, the
relationship between the measured responsivity and the equivalent
noise power (NEP) with temperature under blackbody radiation was
obtained, as shown in Fig. 5c, d.

NEP is calculated byNEP = in
Rp

=
ffiffiffiffiffiffiffiffi
Sðf nÞ

p
Rp

53, where S(fn) is the real-time
measured current noise power spectral density, fn is the center fre-
quency of the device, and Rp is the responsivity. Under the effect of
photogating gain, the devices generally exhibit high responsivity and
low NEP. Among them, 2D slit structure devices exhibit superior per-
formance, which is attributed to the enhancement of the photogating
effect by the slit effect.

The detectivity approaching 1 × 109cm Hz1/2 W−1 can be obtained

byD* =
ffiffiffiffiffiffiffiffi
A�4f

p
NEP , whereΔf represents theworking bandwidth (1 Hz), andA

is the device area. During the testing process, there was no significant
change in the device’s resistance, thus the interference caused by
photothermal effects can be neglected (See Supplementary Note 4 for
more device performance and noise data under black-body radiation
in Supplementary Figs. 17 and 18).

Discussion
The graphene/2D slit structure photodetector based on the slit effect
demonstrated here is critical for many technologies that require high
sensitivity such as safety surveillance, object inspection, and astro-
nomical observation3,54–57. Besides, our devices operate at room tem-
perature and have a broadband operating range, which is highly
desired for the next generation infrared photodetectors58. Impor-
tantly, our work provides configurable design for multi-functional
optoelectronic devices. For example, the device can realize linear
polarization sensitive detection with high gain, and we expect that the
design of chiral structure can further realize circular polarization
sensitive detection in the future. This work shows advantages in
detection wavelength and responsivity compared to other graphene
infrared detectors59–66, as shown in Supplementary Table 3 of Supple-
mentary Note 5. Moreover, the fabrication of our devices is fully
compatible with the silicon-based CMOS process, which is of para-
mount importance for the realization of miniaturized high-gain infra-
red detectors.

Methods
Device fabrication
For the fabrication of the structured substrate, the graphene/silicon-
on-insulator (SOI) substrates with 160 nm heavily-doped top-silicon
and 300nm oxide layer were chosen. Firstly, polymethylmethacrylate
(PMMA) was used as photoresist to write different patterns on the top-
silicon surface through electron-beam lithography (EBL). Then, a
20 nm chromium layer was evaporated on the surface. After liftoff
process, the patterned chromiumwas left as amasking layer. Next, the
bare silicon region was etched by dry etching process with
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Fig. 4 | Polarization response of device. a Measured reflective polarization sen-
sitivity characteristics by Fourier Transform Infrared Spectroscopy (FTIR) and
simulation of structured devices with DC of 0.3. The grating height is 160 nm, the
unit length is 1 µm. The grating structure has strong linear polarization sensitivity
near 1.55 µm with A point and R point. b Near field simulation of this structure for
illumination along different polarization directions (A point and R point). c Chop-
ped photocurrent signals obtained by changing polarization angles of incident
light. (λ = 1.55 µm). d The relationship between near-field enhancement of different

polarized light and measured photocurrent. e, f The relationship between the
magnitudeof thephotocurrentmeasuredmultiple times and thepolarization angle
of the incident light at wavelength of 1.55 µm and 4 µm, respectively. The bias
voltages in all tests are 0.1 V. The error bars represent the range of photocurrent
values obtained from multiple measurements. The two dashed lines are used to
scale the difference in photocurrent caused by polarization for calculating the
polarization ratio.
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trifluoromethane and sulfur hexafluoride. Finally, chromium was dis-
solved to obtain the target substrate.

For the transfer of graphene, large scale graphene film was syn-
thesized by the chemical vapor deposition on copper foil. Subse-
quently, the Cu foil coated with graphene was spin-coated with PMMA
as protective layer and baked on a hot plate at 150 °C for 10min. A
mixed solution of hydrochloric acid and hydrogen peroxide was used
as an etchant to remove the copper film. Graphene coated with PMMA
was dried and transferred to the target substrate. At final, the PMMA
film was dissolved with acetone.

For the fabrication of electrodes, bi-layer photoresist, LOR and
S1805,were spin-coated on the surfaceof graphene. Then, the samples
with electrode patterns were obtained through binary exposure and
development. Crfilm (3nm)andAufilm (50 nm)were sputteredon the
surface of graphene by magnetron sputtering. Finally, electrodes dis-
tributed on both sides of the dielectric structure were obtained by
dissolving the unexposed photoresist with acetone solution. After the
wet transfer of graphene onto a structured substrate, annealing was
performed to ensure the conformal integration of graphene with the
surface structure.

For the patterning of graphene thin films, A bi-layer (LOR and
S1805) photolithography process was used to pattern the graphene
film. After development, the uncovered graphene was etched by using
oxygen plasma for about 30 s. Lastly, the graphene channels were
obtained by dissolving the remaining photoresist in AZ400 solution,
which conformally cover the dielectric structure and connect with the
electrodes.

Scanning electron microscopy (SEM), atomic force microscope
(AFM), and optical microscope images of structures can be seen in

Supplementary Fig. 1 and Supplementary Fig. 2 of Supplementary
Note 1. The fabrication process of devices can be seen in Supplemen-
tary Fig. 3 of Supplementary Note 1. Parameters of the graphene canbe
seen in Supplementary Table 1 and Supplementary Fig. 4 of Supple-
mentary Note 1.

Characterization methods
1.55 µm laser, 4 μm laser, 6–12μm quantum cascade laser were used
as light sources for different wavelength tests in this work. Low-order
half-wave plates designed at 1.55 µm and 4 µm were used to control
the polarization angles of light. FS Pro Integrated Semiconductor
Parameter Testing System (Noise Analyzer) was used to measure
the photocurrent, noise, and resistance of devices. The polarization
reflection spectrum of the grating structure was measured
by FTIR with a polarizer. The surface potential of the structure
was measured by AFM combined with a potential testing
system. Cisystems SR200N was used as the black-body radiation
source, and the maximum temperature can reach 1200 K. The setup
of the device testing system is shown in Supplementary Fig. 20
of Supplementary Note 6. The detailed testing parameters for devi-
ce noise and responsivity are shown in Supplementary
Tables 2 and 4.

Simulation
The numerical simulations of polarization sensitivity analysis in
this work were carried out using the COMSOL. To Simulate the
near-field and far-field characteristics of grating structures, we
applied periodic boundary conditions at the x- and y-boundaries
and perfect-matched layer (PML) conditions at the z-boundaries.
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Fig. 5 | Blackbody Characterization of device. a Blackbody measurement sche-
matic of graphene/nanostructured all-dielectric photodetectors under blackbody
source illumination. The illustration depicts the Planck formula curves for different
color temperatures, calculated based on the blackbody radiation source we uti-
lized. It shows the corresponding monochromatic radiance for different color

temperatures and wavelengths, according to the inference of Supplementary
Note4.bPhotoelectric chopping signal of 2D slit deviceunderblack-body radiation
at different temperatures. c, d The relationship between the responsivity and
specific detectivity (D*) of devices with different configuration structures as a
function of blackbody temperature. The bias voltage is 0.1 V.
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Silvaco TCAD was used to conduct three-dimensional simulation
of the distribution of electric field and charge carriers at the
device interface.

Data availability
All technical details for producing the figures are enclosed in the
supplementary information. Data are available from the correspond-
ing authors C.-W.Q. or X.W. upon request.

Code availability
All technical details for implementing the simulation are enclosed in
the Supplementary Information. Codes are available from the corre-
sponding authors C.-W.Q. or X.W. upon request.

References
1. Akinwande, D. et al. Graphene and two-dimensional materials for

silicon technology. Nature 573, 507–518 (2019).
2. Kenry et al. Recent advances of optical imaging in the second near-

infrared window. Adv. Mater. 30, 1802394 (2018).
3. Hong, G. S., Antaris, A. L. & Dai, H. J. Near-infrared fluorophores for

biomedical imaging. Nat. Biomed. Eng. 1, 1–22 (2017).
4. Chen, Z. & Segev, M. Highlighting photonics: looking into the next

decade. eLight 1, 2 (2021).
5. Dai, M. et al. On-chip mid-infrared photothermoelectric detectors

for full-Stokes detection. Nat. Commun. 13, 4560 (2022).
6. Liu, Y. et al. Van der Waals heterostructures and devices. Nat. Rev.

Mater. 1, 16042 (2016).
7. Wei, J. X., Xu, C., Dong, B. W., Qiu, C. W. & Lee, C. K. Mid-infrared

semimetal polarization detectors with configurable polarity transi-
tion. Nat. Photonics 15, 614 (2021).

8. Koepfli, S. M. et al. Metamaterial graphene photodetector with
bandwidth exceeding 500 gigahertz. Science 380,
1169–1174 (2023).

9. Cai, X. et al. Sensitive room-temperature terahertz detection via the
photothermoelectric effect in graphene. Nat. Nanotechnol. 9,
814–819 (2014).

10. Fei, Z. et al. Gate-tuning of graphene plasmons revealed by infrared
nano-imaging. Nature 487, 82–85 (2012).

11. Chen, J. N. et al. Optical nano-imaging of gate-tunable graphene
plasmons. Nature 487, 77–81 (2012).

12. Liu, M. et al. A graphene-based broadband optical modulator.
Nature 474, 64–67 (2011).

13. Schwierz, F. Graphene transistors. Nat. Nanotechnol. 5,
487–496 (2010).

14. Mueller, T., Xia, F. N. A. & Avouris, P. Graphene photodetectors for
high-speed optical communications. Nat. Photonics 4,
297–301 (2010).

15. Lee, S.-J. et al. Lead halide perovskite sensitizedWSe2 photodiodes
with ultrahigh open circuit voltages. eLight 3, 8 (2023).

16. Lin, H. et al. A 90-nm-thick graphene metamaterial for strong and
extremely broadband absorption of unpolarized light. Nat. Photo-
nics 13, 270–276 (2019).

17. Aydin, K., Ferry, V. E., Briggs, R. M. & Atwater, H. A. Broadband
polarization-independent resonant light absorption using
ultrathin plasmonic super absorbers. Nat. Commun. 2, 517
(2011).

18. Landy, N. I., Sajuyigbe, S., Mock, J. J., Smith, D. R. & Padilla, W. J.
Perfect metamaterial absorber. Phys. Rev. Lett. 100, 207402
(2008).

19. Ding, F. et al. Ultrabroadband strong light absorption based on thin
multilayered metamaterials. Laser Photonics Rev. 8,
946–953 (2014).

20. Wu, D. et al. Numerical study of the wide‐angle polarization‐inde-
pendent ultra‐broadband efficient selective solar absorber in the
entire solar spectrum. Sol. Rrl 1, 1700049 (2017).

21. Sturmberg, B. C. et al. Total absorption of visible light in ultrathin
weakly absorbing semiconductor gratings. Optica 3,
556–562 (2016).

22. Riley, C. T. et al. Near-perfect broadband absorption from hyper-
bolic metamaterial nanoparticles. Proc. Natl Acad. Sci. USA 114,
1264–1268 (2017).

23. Liu, C. H., Chang, Y. C., Norris, T. B. & Zhong, Z. H. Graphene pho-
todetectors with ultra-broadband and high responsivity at room
temperature. Nat. Nanotechnol. 9, 273–278 (2014).

24. Wei, J. X. et al. Zero-bias mid-infrared graphene photodetectors
with bulk photoresponse and calibration-free polarization detec-
tion. Nat. Commun. 11, 6404 (2020).

25. Yuan, S. et al. Room temperature graphenemid-infrared bolometer
with a broad operational wavelength range. ACS Photonics 7,
1206–1215 (2020).

26. Blaikie, A., Miller, D. & Aleman, B. J. A fast and sensitive room-
temperature graphene nanomechanical bolometer. Nat. Commun.
10, 4726 (2019).

27. Liu, W. et al. Graphene charge-injection photodetectors. Nat.
Electron. 5, 281–288 (2022).

28. Fang, H. & Hu, W. Photogating in low dimensional photodetectors.
Adv. Sci. 4, 1700323 (2017).

29. Konstantatos, G. et al. Hybrid graphene-quantum dot photo-
transistors with ultrahigh gain. Nat. Nanotechnol. 7, 363–368
(2012).

30. Jiang, H. et al. Ultrahigh photogain short-wave infrared detectors
enabled by integrating graphene and hyperdoped silicon. ACS
nano 16, 12777–12785 (2022).

31. Jiang, H. et al. Ultrasensitive and fast photoresponse in graphene/
silicon-on-insulator hybrid structure by manipulating the photo-
gating effect. Nanophotonics 9, 3663–3672 (2020).

32. Jiang, H. et al. Enhanced photogating effect in graphene photo-
detectors via potential fluctuation engineering. ACS nano 16,
4458–4466 (2022).

33. Shao, Y. et al. Stable graphene-two-dimensional multiphase per-
ovskite heterostructure phototransistors with high gain. Nano Lett.
17, 7330–7338 (2017).

34. Mehew, J. D. et al. Fast and highly sensitive ionic-polymer-
gated WS2-graphene photodetectors. Adv. Mater. 29, 1700222
(2017).

35. Chen, X. et al. Improving the performance of graphene photo-
transistors using a heterostructure as the light-absorbing layer.
Nano Lett. 17, 6391–6396 (2017).

36. Nikitskiy, I. et al. Integrating an electrically active colloidal quantum
dot photodiode with a graphene phototransistor. Nat. Commun. 7,
1–8 (2016).

37. Chen, Z. F. et al. High responsivity, broadband, and fast graphene/
silicon photodetector in photoconductor mode. Adv. Opt. Mater. 3,
1207–1214 (2015).

38. Liu, F. Z. & Kar, S. Quantum carrier reinvestment-induced ultrahigh
and broadband photocurrent responses in graphene - silicon
junctions. ACS nano 8, 10270–10279 (2014).

39. Wang, Y., Ding, K., Sun, B., Lee, S.-T. & Jie, J. Two-dimensional
layered material/silicon heterojunctions for energy and optoelec-
tronic applications. Nano Res. 9, 72–93 (2016).

40. Kim, C. O. et al. High photoresponsivity in an all-graphene p-n
vertical junction photodetector. Nat. Commun. 5, 3249 (2014).

41. Jiang, H. et al. Gate modulation enhanced position-sensitive
detectors using graphene/silicon-on-insulator structure. Carbon
184, 445–451 (2021).

42. Chang, K. E. et al. Gate-controlled graphene-silicon schottky junc-
tion photodetector. Small 14, e1801182 (2018).

43. Roy, K. et al. Graphene-MoS2 hybrid structures for multifunctional
photoresponsive memory devices. Nat. Nanotechnol. 8,
826–830 (2013).

Article https://doi.org/10.1038/s41467-024-45498-3

Nature Communications |         (2024) 15:1225 8



44. Adinolfi, V. & Sargent, E. H. Photovoltage field-effect transistors.
Nature 542, 324–327 (2017).

45. Di Bartolomeo, A. Graphene Schottky diodes: an experimental
review of the rectifying graphene/semiconductor heterojunction.
Phys. Rep. 606, 1–58 (2016).

46. Xiao, M. et al. Symmetry-reduction enhanced polarization-sensitive
photodetection in core–shell SbI3/Sb2O3 van der Waals hetero-
structure. Small 16, 1907172 (2020).

47. Pi, L. et al. Highly in-plane anisotropic 2D PdSe2 for polarized
photodetection with orientation selectivity. Adv. Funct. Mater. 31,
2006774 (2021).

48. Feng, Z. et al. Dual-band polarized upconversion photo-
luminescence enhanced by resonant dielectric metasurfaces.
eLight 3, 21 (2023).

49. Bullock, J. et al. black phosphorus/molybdenum disulfide mid-
wave infrared photodiodes with high detectivity at room tempera-
ture. Nat. Photonics 12, 601–607 (2018).

50. Peng, M. et al. Room-temperature blackbody-sensitive and fast
infrared photodetectors based on 2D tellurium/graphene Van der
Waals heterojunction. ACS Photonics 9, 1775–1782 (2022).

51. Wang, Y. et al. Fast uncooled mid-wavelength infrared photo-
detectors with heterostructures of van der Waals on epitaxial
HgCdTe. Adv. Mater. 34, e2107772 (2022).

52. Peng, M. et al. Blackbody-sensitive room-temperature infrared
photodetectors based on low-dimensional tellurium grown by
chemical vapor deposition. Sci. Adv. 7, eabf7358 (2021).

53. Fang, Y. J., Armin, A., Meredith, P. & Huang, J. S. Accurate char-
acterization of next-generation thin-film photodetectors. Nat. Pho-
tonics 13, 1–4 (2019).

54. Thimsen, E., Sadtler, B. & Berezin, M. Y. Shortwave-infrared (SWIR)
emitters for biological imaging: a review of challenges and oppor-
tunities. Nanophotonics 6, 1043–1054 (2017).

55. Elbanna, A. et al. 2D material infrared photonics and plasmonics.
ACS nano 17, 4134–4179 (2023).

56. Lei, L. et al. Next generation lanthanide doped nanoscintillators and
photon converters. eLight 2, 17 (2022).

57. Pradhan, S., Dalmases, M. & Konstantatos, G. Solid-state thin-film
broadband short-wave infrared light emitters. Adv. Mater. 32,
2003830 (2020).

58. Palaferri, D. et al. Room-temperature nine-µm-wavelength photo-
detectors and GHz-frequency heterodyne receivers. Nature 556,
85–88 (2018).

59. Amirmazlaghani, M. et al. Detector. IEEE J. Quantum Electron. 49,
589–594 (2013).

60. An, X., Liu, F., Jung, Y. J. & Kar, S. Tunable graphene-silicon het-
erojunctions for ultrasensitive photodetection. Nano Lett. 13,
909–916 (2013).

61. Huang, K. et al. High and fast response of a graphene–silicon
photodetector coupledwith2D fractal platinumnanoparticles.Adv.
Opt. Mater. 6, 1700793 (2018).

62. Zhang, T. F. et al. Broadband photodetector based on carbon
nanotube thin film/single layer graphene Schottky junction. Sci.
Rep. 6, 38569 (2016).

63. Selvi, H., Hill, E. W., Parkinson, P. & Echtermeyer, T. J. Graphene-
silicon-on-insulator (GSOI) Schottky diode photodetectors. Nanos-
cale 10, 18926–18935 (2018).

64. Zhang, Y. Z. et al. Broadband high photoresponse from pure
monolayer graphene photodetector. Nat. Commun. 4, 1811 (2013).

65. Yu, W. Z. et al. Near-infrared photodetectors based on MoTe2/gra-
phene heterostructure with high responsivity and flexibility. Small
13, 1700268 (2017).

66. He, T. Y. et al. Enhanced responsivity of a graphene/Si-based het-
erostructure broadband photodetector by introducing a WS2
interfacial layer. J. Mater. Chem. C. 9, 3846–3853 (2021).

Acknowledgements
This work was supported by the National Key R&D Program of
China (2017YFE0131900), the Natural Science Foundation of
Chongqing, China (cstc2019jcyjjqX0017), the National Research
Foundation, Singapore, and A*STAR under its Quantum Engineering
Programme (NRF2021-QEP2-03-P10), National Natural Science
Foundation of China (Nos. 62121005, 62022081 and 61974099),
Changchun Key Research and Development Program (21ZY03). Z.D.
would like to acknowledge the funding support from Agency for
Science, Technology and Research (A*STAR) under its AME IRG
(Project No. A20E5c0093), Career Development Award grant (Pro-
ject No. C210112019), MTC IRG (Project Nos. M21K2c0116 &
M22K2c0088) and Quantum Engineering Programme 2.0
(Award No. NRF2021-QEP2-03-P09). C.-W.Q. acknowledges finan-
cial support from the NRF, Prime Minister’s Office, Singapore
under the Competitive Research Program Award (NRF-CRP26-
2021-0063).

Author contributions
H.J., X.W. and C.-W.Q. conceived the project. H.J., J.F., Q.W. and
J.W. performed the measurements. H.J., J.F. and Z.D. fabricated the
devices. H.J. and J.W. analyzed the data. H.J. performed the theo-
retical analysis. H.J., C.-W.Q., S.L., X.W. and W.-b.G. wrote the
manuscript. X.W., C.-W.Q. and W.-b.G. supervised the project. All
the authors, including C.N., F.S. and M.L. contributed to the dis-
cussion of the results.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45498-3.

Correspondence and requests for materials should be addressed to
Zhaogang Dong, Xingzhan Wei, Weibo Gao or Cheng-Wei Qiu.

Peer review informationNatureCommunications thanks Fangze Liu and
theother, anonymous, reviewers for their contribution to thepeer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-45498-3

Nature Communications |         (2024) 15:1225 9

https://doi.org/10.1038/s41467-024-45498-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Synergistic-potential engineering enables high-efficiency graphene photodetectors for near- to mid-infrared�light
	Results
	Design of graphene/2D slit structure photodetectors
	Slit effect and characterization of�device
	Polarization sensitive detection
	Blackbody characterization of�device

	Discussion
	Methods
	Device fabrication
	Characterization methods
	Simulation

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




