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Graphene with linear energy dispersion and weak electron-phonon interaction is highly
anticipated to harvest hot-electrons in a broad wavelength range from ultraviolet to
terahertz1,2. However, the limited absorption (~2.3%) and serious backscattering of
hot-electrons associated with single-layer graphene result in inadequate quantum yields3-5,
impeding their practically broadband photodetection, especially in the mid-infrared range.
Here, we report a macroscopic assembled graphene (MAG)/silicon heterojunction for
ultrafast mid-infrared photodetection. The highly crystalline 2-inch scale MAG with tunable
thickness from 10 to 60 nm is produced by scalable wet-assembly of commercial graphene
oxide followed by thermal annealing. The MAG/Si Schottky diode exhibits broadband
photodetection capability in 1-10 μm at room temperature with fast response (120-130 ns, 4
mm2 window) and high detectivity (1011 to 106 Jones), outperforming single-layer
graphene/Si photodetectors by 2 to 8 orders in transient photocurrent. This optoelectronic
performance is attributed to the superior advantages of MAG (~40% of light absorption,
~23 ps of carrier relaxation time, and high quasi-equilibrated hot-carrier-multiplication
gain), atomic-scale contact interface of MAG and silicon, and impact-ionization avalanche
gain (~102 times) from silicon. The MAG provides a long-range platform to understand the
hot-carrier dynamics in stacked 2D materials, leading to next-generation broadband
silicon-based image sensors.
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Schottky junction, a kind of metal/semiconductor heterojunction, plays an important role in
modern optoelectronics for high-speed optical communications and photodetection in visible and
near-infrared (NIR) range6,7. In mid-infrared (MIR) regime, the traditional metal-based Schottky
junctions show high noise and low quantum yield at room temperature because of the non-ideal
interface (Fermi-level pining) and strong electron-phonon coupling in metal (~0.1 ps of carrier
relaxation time)8,4, posing a big challenge for developing alternative metallic layer. The emerging
zero-bandgap graphene can probably improve the junction interface and suppress the device noise
due to its ultra-fast electron-electron interaction4,8, improved electron-phonon coupling (~1 ps of
carrier relaxation time), dangling-bond free surface, and van der Waals contact with
semiconductors9. However, the high-crystalline graphene, with dominant single-layers, has only
2.3% light absorption, which is too low for mid-infrared photodetection.
Here, we develop a large-area MAG, getting rid of the disadvantages of both single graphene
(SLG) or metal, to extend the photodetection wavelength of silicon-based Schottky diode to 10
μm. Fig. 1a-d illustrates the preparation steps of MAG: I) wet-assembly of graphene oxide (GO)
nanofilm and chemical reduction10,11, II) borneolum-assisted separation, and III) thermal annealing.
The obtained translucent free-standing MAG (diameter of 4.2 cm; thickness of 45 nm, Fig. 1d)
owns a high crystallinity with mobility (~ 1360 cm2 V−1 s−1) comparable to that of silicon. The 2D
diffraction patterns in the grazing-incidence wide-angle X-ray scattering (GI-WAXS)
measurements show all high order hkl reflections of MAG (Fig. 1e), indicating a high
graphitization degree with an average interlayer spacing of 3.36 Å. The graphene in MAG has a
perfect long-range honeycombed lattice structure without atomic defects founded in a 50 nm-scale
(Fig. 1f, g, Supplementary Fig. S2), which is also verified by the undetectable O peak (531.5 eV)
(Supplementary Fig. S3) and the ignorable D peak (1343.5 cm-1) (Fig. 1h). In addition, a 1.2o
twisted angle of adjacent graphene layers (Fig. 1g) and 4 sets of diffraction spots in a 24-layers
MAG (Supplementary Fig. S4a-c) indicate the existence of turbostratic stacking order12.
According to the 2D mode in Fig. 1h, a low fraction (I(2DT)/(I(2D2) + I(2DT)) ~ 9%) of the
decoupled structure is detected in MAG13, consistent with the lower C mode (42.9 cm-1, ~
9-10-layers AB-stacked multilayer graphene stacking with twisted interface) in MAG than that of
HOPG (43.4 cm-1) with a similar thickness (25-layers) (Fig. 1h)14. Notably, the MAG exhibits a
3

uniform stacking structure. Raman mapping within a 0.01 mm2 (400 points, Supplementary Fig.
S4e) shows the fractions of AB stacking are all in the range of 90-93%.
The integration of MAG with silicon is compatible with back-end-of-line integration of the
complementary-metal-oxide-semiconductor (CMOS) technique. The free-standing MAG was
mechanically transferred onto a 2-inch silicon wafer (Fig. 2a, b), forming Schottky heterojunction
with van der Waals contact9,15. This clean transfer process avoids possible interface contamination
of metallic salts and polymers that are commonly used in the case of single-layer graphene16. The
nano-scale thickness endures MAG high surface energy and thus a good adhesivity, resulting in an
atomic-scale contact of MAG with silicon at a 10 µm scale with a low contact resistance of ~ 10-7
Ω cm-2 (Fig. 2c, d). Besides, Fig. 2c, d exhibits the highly ordered close-stacked structure and
uniform thickness (45 ± 0.5 nm) of MAG, indicating the efficient controllability of our assembly
synthesis strategy. Furthermore, the clean transfer method prevents MAG from possibly interface
doping and the multilayer stacked bulk structure weakens its surface effect, endowing MAG a
thickness-independent intrinsic doping state with a work function of 4.52 ± 0.01 eV
(Supplementary Fig. S8 and Tab S1). The uniform structure (thickness and stacking order) and
inert doping state of MAG reduce device variation between different pixels and batches, which is
a prerequisite for the fabrication of large density pixel array in commercial image sensors.
The high thickness of MAG ensures the MAG/Si an enhanced light absorption. For
conventional SLG/Si diodes, the photodetection wavelength is limited in the visible and
near-infrared range. In contrast, the MAG, acting as a dominant light-absorbing layer in MAG/Si,
extends the absorption bandwidth of silicon-based photodetector to mid-infrared. For instance, the
45 nm-thick MAG shows a flat 80% extinction coefficient (40% absorption and 40% reflection) in
1-10 μm wavelength (Fig. 2d), while SLG only 2.3% absorption as expected (Fig. 2e). The
infrared photons absorbed by MAG excite electron-hole pairs, which are separated and transferred
from MAG to silicon under a negative bias (Fig. 2b).
The MAG-based junction behaves a more stable normalized noise-spectral-density (NSD)
S(f)/I2dark compared with that of SLG. The high thickness of MAG increases the density-of-states
in the vicinity of charge-neutrality-point, strengthening the electrical stability of the Fermi level
and thus Schottky barrier height (SBH) of MAG/Si. Furthermore, the thick dimension of MAG
combined with the clean and atomic-scale interfacial contact with silicon suppresses the carrier
4

number fluctuation from the surface effect (traps and disorders)17. Experimental results verify a 2
to 4 orders lower NSD of MAG/Si than that of SLG/Si at bias voltage -1 V to -70 V (Fig. 2f),
respectively, which allows a larger signal-to-noise ratio (SNR) for MAG/Si, especially during the
avalanche.
Based on the absorption and NSD properties, the SLG/Si device only shows detectable
photocurrents at wavelength ≤ 1.5 μm (Supplementary Fig. S10c, d). In contrast, the MAG/Si
device exhibits distinguishable photoresponse in a wide wavelength range (1-10 μm, Fig. 2g). The
enhanced absorption and suppressed noise give rise to 2 to 8 orders increasing of SNR of the
MAG/Si compared with that of SLG/Si photodetector (Supplementary Fig. S10c, d).
As a broadband photodetector, the MAG/Si diode exhibits both fast operation speed and high
sensitivity. To explore the ultrafast optoelectronic dynamics in MAG/Si, we used the femtosecond
(pulse width, Δt = 200fs) photoexcitations in MIR18. A typical external circuit limited response
time τr ~ 120-130 ns (4 mm2 window, Fig. 3a) was obtained at wavelengths of 2 and 4 μm. By
reducing the device parasitic capacitance (Supplementary Fig. S13) and resistance in external
circuits, a higher speed can be achieved. While at the wavelength of 7 μm, the τr ~ 300 ns indicates
a different operation mechanism, which will be discussed in the following section. In terms of
photoresponse, the MAG/Si exhibits a 1011 to 106 Jones specific detectivity (D*) and a 10-12 to 10-6
W Hz-0.5 noise-equivalent-power (NEP) in the 1-10 μm at room temperature (Fig. 3b), far beyond
the detection capabilities of previously reported silicon-based high-speed infrared photodetectors
(Extended Data Fig. 1).
The broad photoresponse beyond the intrinsic absorption of silicon in MAG/Si features three
distinct

working

mechanisms

(Fig.

3c).

The

MAG/Si

SBH,

extracted

from

the

temperature-dependent I-V characteristics (Supplementary Fig. S14d-e), is ~0.3 eV, corresponding
to a cutoff wavelength of 2.1 μm (see Supplementary Note 5). For photon energies of 0.5hν >
SBH (wavelength < 2.1 μm), photo-excited electrons directly transport over the barrier and
contribute to the photocurrent through the internal photoemission (regime I in Fig. 3c)19, where the
D* and NEP remain almost constant. When increasing the incident wavelength to 4.6 μm, the
energy of direct photo-excited electrons is lower than SBH, so they cannot cross the SBH
immediately but thermalize into a Fermi-Dirac distribution in MAG. The thermalized
5

hot-electrons with energy higher than SBH can emit into silicon afterward ( photo-thermionic
(PTI) emission, regime II)4. In this regime, the portion of hot-electrons with the energy higher
than SBH in the Fermi-Dirac distribution drops as the incident photon energy decreases, lowering
D* and increasing NEP greatly (Fig. 3c). In the region of 4.6-10 μm (regime III), negative
photocurrents are collected, which possibly results from the screening, photo-gating, and
photo-acoustic effects of the massive low energy hot-electrons at the MAG/Si interface20-22. Most
of the hot-electrons generated in this regime cannot jump over the SBH, resulting in a slight
change of photocurrent and thus D* and NEP as the wavelength increases. The overall three
different trends of responsivity (as indicated with circles in Fig. 3d) as a function of incident laser
irradiance at different wavelengths also confirm these three dominant electron-transfer
mechanisms (Fig. 3d). The cutoff wavelengths of these three regimes can be tuned and the D* and
NEP can be further optimized by tuning the doping state of the silicon (as shown in
Supplementary Fig. S10e) or replacing silicon with a semiconductor with higher electron affinity
(χ).
According to Fig. 3c, d, we find that the significantly enhanced hot-carrier scattering effect of
MAG determines the 2-4 µm MIR detection. The reasons are two-fold. Firstly, MAG has an
enhanced light absorption, generating more photo-excited hot-electrons than that of SLG.
Secondly, the 45-nm thick cross-section of MAG provides a larger space for hot-electrons to
scatter and multiply. At the moderate electric field (~ 103 V cm-1), a large number of hot-electrons
in MAG transport towards the MAG/Si interface facilitated by the AB-stacking dominant structure:
(1) the prolonged hot-carrier lifetime and thus the long out-of-plane hot-carrier diffusion length23,
(2) the relaxed conservation of in-plane momentum from carrier scattering24, and (3) the finite
out-of-plane velocity (vz) from the momentum uncertainly due to the presence of a few
misorientations in the stacking order (Fig. 1f). The synergistic combination of the effects (2-3)
enhances the wave-like over particle nature of electrons until they completely transfer into silicon
with a definite momentum, increasing the hot-electron density overcoming the MAG/Si barrier.
Hence, the charge transfer efficiency mainly depends on the out-of-plane hot-electron diffusion
length (out-of-plane velocity multiplies relaxation time). Moreover, in SLG/Si case, based on the
simplified Vickers-Mooney model, only a portion of hot-electrons with energy and momentum
falling within the escape cone is transferred into silicon, and the rest scatter back to SLG25. In
6

comparison, in the MAG/Si case, some of the backscattered hot-electrons are expected to be
redirected into the escape cone through phonon and interface wall scattering due to the large
available cross-section of MAG (Fig. 3c, regime II). Therefore, the trade-off between out-of-plane
charge transfer and the recombination in MAG achieves the maximum quantum efficiency (QE) at
45 nm in our case (Fig. 3e).
To further investigate the hot-carrier dynamics in MAG/Si, we conducted a pump-probe
transient absorption measurement (Supplementary Fig. S16) on our detectors. The pump laser
wavelength is 3.5 μm, with the probe from 1.2-1.6 μm, which is just above the SBH. When pump
laser fluences is > 1 mW mm-2, the scattered electron occupation close to the charge neutrality
point (0.37-0.42 eV, Fig. 4a) and the upshift of a fraction of hot-electrons to the energies
comparable to SBH (E > hvpump) are clear indications of Auger recombination (AR)26. In this
fluence regime, the combination of impact excitation dominated in the initial tens of femtoseconds
and AR prevailed subsequently result in a large pool of hot-electrons with energies near SBH (
) (Fig. 4a). The AR process dominates carrier kinetics in MAG until it reaches the optical
phonon bottleneck (~ 200 meV) at ~ 1 ps, and then the relaxation occurs via an interaction with
acoustic phonons within ~ 23 ps as displayed in Fig. 4b. Due to the thick crystalline MAG and
non-polar property of silicon, the cooling from disorder and substrate-based surface plasmon
polariton is weak in our devices27. The dominant carrier relaxation mechanism gradually shifts
from AR to acoustic phonon emission at longer wavelengths, which is further confirmed from the
elimination of the fast component (within 1.5 ps) in the bi-exponential fitting results (Fig. 4b). The
out-of-plane hot-electron diffusion coefficient and cooling time are about 1 cm2 s-1 and 23 ps,
respectively. From the saturation absorption and power dependent analysis, the two-photon or
multi-photon absorption from either MAG or silicon is ruled out in our case (Supplementary Fig.
S17). By extracting the number of hot-electrons n(E) from transient absorption ΔA and the current
collected from silicon, the hot-electron transfer efficiency ηe (3.5 μm) between MAG and silicon is
obtained on the order of 10-3-10-5 under the irradiance from 10 to 100 mW mm-2. We also
quantified the hot-electron scattering effect by calculating the hot-carrier-multiplication. The
density of hot-electrons with higher energy than chemical potential exceeds that in the conduction
band immediately after photo-excitation with a peak multiplication value ~ 20 (1 mW mm-2) at
700 fs (Fig. 4c).
7

At the high electric field regime (~ 105 V cm-1), a ~5 μm depleted region in silicon is
induced, generating additional electron-hole pairs through impact ionization. The current
amplification gain due to the avalanche in silicon reaches 102 as the bias Vb increases up to -70 V
for all laser irradiance (Fig. 4d) with an excess noise factor of 10 (Supplementary Note 4). The
increased NSD (Fig. 2f) with the bias also indicates the avalanche in silicon28. The drastic increase
at -30 V indicates the beginning of the avalanche (Supplementary Fig. S19). Combining the
carrier-carrier scattering in MAG and carrier multiplication through the avalanche in silicon, the
MAG/Si shows an external QE of 0.1-10 % at 3.5 μm under the irradiance from 10 to 100 mW
mm-2 (Fig. 4e).
MAG is a promising candidate for CMOS technology due to its robust mechanical property,
uniform structure, and low cost. As shown in Fig. 5a, MAG was etched into a neat array
composed of 50 μm-scale pixels by standard lithography and oxygen plasma29,30. Combined with
CMOS-compatible process flow, MAG/Si was packed into a 9 × 9 pixel array image sensor (Fig.
5b, c). The D* variation among each pixel was tested less than one order (Fig. 3b) because of the
uniformity of MAG in thickness and stacking order. Fig. 5d presents the room-temperature images
captured by the MAG/Si with a mask of the Chinese character “ 杭 (Hang)” at the wavelengths
1.55 μm, 3 μm, and 10 μm. The array-level CMOS compatibility of wafer-scale MAG offers
opportunities to develop room-temperature silicon image sensors at broad infrared frequencies that
conventional Schottky diodes are not readily applicable.
This work demonstrates a high-performance MAG/Si Schottky diode with fast response time,
low NSD, and record response wavelength, far beyond state-of-the-art silicon-based high-speed
infrared photodetectors. Such outstanding detection capability is achieved by introducing high
crystalline MAG that compatible well with CMOS technology as an absorption layer, which is
integrated with silicon with a clean and atomic-scale contact interface. This work opens a new
avenue from macroscopic defective GO to high-performance optoelectronic devices, provides a
strategy to explore hot-carrier dynamics in highly stacked two-dimensional systems, and
demonstrates a feasible way to develop low-cost and large-scale broadband graphene-based
photodetectors for CMOS image sensors at room temperature.

8

a

c

b

I

d

II

III

1 cm
GO/AAO Film

e

Borneolum/rGO/AAO Film

rGO Film

g

f

(102)
(101)

(110)

(100)

o

(004)

11.4 nm

(103)
(112)

h
1.2

(105)
(104)

MAG

(002)

2 nm

5 nm

Fig. 1 | Preparation and structural characterization of MAG. a-d, Schematic illustration of the
preparation of free-standing MAG (see Methods and Supplementary Fig. S1 for more details).
First, a diluted GO solution is filtrated under vacuum with anodic aluminum oxide (AAO) filters;
then the GO/AAO membrane is reduced by HI vapor (Step I) and separated by the contraction
effect of hot polycrystalline borneolum (Step II); after a low-temperature (60 oC) borneolum
sublimation and high-temperature (2800 oC) treatment (Step III) to remove borneolum and defects,
free-standing GO-based MAG with a diameter of 4.2 cm is obtained. Note: Yellow and red balls
in models represent oxygen and hydrogen elements, respectively. To enhance the contrast, the
carbon element in models of borneolum (yellow ball) and GO (green ball) are shown in yellow
and green, respectively. The image in d (down) shows the translucent and free-standing MAG. e,
The synchrotron GIWAXS 2D patterns of MAG (thickness of 45 nm) on a silicon substrate. f-g,
The scanning-tunneling-microscopy (STM) topographic images of MAG, showing perfect
hexagonal lattice structure (f) and regular moiré pattern with a twisted angle of θ ≈ 1.2o (g). h,
Raman spectra of MAG on the silicon substrate. The 2D peak is fitted with 3 Lorentzian peaks:
2D1 (~2680 cm-1) and 2D2 (~2720 cm-1) for AB stacked graphite and 2DT (~2700 cm-1) for
turbostratic graphite (see Supplementary Fig. S4d).
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Fig. 2 | Device structural characterization of MAG/Si. a, A photo of MAG transferred on a
2-inch silicon wafer (see Supplementary Fig. S5). b, A schematic of the MAG/Si device shows the
charge transport and current flow. c, HR-TEM image of the MAG/Si showing an atomic-scale
contacting interface (see Supplementary Fig. S6). The highly aligned (002) lattice fringes and
corresponding sharp discrete spots in the fast-Fourier-transform (FFT) pattern indicate a highly
ordered structure of MAG with the interlayer space of 3.36 ± 0.04 Å, consistent with the result of
GI-WAXS. d, Cross-sectional TEM image of MAG/Si with Pt layer on the top for protection
during

focused-ion-beam

(FIB)

milling

(see

Supplementary

Fig.

S7).

e,

The

Fourier-transform-infrared-spectroscopy (FTIR) extinction spectra (1-T/T0) of SLG/Si and
MAG/Si from 1 to 10 μm, where T is the transmission through MAG/Si and SLG/Si, and T0 is the
transmission only through Si substrate underneath (see Supplementary Fig. S9). f, The NSD
S(f)/I2dark as a function of frequency at a different reverse bias of MAG/Si (see Supplementary Fig.
S10a, b). The window size is 2 mm × 2 mm. g, The direct-current I-V curves of MAG/Si under
dark, and laser illumination at 2 μm, 4 μm, and 10 μm wavelength with 200 fs pulse width, 100
kHz repetition rate and 50 mW mm-2 irradiances. All the scanned I-V curves showed negligible
hysteresis indicating a clean MAG/Si interface.
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Fig. 3 | Transient photoresponse of MAG/Si. a, The photocurrent of MAG/Si in time domain
under pulsed-laser (200 fs of pulse width, 100 kHz of repetition rate) illumination at 2 μm, 4 μm,
and 7 μm wavelength with a 50 mW mm-2 irradiance. The photocurrent in the vertical axis at 4 μm
is on the same scale as at 2 μm on the left (see Supplementary Fig. S11, 12, Video S1). Insets
show the corresponding single periods. b, The D* and NEP of MAG/Si as a function of laser
wavelength under a fixed irradiance of 10 mW mm-2 (see Supplementary Fig. S14a-c). c, the
corresponding energy-band diagrams for operation mechanism at the three wavelengths above. d,
The responsivity of MAG/Si as a function of laser irradiance at different wavelengths. e, The
internal-QE and hot-carrier life-time of MAG/Si as a function of MAG thickness at 4 μm laser
wavelength with a fixed irradiance of 20 mW mm-2 (see Supplementary Fig. S15).
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density). The sample is pumped at 3.5 μm with an irradiance of 1 mW mm-2. The second peak at ~
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μm, and 7 μm (see Supplementary Fig. S18). c, The hot-carrier multiplication factor as a function
of time under different pump irradiance at 3.5 μm and probed in the range from 1.2 to 1.6 μm. d,
The external-QE and current amplification factor as a function of bias Vb of MAG/Si under 4 μm
wavelength laser with different irradiance (see Supplementary Fig. S19, Video S2). e, The
operation mechanism schematic of MAG/Si photodiode under 2 μm (I), 4 μm (II), and 7 μm (III)
photo-excitations and avalanche (IV).
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Fig. 5 | MAG/Si image sensors. a, A SEM image shows the plasma etched MAG pixel array on
silicon with a dimension of 50 µm × 50 μm for each pixel (see Supplementary Fig. S20). b-c, A
photo of 9 × 9 packed MAG/Si image sensor with the zoomed-in optical image. d, The scanned
images of a Chinese character “杭 (Hang)” representing the Hangzhou city at 1.55 μm, 3 μm, and
10 μm laser wavelength (see Supplementary Fig. S21). The color bar represents the photocurrent
level.
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Methods
Preparation of MAG. MAG was prepared from defective GO with an average size of 100 μm31,
provided by Hangzhou Gaoxi Technology Co., Ltd. (http://www.gaoxitech. com). First, a diluted
GO solution with a concentration of 4 μg L−1 was filtrated under vacuum by AAO filters
(Whatman, pore size, 0.2 μm; diameter, 48 mm). The supported GO membrane on the AAO filter
was then reduced by HI vapor for 4 hours in a sealed container heated under 100 oC. Then the
rGO/AAO membrane was placed on a bottle (diameter, 48 mm) containing borneolum with the
GO side facing borneolum. The bottle was then heated to 120 oC to deposit borneolum (10-50 mg)
on the surface of the rGO film. Three to ten minutes later, the borneolum/rGO/AAO membrane
was slowly cooled to room temperature, and the borneolum/rGO film automatically separated
from the AAO membrane. Subsequently, a continuous heating process (60 oC) was used to remove
borneolum, leaving a freestanding rGO film. Finally, the freestanding rGO film was further heated
at 2800 °C (heating rate of 20 °C/min ) for 1 hour to heal defects in high-temperature graphite
furnace (NTG-SML-50L, Changsha Nuotian Electronic Technology) protected by Ar2.
Material characterizations. Raman spectra were measured in back-scattering at room
temperature with a Jobin-Yvon HR800 Raman system, equipped with a liquid-nitrogen-cooled
CCD, an x 100 objective lens (numerical aperture ~ 0.90), and several gratings. The excitation
wavelength was 633 nm from a He-Ne laser. Plasma lines were removed from the laser signals,
using BragGrate Bandpass filters. Measurements down to 5 cm-1 for each excitation were enabled
by three BragGrate notch filters with optical density 3 and FWHM = 5-10 cm-1. The typical laser
power is ~1 mW to avoid sample heating. TEM images were acquired on a Hitachi H-9500
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instrument operating at 300 kV. XPS was performed with a PHI 5000C ESCA System operated at
14.0 kV and all binding energies were referenced to the C 1s neutral carbon peak at 284.6 eV. The
absorption spectra were obtained by an FT-IR Spectrometer (Nicolet iN10, Thermofisher
Scientific) with a detecting diameter of 300 μm. The STM experiments were performed with an
ultrahigh vacuum (UHV) and a low-temperature (~77 K) STM system (UNISOKU USM-1500S).
The samples were cleaved in the UHV chamber and immediately inserted into the measurement
stage. The STM topography was conducted at a sample bias V = -100 mV and a setpoint current I
= 200 pA. The electron mobility was measured with a Hall Effect Measurement System
(Lakeshore 7604). The Grazing Incidence Wide Angle X-ray Scattering measurements were
performed at the 14b beamline of the Shanghai Synchrotron Radiation Facility in Shanghai,
Republic of China. The energy of the X-rays was 18.981 keV and the wavelength was 0.653 Å.
Thin-film samples were transferred to silicon wafer substrates for measurement.
Device fabrication. The device was fabricated on a lightly-doped n-type silicon wafer with a 100
nm SiO2 layer. (1) The SiO2 layer was patterned by photolithography first. Then the e-beam
deposition and thermal evaporation (Angstrom Engineering) were used to deposit Cr/Au (5/100
nm) as top electrodes. (2) After lift-off, photolithography was conducted again to pattern silicon
windows with a size of 2 mm × 2 mm. SiO2 in the window was subsequently etched away with a
buffered oxide etchant. The backside oxide of the silicon wafer was also etched simultaneously
during this process. (3) The MAG was then transferred onto the etched silicon window. The gap
between MAG and silicon was filled with water to remove the wrinkles. The surface of MAG was
then purged with nitrogen before the ethanol was completely volatilized. (4) The device was
further patterned by photolithography to etch the MAG outside the Cr/Au top electrode by oxygen
plasma. (5) Finally, Ohmic contact is formed between the back-side of silicon and copper tape. Au
wires were then bonded with the top and back electrodes.
Device characterization. The I-V curves were collected from Keithley Semiconductor Analyzer
2400. The device and the trans-impedance amplifier (DHPCA-100, FEMTO, 200 MHz bandwidth)
were connected with an oscilloscope (Keysight DSO 9404A, 4 GHz bandwidth) to measure the
photo-voltages. Periodic pulse lasers (Light Conversion, OPA-Series, 1 μm to 10 μm, 200 fs pulse
width, and 100 kHz repetition rate) were used as the light source. The noise spectra were recorded
by a noise measurement system (PDA NC300L, 100 kHz bandwidth). Infrared bandpass filters
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(FB2000-500 to FB4000-500, Thorlabs) were used to filter out the stray light from the MIR laser.
A calcium fluoride aspherical lens system was used to focus the infrared light on the device. The
power was measured by a thermopile detector (Newport 1918-R). For the photograph, we built a
scanning system with a focused laser and programmable X-Y stage. A data acquisition (DAQ)
card was used to obtain the photocurrent data.
Ultrafast transient absorption spectroscopy measurement. The femtosecond transient
absorption setup used for this study was based on a PHAROS laser system (Light Conversion,
1030 nm, < 190 fs, 200 uJ per pulse, and 100 kHz repetition rate), nonlinear frequency mixing
techniques, and the Femto-TA100 spectrometer (Time-Tech Spectra). Briefly, the 1030 nm output
pulse from the regenerative amplifier was split into two parts with an 80 % beam splitter. The
reflected part was used to pump an ORPHEUS Optical Parametric Amplifier (OPA) which
generates a wavelength-tunable laser pulse from 300 nm to 15 m. The transmitted 1030 nm beam
was split again into two parts. One part with less than 50 % was attenuated with a neutral density
filter and focused into a YAG window to generate a white light continuum (WLC) from 500 nm to
1600 nm used for probe beam. The probe beam was focused with an Ag parabolic reflector onto
the sample. After the sample, the probe beam was collimated and then focused on a fiber-coupled
spectrometer with CMOS sensors and detected at a frequency of 10 kHz. The intensity of the
pump pulse used in the experiment was controlled by a variable neutral-density filter wheel. The
delay between the pump and probe pulses was controlled by a motorized delay stage. The pump
pulses were chopped by a synchronized chopper at 5 kHz and the absorbance change was
calculated with two adjacent probe pulses (pump-blocked and pump-unblocked). All experiments
were performed at room temperature.
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Extended Data Fig. 1 | Comparison of state-of-the-art graphene-silicon infrared
photodetectors at room temperature (see Supplementary Table S2).
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Figures

Figure 1
Preparation and structural characterization of MAG. a-d, Schematic illustration of the preparation of freestanding MAG (see Methods and Supplementary Fig. S1 for more details). First, a diluted GO solution is
ltrated under vacuum with anodic aluminum oxide (AAO) lters; then the GO/AAO membrane is reduced
by HI vapor (Step I) and separated by the contraction effect of hot polycrystalline borneolum (Step II);
after a low-temperature (60 oC) borneolum sublimation and high-temperature (2800 oC) treatment (Step
III) to remove borneolum and defects, free-standing GO-based MAG with a diameter of 4.2 cm is obtained.
Note: Yellow and red balls in models represent oxygen and hydrogen elements, respectively. To enhance
the contrast, the carbon element in models of borneolum (yellow ball) and GO (green ball) are shown in
yellow and green, respectively. The image in d (down) shows the translucent and free-standing MAG. e,
The synchrotron GIWAXS 2D patterns of MAG (thickness of 45 nm) on a silicon substrate. f-g, The
scanning-tunneling-microscopy (STM) topographic images of MAG, showing perfect hexagonal lattice
structure (f) and regular moiré pattern with a twisted angle of θ ≈ 1.2o (g). h, Raman spectra of MAG on
the silicon substrate. The 2D peak is tted with 3 Lorentzian peaks: 2D1 (~2680 cm-1) and 2D2 (~2720
cm-1) for AB stacked graphite and 2DT (~2700 cm-1) for turbostratic graphite (see Supplementary Fig.
S4d).

Figure 2
Device structural characterization of MAG/Si. a, A photo of MAG transferred on a 2-inch silicon wafer (see
Supplementary Fig. S5). b, A schematic of the MAG/Si device shows the charge transport and current
ow. c, HR-TEM image of the MAG/Si showing an atomic-scale contacting interface (see Supplementary
Fig. S6). The highly aligned (002) lattice fringes and corresponding sharp discrete spots in the fastFourier-transform (FFT) pattern indicate a highly ordered structure of MAG with the interlayer space of
3.36 ± 0.04 Å, consistent with the result of GI-WAXS. d, Cross-sectional TEM image of MAG/Si with Pt
layer on the top for protection during focused-ion-beam (FIB) milling (see Supplementary Fig. S7). e, The
Fourier-transform-infrared-spectroscopy (FTIR) extinction spectra (1-T/T0) of SLG/Si and MAG/Si from 1
to 10 μm, where T is the transmission through MAG/Si and SLG/Si, and T0 is the transmission only
through Si substrate underneath (see Supplementary Fig. S9). f, The NSD S(f)/I2dark as a function of
frequency at a different reverse bias of MAG/Si (see Supplementary Fig. S10a, b). The window size is 2
mm × 2 mm. g, The direct-current I-V curves of MAG/Si under dark, and laser illumination at 2 μm, 4 μm,
and 10 μm wavelength with 200 fs pulse width, 100 kHz repetition rate and 50 mW mm-2 irradiances. All
the scanned I-V curves showed negligible hysteresis indicating a clean MAG/Si interface.

Figure 3
Transient photoresponse of MAG/Si. a, The photocurrent of MAG/Si in time domain under pulsed-laser
(200 fs of pulse width, 100 kHz of repetition rate) illumination at 2 μm, 4 μm, and 7 μm wavelength with a
50 mW mm-2 irradiance. The photocurrent in the vertical axis at 4 μm is on the same scale as at 2 μm on
the left (see Supplementary Fig. S11, 12, Video S1). Insets show the corresponding single periods. b, The
D* and NEP of MAG/Si as a function of laser wavelength under a xed irradiance of 10 mW mm-2 (see

Supplementary Fig. S14a-c). c, the corresponding energy-band diagrams for operation mechanism at the
three wavelengths above. d, The responsivity of MAG/Si as a function of laser irradiance at different
wavelengths. e, The internal-QE and hot-carrier life-time of MAG/Si as a function of MAG thickness at 4
μm laser wavelength with a xed irradiance of 20 mW mm-2 (see Supplementary Fig. S15).

Figure 4

Hot-carrier transport in MAG/Si. a, 2D transient absorption map of MAG/Si as functions of delay time and
the half of incident photon energy (the mOD means milli-optical density). The sample is pumped at 3.5
μm with an irradiance of 1 mW mm-2. The second peak at ~ 10 ps is due to photo-excitation from the
re ected pump laser on the silicon substrate (thickness of 500 μm) underneath. b, The transientabsorption kinetics probed at 1.2 μm with a pump at 2 μm, 4 μm, and 7 μm (see Supplementary Fig. S18).
c, The hot-carrier multiplication factor as a function of time under different pump irradiance at 3.5 μm
and probed in the range from 1.2 to 1.6 μm. d, The external-QE and current ampli cation factor as a
function of bias Vb of MAG/Si under 4 μm wavelength laser with different irradiance (see Supplementary
Fig. S19, Video S2). e, The operation mechanism schematic of MAG/Si photodiode under 2 μm (I), 4 μm
(II), and 7 μm (III) photo-excitations and avalanche (IV).

Figure 5
MAG/Si image sensors. a, A SEM image shows the plasma etched MAG pixel array on silicon with a
dimension of 50 µm × 50 μm for each pixel (see Supplementary Fig. S20). b-c, A photo of 9 × 9 packed
MAG/Si image sensor with the zoomed-in optical image. d, The scanned images of a Chinese character
“ (Hang)” representing the Hangzhou city at 1.55 μm, 3 μm, and 10 μm laser wavelength (see
Supplementary Fig. S21). The color bar represents the photocurrent level.
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