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Photodetectors as a class of optoelec-
tronics device have been widely employed 
in diverse fields, including spectroscopy,[1] 
telecommunication,[2] astronomy,[3] agri-
culture,[4] pharmaceuticals,[5] and envi-
ronmental monitoring.[6] In contrast to 
photodetectors operating at a specific 
wavelength range, broadband photodetec-
tors with photoresponse to a much wider 
spectrum and spectrally distinctive are 
highly desirable, owing to their impor-
tance to a variety of applications.[7,8] The 
wealth of sufficient information held in 
the broad spectral domain offers advan-
tages over traditional panchromatic and 
multispectral imagery.[9] Hence, hyper-
spectral imaging has been used as a 
powerful technique for global climate 
research, mapping of wetlands, mineral 

High-performance photodetectors operating over a broad wavelength range 
from ultraviolet, visible, to infrared are of scientific and technological impor-
tance for a wide range of applications. Here, a photodetector based on van der 
Waals heterostructures of graphene and its fluorine-functionalized derivative is 
presented. It consistently shows broadband photoresponse from the ultraviolet 
(255 nm) to the mid-infrared (4.3 µm) wavelengths, with three orders of mag-
nitude enhanced responsivity compared to pristine graphene photo detectors. 
The broadband photodetection is attributed to the synergistic effects of the 
spatial nonuniform collective quantum confinement of sp2 domains, and the 
trapping of photoexcited charge carriers in the localized states in sp3 domains. 
Tunable photoresponse is achieved by controlling the nature of sp3 sites and 
the size and fraction of sp3/sp2 domains. In addition, the photoresponse due 
to the different photoexcited-charge-carrier trapping times in sp2 and sp3 nano-
domains is determined. The proposed scheme paves the way toward imple-
menting high-performance broadband graphene-based photodetectors.
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identification, crop analysis, bathymetry, etc.[10] In addition, 
two-color intelligent detection and recognition has also been 
under extensive investigation. For instance, UV–vis photodetec-
tors can meet the demands on astronomical detection,[11] wide 
spectral switches,[12] or memory storage;[13] vis and near-infrared 
(IR) photodetectors are widely used in consumer electronics,[14] 
video recording,[15] and remote sensing;[16] multiband mid-IR 
photodetectors have attracted interest due to their numerous 
exciting applications, such as in surveillance,[17] medical diag-
nostics,[18] bioimaging,[4] and navigational aids.[19]

However, studies on photodetectors have mainly focused 
on their performance under a specific wavelength range (UV, 
vis, or IR). Broadband photodetectors generally have a com-
plicated system configuration with high cost, consisting of 
trichroic prisms, optical filters, charge coupled devices, etc.[20] 
Graphene has been considered as a promising material for 
ultra-broadband photodetectors as its absorption spectrum 
covers the entire UV to terahertz wavelengths.[21] However, the 
photoresponsivity of pristine graphene photodetectors is insuf-
ficient due to the low absorption efficiency of incident photons 
and the short lifetime of photoexcited carriers.[22] Furthermore, 
its semimetal behavior results in substantial dark currents on 
account of the absence of an intrinsic gap, which is not suitable 
for highly responsive photodetectors.[23] Hence, efforts have 
been made to fabricate graphene with plasmonic nanostruc-
tures,[24] microcavities,[25] silicon waveguide,[26] transition-metal 
dichalcogenide stacks,[27] and hybridized quantum dots.[28] 
Despite the excellent improved photoresponsivity, light absorp-
tion either relies on the materials, structures, or resonant fre-
quencies, thus still restricting the broadband spectral photode-
tection. Therefore, the challenge to enhance the photoresponse 
without sacrificing the broadband characteristics still remains.

Here, we present a wide-broadband photodetector composed 
of graphene and its fluorine-functionalized derivative. In con-
trast to other graphene-based photodetectors, the van der Waals 
heterostructure efficiently improves the device performance 
while keeping the broadband photoresponse of graphene. 
The rehybridization of carbon with fluorine results in a mix-
ture of sp2 and sp3 nanodomains, inducing a series of discrete 
quantum-confined states and a number of structural localized 
states for trapping of photoexcited charge carriers. Tunable 
photoresponse has been achieved by modulating the dihedral 
angles of sp3 sites, and the size/shape and fraction of sp3/sp2 
domains. The photocurrent due to the different photoexcited-
charge-carrier trapping times in sp2 and sp3 nanodomains has 
been distinguished. Furthermore, we demonstrate a prototype 
device yielding exceptional photoresponsivities over a wide-
broad spectral range.

Fluorine has been demonstrated to alter pristine graphene 
from a conductive semimetal to insulator (bandgap from 0 to 
4.1 eV).[29] Since sp2 hybridized carbon atom in graphene has 
a pz orbital in the direction perpendicular to the basal plane 
forming a π and conjugated π* bond, when fluorine adatoms 
are adsorbed on the surface, they form covalent bonds with 
the carbon atoms which are rehybridized from trigonal sp2 to 
tetragonal sp3 bonds.[30] Such a transformation results in an 
opening of a bandgap through the removal of bands near the 
Fermi level of pristine graphene. Depending on the degree of 
fluorination, there is a certain fraction of carbon rehybridized to 

sp3 and bonded with fluorine. The remaining carbon is still sp2 
bonded with neighboring carbon atoms. This atomic and elec-
tronic feature of fluorographene with variable sp3/sp2 fractions 
offers novel functionalities for photodetectors. Therefore, we 
fabricated a fluorographene/graphene (FG/Gr) photodetector 
with an FG layer on the top of a graphene layer contacting with 
electrodes as shown in Figure 1a.

To explore the functionalities brought from the FG, photo-
luminescence (PL) measurements were carried out at different 
laser excitation wavelengths. As exhibited in Figure 1d, it can 
be observed that under 300 and 350 nm laser excitations, the 
PL peaks are at 518 nm. The intensity of the PL under 350 nm 
excitation is higher than that under 300 nm excitation. The PL 
peak shifts to longer wavelength as the excitation wavelength 
increases from 350 to 450 nm. Since there is a nonuniform cov-
erage of fluorine, the FG can be described as a 2D network of 
sp2 CC domains isolated within the sp3 CFx matrix (x rep-
resents the atomic ratio between C and F indicating the cov-
erage of fluorine), or vice versa as shown in Figure 1b. From 
the Raman results (Figure S1, Supporting Information), the 
average size of the sp3 domains can be estimated from 5.34 to 
13.73 nm by:[31]
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The optoelectronic properties are thus mainly determined 
by the π and π* states of sp2 domains, which lie within the 
σ–σ* states of sp3 domains.[32] The energy gap between π and 
π* states generally depends on the size of the sp2 domain and 
the conjugation length. A number of sp3 rehybridized induced 
localized states n, which is related to the dihedral angle of 
the σ bonds, exist in the band tail of the π and π* states or 
lie deeper within the π–π* gap.[33] Therefore, the PL peak at 
518 nm is ascribed to an overall π and π* transition (2.39 eV) 
from the sp2 domains with a Stokes’ shift of 168 nm (1.15 eV). 
As the excitation wavelength increases, the PL spectrum gets 
broader and shifts to the longer wavelength due to n–π transi-
tions from sp3 domains as depicted in Figure 1c. The former 
emission bears the discrete feature due to quantum confine-
ment of electrons inside the sp2 domains.[34] The latter emis-
sion possesses broad absorption and emission states band 
within the π–π* gap.

The photocurrent measurements of a reference Gr/Gr device 
and the FG/Gr device were then conducted and compared at 
different laser wavelengths with a fixed irradiance (Figure 2a,b 
and Figure S2a,b, Supporting Information). The photocurrent 
ΔI of FG/Gr increases from nA to µA, with over 1000 times 
increase compared to Gr/Gr. Figure 2c,d shows the responsivity 
of these two photodetectors as a function of incident laser irra-
diance at different laser wavelengths. The responsivity of FG/
Gr decreases with respect to the increase of laser irradiance. It 
is worth mentioning that we have tested a number of FG/Gr 
devices and the statistical responsivities at different laser wave-
lengths are exhibited in Figure 3a–i. The observed photore-
sponse can be explained by the operating principle and energy 
band structure. When the FG/Gr heterostructure is illuminated 
by light, the electrons in the π state could be excited forming 
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electron–hole pairs. The presence of quantum confinement and 
localized states in the π–π* gap leads to the trapping of these 
electrons, while the holes flow into the graphene channel via 
the built-in potential at the FG/Gr heterostructure junction, 
resulting in the photoinduced current.

The measured photoresponse characteristics manifest a 
broadband detection, where the FG/Gr devices show strong 
photoresponse in the whole tested wavelength range from 
255 nm to 4.3 µm. The responsivity of the FG/Gr photode-
tector is more than three orders of magnitude higher than 
that of the Gr/Gr photodetector. Since various sizes/shapes of 
the sp2 domains induce spatial nonuniform quantum confine-
ments, a series of discrete quantum-confined states from the 
sp2 domains contribute to the broadband photoresponse. Fur-
thermore, for longer wavelength, the charge carriers generated 
at lower energy distribution cannot be excited to the relatively 
high π* states. Instead, the excited carriers are mainly trapped 
in the localized states in sp3 domains, contributing the broad-
band photoresponse. We should point out that the performance 
of our FG/Gr photodetector has not been fully optimized yet. 
We expect that the device would also further respond to the 
wavelengths below 255 nm and above 4.3 µm.

Furthermore, the photocurrent and dark current can be 
smoothly tuned by varying the back-gate voltage VGS (Figure S3a,  
Supporting Information). The transfer of photogenerated 
holes from FG to graphene induces p-type doping, which 
leads to an upshift of the VDirac of FG/Gr of ≈30 V compared to 
Gr/Gr. Figure S3b (Supporting Information) clearly shows linear  
characteristics of IDS–VDS at all VGS tuned from 0 to 25 V, 
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Figure 1. Device structure and PL characterization. a) Schematic FG/Gr photodetector structure and the top-view SEM image. b,c) Schematic sp3 and 
sp2 domains on FG with indicated trapped carrier lifetime (b) and corresponding optical transitions (c). d) PL spectra of the FG at different excitation 
wavelengths.

Figure 2. Photoresponse results. a,b) The photocurrent ΔI as a function 
of VDS of Gr/Gr (a) and FG/Gr (b) devices at different laser wavelengths 
with a fixed irradiance of 198 µW cm−2. c,d) Responsivity as a function of 
the laser irradiance of Gr/Gr (c) and FG/Gr (d) devices at different laser 
wavelengths with VDS = 1 V and VGS = 28 V.
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indicating an Ohmic contact instead of a Schottky contact of the 
FG/Gr device. The photocurrent at different laser wavelengths, 
as a function of C/F ratio x, is displayed in Figure 3j, where 

zero indicates the Gr/Gr device. It should be noted that we 
have tested tens of devices and the variance of measured data is 
shown in the figure. As the C/F ratio decreases, more fluorine 

Adv. Mater. 2017, 29, 1700463

Figure 3. Statistical responsivities. Frequency of responsivity at: a) 255, b) 375, c) 532, d) 980, e) 1319, f) 1870, g) 2776, h) 3459, and i) 4290 nm 
laser wavelengths of FG/Gr devices with 3.75 C/F ratio; the laser irradiance was 4.83 µW cm−2 (11 mW cm−2 for mid-IR lasers), VDS = 1 V, VGS = 28 V. 
j) Photocurrent as a function of the C/F ratio at these laser wavelengths with a irradiance of 198 µW cm−2 (11 mW cm−2 for mid-IR lasers), where the 
zero represents Gr/Gr device and the error bar indicates the variance of multiple devices of the same type.
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adatoms bonded with the carbon atoms, leads to a higher 
degree of sp3 rehybridization. A larger coverage of fluorine 
leads to a greater number of the quantum-confined sp2 nano-
domains and the localized states in the sp3 nanodomains, thus 
leading to a higher responsivity. However, a characteristic pho-
toresponse saturation was observed at 3.75 C/F ratio, where the 
resulting sp2/sp3 nanodomains achieve their optimal size and 
number for the trapping of photoexcited electrons. Since the 
overall C/F ratio obtained from the X-ray photoelectron spec-
troscopy (XPS) results is 4, the density of F atoms in the FG/
Gr device can be calculated to be 4.75 × 1014 cm−2. In addition, 
a characteristic saturation of responsivity with the decrease of 
C/F ratio was observed. The effective absorption becomes satu-
rated as the number of CF bonds reaches its limit on the FG, 
where the absorption constant η is estimated to be 0.02 in a 
similar condition as reported previously.[35] Under illumination, 
trapped electrons in the FG form an electric field in the direc-
tion opposite to the gate electric field, inducing the photogating 
effect.[36] Since the size and shape of sp2 and sp3 domains are 
random on FG, resulting in a local nonuniformity of the elec-
tric field, we believe that the spatial nonuniformity of the pho-
togating effect could be further improved to obtain a higher 
photoresponse.

It is reported that the photoresponse is also attributed to 
other mechanisms simultaneously, including photo-thermoe-
lectric (PTE),[37] bolometric (BOL),[38] and hot-carrier effects.[39] 
To obtain insight into the potential contributions from thermal 
effects, including the PTE effect from the Au/Cr electrodes and 
the BOL effect from FG/Gr, we calculated the responsivity (R) 
from these two effects by:

i) RPTE ≈SM(ΔT/Popt)G, where the Seebeck coefficient SM is 
given by:
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and the temperature difference at the junction is ΔT = 
Pα/k2πh; Popt is the optical power, and G is the conductance, 
IDS/VDS. RPTE can then be estimated as 9.8 × 10−25 A W−1;

ii) RBOL = (Ea/kT2)(ΔT/Popt) ≈ 1.7 × 10−4 A W−1, where Ea is 
the activation energy.

Both RPTE and RBOL are far from the responsivity of the FG/
Gr photodetector we obtained experimentally, as shown in 
Figure 2d; also, the hot-carrier multiplications contributing to 
the responsivity are negligible, and this will be discussed in 
the following section. We can thus rule out the contributions 
from these mechanisms for generating photocurrent in our 
case. Moreover, it is also informative to consider a nontrap 
case. The density of photoexcited electrons and holes is Δn = 
Δp = φτl, where φ is the photon flux and τl is the carrier life-
time in graphene. The photocurrent can be calculated from 
Iph = (W/L)VDSΔσ, where W and L are the width and length 
of the graphene channel, the change of conductivity from 
Δσ = q(µn + µp)Δp; q is the electron charge andµn and µp are 
the electron and hole mobility. The nontrap responsivity Rnontrap 
can then be obtained as 2.46 × 10−5 A W−1.

Therefore, we believe that the photoresponse of the FG/
Gr device is ascribed to photogating effects in both sp2 and 
sp3 domains. The total responsivity R consists of these two 

contributions Rsp2 and Rsp3, with a 6.4 Rsp3/Rsp2 ratio. As discussed 
in the previous sections, the trapping of photoexcited electrons 
in sp2 and sp3 domains is due to the quantum confinement and 
localized states, respectively, where the trapping time τ sp3  is 
longer than τ sp3 as indicated in Figure 1b. The trapped charge 
density at saturation is determined by[40] Nsat = φsatτS, where the 
absorbed photon flux is ϕ = ηPlaserλ/Ahc, and τS is the dominant 
time constant from both sp2 and sp3 domains. η is the absorp-
tion coefficient, A is the area of illumination, h is Planck’s con-
stant, and c is the speed of light. The trapped charge density of 
FG at saturation Nsat is then calculated to be 9.8 × 1014 cm−2.

Since the photocurrent is defined as the difference of IDS 
between dark and illumination conditions, Iph is equal to 
I I+ph _ sp ph _ sp2 3. To differentiate these two effects, the photocur-
rent of the FG/Gr device was measured under laser illumina-
tion with a modulated chopper frequency. It is found that a 
small current oscillates with chopper frequency, superimposing 
on a larger background current, as depicted in the inset of 
Figure 4a. The black dashed-dotted line represents the dark 
current. When the chopper blocks the laser, the oscillating cur-
rent component (due to the trapping in sp2 domains) disap-
pears immediately; when the laser is totally switched off, the 
non-oscillating current component (due to the trapping in sp3 
domains) drifts slowly back to the dark current value. Further-
more, no modulated chopper frequency dependence of Iph _ sp2  
from 0 to 0.5 Hz was observed (Figure 4a).

The transient photocurrent response to ON/OFF illumina-
tion is exhibited in Figure 4b. The FG/Gr shows a larger photo-
current change because of the trapping of photoexcited charge 
carriers compared to the Gr/Gr. Across the entire tested UV to 
mid-IR wavelength region, the FG/Gr device consistently shows 
moderate switching, stability, and reproducibility. When the 
laser is turned on, the photocurrent reaches its maximum level 
within 80 ms and decays in 200 ms (Figure S3f, Supporting 
Information). Despite the high photoresponsivity of our FG/
Gr photodetector over a broadband range, we need to point out 
that the operation speed is not very fast. The reason is the long 
trapped carrier lifetime in both the sp2 and the sp3 domains.[41] 
The improvement of the operation speed to shorten the lifetime 
of trapped electrons while maintaining a relatively high respon-
sivity is currently under investigation. With high responsivity 
and low noise current, the calculated noise equivalent power 
(NEP) (Figure 4c) reflects the promising prospects of the FG/
Gr device in weak light detection. In addition, the peak specific 
detectivity (D*) reaches 4 × 1011 Jones (Figure 4d), which is 
nearly three orders of magnitude larger than that of the Gr/Gr 
device.

Since the responsivity can be expressed as: 

R
q

hc t
η λ τ= × l

tr

 (3)

where τ l  is the trapped carrier lifetime and ttr is the carrier 
transit time through the device, we see that ttr = L2/µnVDS. The 
responsivity against the inverse carrier transit time t−

tr
1  can then 

be obtained (Figure 4e). The approximately linear scaling of the 
responsivity with µn and L−2 illustrates the performance and the 
relationship between photoconductive gain and channel length 
of the FG/Gr devices.

Adv. Mater. 2017, 29, 1700463
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Although moderate impact ionization and carrier multi-
plication have been observed in a quantum-dot-like graphene 
array structure, where the midgap-state-band electron trap-
ping centers were formed,[8] we believe that there are negli-
gible impact ionization and carrier multiplication effects in our 
system, which is evidenced by the gain remaining constant with 
the increase of incident photon energy (Figure 4f). Figure 4f  
also shows the trapped carrier lifetime as a function of incident 
photon energy, where the τ l is about 0.2 s.

The performance of the FG/Gr device 
shows important advantages over the pre-
vious reports, as exhibited in Figure 5. The 
key metrics are also compared in Table S1 
in the Supporting Information. Although 
the responsivity and response time of the 
FG/Gr photodetector are not the best, con-
sistent performance across the whole tested 
spectral range from UV to mid-IR has not 
been reported in the published literature. We 
notice that the FG could be partially decom-
posed over time despite its energetic favora-
bility, as indicated by the statistical analysis 
and error bars in Figure 3. Therefore, the 
stability of the FG/Gr photodetector has been 
improved by depositing a thin high-k dielec-
tric material, Al2O3, on top of the device to 

passivate the FG. The Al2O3-protected device exhibits stable 
electrical characteristics. The device was evaluated by re-meas-
uring the photoresponse after exposure to an open-air environ-
ment for several months.[42] The device performance was well 
maintained after that. The responsivity was slightly improved 
in UV but not in vis and IR, while the response time showed no 
obvious differences across the tested UV to IR.[43] Furthermore, 
we believed that the patterning of FG to control the size/shape 
of sp2/sp3 nanodomains would largely influence the device 

Adv. Mater. 2017, 29, 1700463

Figure 5. a,b) Responsivity (a) and response time (b) of the FG/Gr photodetector compared 
to those of related photodetectors reported in the literature.

Figure 4. Key metrics of the devices. a) Photocurrent as a function of the chopper frequency. The data point at zero frequency indicates the sp3 domain 
photogating. Inset shows that IDS time response in the dark condition (dashed-dotted black line) and under illumination (solid red line), where λ = 532 nm,  
Plaser = 198 µW cm−2 and chopper frequency f = 0.5 Hz. b) The time response of FG/Gr photodetector at different laser wavelengths, where VDS = 1 V  
and VGS = 28 V; lasers were OFF at gray area and ON at white area. c,d) The calculated NEP (c) and D* (d) of Gr/Gr and FG/Gr photodetector.  
e) Responsivity as a function of inverse carrier transit time ttr

1− . f) The photoconductive gain and carrier lifetime as a function of photon excitation 
energies. The triangular and circular symbols represent the photoconductive gain and carrier lifetime, respectively. The blue dashed lines in (e) and 
(f) represent a linear fitting.
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performance, since the quantum confinement in sp2 and the 
localized states at the sp2/sp3 edge can be modified. As the FG 
also possesses the characteristics of a 2D material and can be 
decomposed in general ambient conditions, it is an alternative 
candidate for next-generation degradable, flexible, and trans-
parent broadband photodetectors.

In summary, we report a van der Waals heterostructure photo-
detector consisting of graphene and its fluorine-functional -
ized derivative that enhances the photoresponse of graphene 
with broadband sensitivity. The consistent performance of the 
device shows a broadband photoresponse from UV to mid-IR 
with high detectivity and moderate switching speed, which 
can be further improved by engineering the nature of the sp3 
site. The proposed scheme in this work paves the way toward 
implemention of high-performance broadband graphene-based 
photodetectors.

Experimental Section
Graphene Growth: Single-crystal graphene was grown in a tube 

furnace (Thermo Scientific Lindberg/Blue M). Cu foil (Alfa Aesar 46365, 
thickness of 25 µm) was placed inside the chamber. The chemical vapor 
deposition (CVD) chamber was evacuated to lower than 0.5 Pa, and 
then 50 sccm H2 to 50 Pa was introduced. The Cu foil was annealed at 
1060 °C for 100 min. Next, 0.3 sccm O2 was flowed through the chamber 
for 10 min to reduce the nucleation density. After this step, single-crystal 
graphene was grown in 350 sccm H2 and 0.3 sccm CH4 for 4 h.[44] The 
multilayer graphene was grown underneath the first layer of graphene 
on the Cu foil.

Graphene Transfer: Before transfer, the graphene grown on the reverse 
side of the Cu foil was etched by O2 plasma to avoid Cu residues 
between the topside and reverse side of graphene. After etching,  
graphene/Cu was spin-coated (with 500 rpm for 5 s and then 
4000 rpm for 60 s) by poly(methyl methacrylate) (PMMA) (<100 µm). Then  
the PMMA/graphene/Cu sample was put into a Cu etching solution 
(5H2O·CuSO4:HCl:H2O = 15.6 g:50 mL:50 mL) for more than 12 h to 
obtain the PMMA/graphene film. The film was rinsed in deionized (DI) 
water for 1 min and followed by SC-2 etching solution (H2O:H2O2:HCl = 
100 mL:5 mL:5 mL) for 15 min to remove Cu particles. Next, the sample 
was cleaned in DI water again and placed into SC-1 etching solution 
(H2O:H2O2:NH4OH = 100 mL:5 mL:5 mL) to reduce polymer residuals. 
PMMA/graphene was then transferred onto a SiO2 substrate. Finally, 
the PMMA was washed off using dichloromethane (DCM) at 50 °C and 
isopropyl alcohol (IPA). To minimize the damage and contamination 
during the process, wet etching, bubble transfer, and RCA were added 
to the wet-etching transfer process and were compared (Figure S5, 
Supporting Information). The RCA (Radio Corporation of America) 
added wet-etching method shows the best graphene quality due to the 
removal of insoluble inorganic residues and heavy metal contaminants 
of the RCA cleaning process.

Fluorographene and Characterization: Single-crystal graphene was 
fluorinated using an inductively coupled plasma (ICP) system (Oxford 
Instruments) using SF6 plasma. The FG/Gr heterostructure was 
fabricated by fluorinating multilayer graphene with SF6 100 sccm, 5–50 W  
for 1–120 min. The pressure and gas flow in the ICP reactive chamber 
were set to 10 mTorr and 100 sccm for the whole study. All the samples 
were exposed to the plasma only on one side. A Renishaw Invia system 
with 532 nm laser source was used for Raman characterization. The laser 
power was ≈1 mW to avoid reduction of fluorine. XPS characterization 
was conducted using a Thermo Scientific ESCALAB250 Xi system, with 
a base pressure of 7 × 10−9 mbar. An Al Kα X-ray source (1486.6 eV) was 
used. The pass energy was 100 eV for survey spectra and 30 eV for core 
level. The step size was 1 and 0.1 eV, respectively. However, by modifying 
the C/F ratio x, it was found that x = 3.75 results in the optimized 

photodetector performance over other C/F ratios. Hence, the FG with 
3.75 C/F ratio was used for the FG/Gr devices. Figure S4a (Supporting 
Information) illustrates the spectra from the XPS measurements of 
the graphene and FG, indicating that graphene has been activated by 
fluorine. Only the very top layer became FG, which was verified by the 
Raman mapping (Figure S4b, Supporting Information).[45]

Device Fabrication and Characterization: Devices were fabricated on a 
commercially purchased highly p-doped Si wafer (resistivity of 1–10 Ω cm)  
with 100 nm SiO2 layer on top. Gr/Gr and FG/Gr were patterned by 
photolithography and etched by O2 plasma to obtain a 150 µm long 
and 50 µm wide ribbon. The devices were annealed for 120 min at 
300 °C under H2 before all the measurements to remove the residues 
and contaminants. The photocurrents were measured using an Agilent 
Semiconductor Analyzer b1500. Nine lasers with wavelengths of  
255 nm, 375 nm, 532 nm, 980 nm, 1319 nm, 1870 nm, 2.8 µm, 3.5 µm, 
and 4.3 µm and irradiance from 4.83 µW cm−2 to 11 mW cm−2 were 
used to illuminate the photodetectors. The mid-infrared measurements 
were conducted at 77 K under 10−4 Torr.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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