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ABSTRACT: Near-infrared (NIR) and mid-infrared (MIR) photodetectors have Vis, NIR
wide applications in biometrics, military, industry, etc. NIR and MIR organic
photodetectors (OPD) require narrow-bandgap semiconductors to achieve efficient
light absorption. However, it is still a challenge to synthesize organic materials with
efficient absorption region above 1000 nm. Herein, a flexible hybrid OPD has been
designed and fabricated by integrating organic materials with three-dimensional
graphene (3DG) film, and the photodetector can detect light from visible to MIR at
room temperature with an outstanding responsivity of 108 A W™ in the NIR region
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(1000 nm). Moreover, the hybrid device can detect picowatt-level light with ultrahigh

responsivity of 5.8 X 10° A W' and specific detectivity of 3 X 10'° Jones in the visible region. Furthermore, the 3DG film/organic
hybrid detector is well compatible with flexible substrates and opens up a novel approach to developing flexible photodetectors with
high responsivity in a wide spectrum range, suggesting possible potential applications in flexible electronics.

KEYWORDS: NIR and MIR photodetector, 3D graphene, organic photodetector, flexible photodetector, long-wavelength photodetector

ear-infrared (NIR) and mid-infrared (MIR) light

detection play vital roles in thermal imaging, biometrics,
and military surveillance. Particularly, MIR detection covers
the molecular vibrational regions, which can be employed in
gas detection, liquid inspection, and biological tissue
identification.'™® However, the current NIR and MIR
photodetectors are generally made of narrow-bandgap
inorganic materials such as Si,” GalnAs,® H§CdTe alloys,9
and quantum-well and quantum-dot structure'*~"? that suffer
from rigid mechanical property, fabrication technology
limitation, and working environments, severely limiting their
applications, especially in flexible and wearable elec-
tronics.”>~"* Organic semiconductors have attracted tremen-
dous attention owning to intrinsic flexible properties, solution
processability, rather tunable bandgap, large-scale roll to roll
production, and compatibility with flexible substrate, showing
promising applications in next-generation flexible photo-
detectors for visible light detection."“™** However, they
generally suffer from large bandgap, weak absorption, and
poor charge generation in NIR and MIR regions, resulting in
poor performance long-wavelength detection. The gapless two-
dimension (2D) single-layer graphene exhibits potential NIR
and MIR detection at room temperature because of its unique
electronic structure, broad spectra absorption, easy fabrication,
and flexibility,” >’ makjn% it attractive for broadband and
flexible photodetectors.”® "> In the past few years, long-
wavelength photodetector based on graphene (1 = 2 um),™!
HgTe/graphene (1 = 1.55 um),”* PbS/graphene (4 = 1.4
pm),>* etc, have been developed by fabricating photo-
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conductor and phototransistors. Nonetheless, the practical
application is limited by its weak light absorption, large noise,
and high dark current of graphene, the stability and toxicity of
QDs, and high gating voltage as well as complex structure of
phototransistor.” >’ Very recently, our group have developed
a three-dimensional chemical cross-linked graphene (3DG)
sponge material with many unique properties from a simple
solvothermal process’® and explored its applications in water
treatment,”’ electromagnetic shielding,‘m’41 and photodetec-
tors.*” 3DG sponge, consisting of mass amount almost all
edge-linked single layer graphene sheets and behaving as a true
bulk graphene material, has high specific surface area and
broadband absorption characteristics to make it a good light
detection material.*****' However, 3DG sponge-based photo-
conductors still suffer from low responsivity as the photo-
generated electron—hole pairs cannot be effectively separated.
Moreover, thin 3DG has poor mechanical properties and a
porous surface, making it difficult to handle and maintain good
contact with the electrode. Therefore, it is vital to design
devices to enhance the separation and collection of photo-
carriers in 3DG for NIR and MIR detection.
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Figure 1. (a) Application fields of photodetectors from visible to MIR spectrum. (b) Schematic of the 3DG film/organic photodetector. (c) UV—
Vis—NIR spectra of 3DG film, P3HT:PCBM film, and 3DG film/P3HT:PCBM. (d) EQE curves for PBHT:PCBM photodetector and 3DG film/

organic photodetector under illumination at a bias of —1 V.

To achieve NIR and MIR detection with high responsivity, it
is crucial to both introduce appropriate materials with efficient
NIR and MIR light absorption and design proper devices for
also efficient charge separation and transfer. Herein, we
reported a flexible Vis—MIR photodetector by using a hybrid
layer of both 3DG film and classic [6,6]-phenyl C,; butyric
acid methyl ester (PCBM) and poly(3-hexylthiophene)
(P3HT)-based bulk heterojunction (BHJ) materials in the
organic photodetectors. Compared with previous report about
graphene/organic material-based devices such as graphene/
C60 (4 = 0.8 um),*’ graphene/polymer (1 = 2 um),”” and
graphene/organic semiconductor (1 = 1.55 um),” the 3DG/
P3HT:PCBM-based hybrid photodetector leads to a broad
spectra detection from visible to MIR (10.6 ym) and also
excellent responsivity in NIR region (108 A W™" at 1000 nm),
which is the longest wavelength ever reported with high
performance. Moreover, the hybrid organic photodetectors can
detect picowatt-level light with responsivity of 5.8 X 10° A
WL Significantly, this remarkable and achieved performance
in an extremely broad region is mainly contributed to the
combination of selected active materials for desired wavelength
absorption and the unique device structure for photocarriers
separation. Instead of trapping sites caused by the photogating
effect in the phototransistor, the PCBM and the functional
groups in 3DG in the hybrid device acts as electron trapping
sites, leading to high photocurrent gains and responsivity.
Furthermore, the 3DG film/organic hybrid photodetectors are
compatible with rigid and flexible substrates, showing great
potential in wearable devices.
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B RESULTS AND DISCUSSION

The typical application fields of photodetectors from visible to
MIR spectrum display in Figure 1la, such as imaging,
communication, chemical analysis, thermal imaging, etc. The
specific applications are determined by the spectra range of
photodetectors. For example, NIR photodetector is widely
utilized in vivo bioimaging due to its strong penetrability in
living tissues, which is known as biological window.** Some
gases such as carbon dioxide, methane, and water have strong
absorption in MIR region due to their vibrational resonances
with MIR, indicating a series of applications in environmental
monitor, health analysis, as well as industry processing,**® As
previously reported, photodetectors have been studied by
using the classic bulk-heterojunction of P3HT:PCBM as the
active layer, but with only good response in the visible range
shorter than 650 nm."” Considering the wide and efficient light
absorption of 3DG from VIS to the microwave band, we thus
fabricated a hybrid device using both P3HT:PCBM and 3DG
as the active layer materials."' By spin-coating PSS: PEDOT
and P3HT:PCBM solution on ITO substrate sequentially, we
obtain the organic film for visible light detection, followed by
transferring 3DG film on organic layer to obtain the hybrid
device for wide range coverage. Figure 1b illustrates the
chemical structure of P3HT, PCBM, 3DG, and the
architecture of the hybrid photodetectors. The 3DG film was
prepared via a confined solvothermal reaction in a hydro-
thermal autoclave as shown in Supporting Information (SI),
Figure S1, and the process details are introduced in
experimental section.”® The SEM image displayed in SI,
Figure S2, indicates that the surface of the 3DG film has
wrinkles due to the collapse of the porous structure during the
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Figure 2. (a) Cross-sectional SEM image of the 3DG film/organic photodetector. (b) I-V response of the 3DG film/organic photodetector in the
dark and 520 nm laser illumination (16 mW cm™2). (c) Temporal photoresponse curves of the 3DG film/organic photodetector under 520 nm
illumination with different light intensities at —1 V. Working mechanism of the 3DG film/organic photodetector in the dark (d) and under visible
illumination (e). (f) Working mechanism of the PBHT:PCBM photodetector under visible illumination. (g) Power-dependent R and Ihoto under
520 nm laser illumination at —1 V for the 3DG film/organic photodetector and pure organic photodetector. (h) Photoresponse curve of the
photodetector under 520 nm light (10 nW cm™) at —1 V. (i) The response speed of the hybrid device under 520 nm illumination.

drying process, which is further confirmed by SEM images
shown in SI, Figure S3. The XRD (SI, Figure S4a), Raman
spectrum (SI, Figure S4b), infrared spectroscopy, and XPS
spectra (SI, Figure SS) data indicate that graphene oxide sheets
are partially reduced and cross-linked to produce a 3D
network, maintaining the single-layer structure and intrinsic
properties of graphene, which is consistent with our previous
report.’>*” The oxygen-containing functional groups left in
3DG films can act as defect sites to trap photocarriers,
enhancing the photoresponsivity of the hybrid device.* As
shown in Figure 1c, the 3DG film has broadband absorption
features in the ultraviolet—visible—infrared region with no
characteristic absorption peak, while the P3HT:PCBM
absorption is mainly in the visible region from 400 to 650
nm. The absorption of 3DG film/P3HT:PCBM is basically
equivalent to the sum of the absorption of these two layers.
Therefore, the hybrid active layer, consisting of 3DG and
P3HT:PCBM, exhibits a wide and efficient absorption from
Vis to IR range. As shown in Figure 1d, the hybrid
photodetector presents significantly higher external quantum
efficiency (EQE) than the normal P3HT:PCBM-based photo-
diode at a bias of —1 V in almost the entire visible—NIR
region.

Figure 2a is a cross-sectional colored SEM image of the
hybrid device corresponding to the schematic diagram of
Figure 1b, and the details of device fabrication is depicted in
the experimental section. The total thickness of hybrid device
is thus less than 250 nm, indicating the ultrathin property of
the hybrid device. Figure 2b displays linear current—voltage
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(I-V) curves of the 3DG film/organic photodetector both in
dark and under illumination of 520 nm laser at 16 mW cm™2,
which indicates that the 3DG film/organic photoconductor
exhibits the typical photoconductive characteristics. Under
light illumination, the response current reaches 500 A under a
bias of —1 V. For comparison, the organic photodetectors
based on P3HT:PCBM active layer without 3DG presented in
SI, Figure S6, shows nonlinear I-V curve with a rectifying ratio
of 410, indicating the photodiode characteristics. Moreover,
the responsivity of the device at different wavelength is
independent of negative bias (SI, Figure S6d), which is
consistent with the photodiode. Figure 2c illustrates the
current—time (I—t) curves under various light intensity,
showing a stable and repeatable photoresponse of the device.
Under visible light (520 nm) irradiation, the hybrid device
shows a sharp increase of current owing to the photocarrier
generation in active materials. Figure 2d,e present the bandgap
diagram and working mechanism of the 3DG film/organic
photodetector. As 3DG is a p-type semiconductor due to
functional groups at the edge of graphene with a high work
function of about 4.9 eV, it can work as hole transport
layer.*” ' PSS:PEDOT and 3DG can both work as a hole
transport layer, benefiting the hole transport in organic layers
and blocking the electron drift due to the barrier at the
interface of electrode and PCBM. Therefore, the hybrid device
shows a linear I-V curve in the dark. In the hybrid
photodetector, both organic active materials and 3DG
contribute to the photocurrent generation. Under visible
light irradiation, the excitons generated in organic materials are
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Figure 3. (a) Temporal photoresponse curves of the 3DG film/organic photodetector under 1000 nm illumination with different light intensities at
—1 V. (b) Power-dependent R and D* under 1000 nm laser illumination at —1 V for the 3DG film/organic photodetector and pure organic
photodetector. (c) The response speed of the device under 1000 nm illumination. Working mechanism of the 3DG film/organic photodetector in
the dark (d) and under infrared illumination (e). (f) Photoresponse curve of the photodetector under 10600 nm laser illumination (700 mW cm™2)

at a bias of —1 V.

separated at the interface between the donor and the acceptor
due to the built-in electric field to form free carriers, in which
photoelectrons transfer from P3HT to PCBM and are trapped
in PCBM. The trapped electrons cause n-doping PCBM, which
elevates the electron barrier between PCBM and 3DG after
Fermi level alignment. Therefore, it is easy to inject holes from
3DG to organic materials under bias due to the decreased
barrier thickness.*”>* Afterward, when excess holes are injected
under the induction of an external electric field, they begin to
recirculate during the lifetime of trapped electrons, forming an
enhanced photocurrent gain and photocurrent response
compared with the control device fabricated with
P3HT:PCBM (Figure 2e).”” For the P3HT:PCBM device,
the photoelectrons drift from P3HT to PCBM, which are
collected by the Al electrode, and holes drift to the opposite
direction (Figure 2f). In addition, 3DG can also generate
electron—hole pairs under light irradiation due to its
semiconductor properties, which has been reported in previous
research.”” The oxygen groups in 3DG can capture electrons to
slow down the carrier recombination, prolonging the lifetime
of photocarriers and enhancing the photocurrent gain, which is
an inevitable and common process in reduced graphene
oxide.* Moreover, the p-type 3DG can form a built-in electric
field with PCBM due to electron and hole diffusion at the
interface of 3DG and PCBM, which promotes the separation
of electron—hole pairs generated in 3DG and electrons trapped
in PCBM.

The responsivity (R) is a measure of the optical-to-electrical
conversion efficiency of a photodetector, which is defined as*?

I photo

P

I T Py

R = =
E, x A

(1)

where I, and I, are the current with illumination and in the
dark, and P, E,, and A are the incident light power, the laser
irradiance, and the effective illumination area, respectively.
Specific detectivity (D*) is a parameter of a photodetector to
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determine the minimum illumination light power, and it can be
defined as™

R\/AB
i (2

where A is the effective illumination area, B is the bandwidth,
and i, is the noise current. Assuming that the shot noise is the
main contributor to the noise, the formula 2 can be simplified
to the formula 3

D* =

RA!/?

D¥t= —
(2'eIdark)l/2

(3)

Here, e is the electron charge.

The responsivity of the hybrid photodetector increases
significantly with the decrease of incident light, and the
photocurrent shows a nonproportional decay (Figure 2g),
which is caused by the photocurrent gain in the 3DG film/
P3HT:PCBM hybrid system.’® In contrast, the photocurrent
of the P3BHT:PCBM only detector decreases proportionally
with the decrease of light intensity (SI, Figure S6b) because of
the photodiode characteristics. The responsivity of the hybrid
device can reach 5.8 X 10° A W', and the specific detectivity
can reach 3 X 10" Jones under the illumination by 520 nm
laser with 0.4 nW cm™ of irradiance at the bias voltage of —1
V (Figure 2g, and SI, Figure S7). Furthermore, the linear
dynamic range of the hybrid device can reach 117 dB under
520 nm laser illumination, corresponding to a dynamic range
of about 6-magnitude (SI, Figure S7c). The photocurrent gain
(G) can be calculated using the following formula®®

photo/ ¢ L

P/hv QE 4)
where P is the incident light power, hv is the energy per
photon, and QE is the quantum efliciency of charge carrier

generated per unit photon. Assuming a QE of 1, the maximum
value of the photocurrent gain is found to be as high as 1.4 X
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Figure 4. (a) Schematic of the flexible 3DG film/organic photodetector. (b) The optical photo of the bended flexible 3DG film/organic
photodetector. (c) I-V response of the rigid and flexible devices in the dark and 520 nm laser illumination (16 mW cm™). (d) Temporal
photoresponse curves of the rigid and flexible devices under 520 nm illumination. (e) Normalized photocurrent for flexible 3DG film/organic
photodetector as a function of cycle number of repeated bending to a radius of S mm. Inset is the optical image of the bended flexible hybrid
photodetector. (f) Photocurrent response curves of flexible devices at different bending cycles.

10° with 0.4 nW cm™? of irradiance. Under a weak irradiance of
10 nW cm™? and 1 nW cm ™2 at 0.5 Hz, the hybrid detector still
has high photocurrent response of 2.5 and 0.8 yA, respectively
(Figure 2h, and SI, Figure S8). Furthermore, the hybrid
detector exhibits a sharp response to incoming photons, and
the rise and decay time is found to be 24 and 114 ms,
respectively (Figure 2i). The longer decay time is mainly due
to the trapping of carriers in PCBM, which leads to prolonged
carrier life and slower photocurrent recovery but generate gains
and obtain higher responsivity. We also tested the photo-
electric response of the hybrid device to 450 and 635 nm laser
(S, Figure S7), and similar results were obtained. This
indicates that the hybrid photodetector has excellent
responsivity and specific detectivity in the visible light region.

As graphene has broad spectra absorption, long wavelength
beyond visible light can excite 3DG to generate photocarriers.
Here, we choose 1000 nm wavelength to irradiate the hybrid
device to test its performance in NIR region. Figure 3a
presents the photoelectric response of the hybrid photo-
detectors at 1000 nm, showing stable and reliable response and
recovery. In the NIR region (e.g., 1000 nm), the responsivity
of the hybrid device is 0.6 A W', with the incident power is
2.4 mW cm ™2, and the responsivity can reach 108 A W' under
weak light of 4 W cm™ with 4.7 X 10" Jones of D*. For
comparison, the responsivity of the P3HT:PCBM detector is 4
orders of magnitude lower than that of the hybrid detector
(Figure 3a,b, and SI, Figure S9). Therefore, photoresponse in
the infrared region mainly owes to the contribution of the 3DG
film, and the rise and fall time of the photoresponse of the
hybrid photodetector under 1000 nm laser illumination are
1.04 and 2.52 s, respectively (Figure 3c). As mentioned before,
under NIR light irradiation, photocarriers are only generated in
3DG due to its narrow bandgap and broad spectra absorption
in this region. Some of the photoelectrons are trapped by
functional groups in 3DG, slowing the photocarrier recombi-
nation and leading to high photocurrent gain. Moreover, 3DG
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is p-type semiconductor that can form built-in electric field
with PCBM after Fermi level alignment, which benefits the
hole—electron pairs separation and electrons are trapped by
PCBM. In the hybrid photodetector, the P3HT layer also
works as a hole conducting channel. Therefore, holes drift to
P3HT under bias while the photoelectrons are trapped in
PCBM due to its high electron affinity and captured by
functional groups in 3DG, which enhances the separation of
photocarriers and the responsivity in the NIR region (Figure
3d,e).”” To confirm this hypothesis, we prepare a hybrid device
without PCBM, which shows no response under NIR
irradiation because of few electron traps in 3DG, leading to
the recombination of holes and electrons in 3DG. Moreover,
the hybrid device without P3HT also shows much weaker
response to both visible and NIR light, as there is no hole
conducting channel in the device (SI, Figure S10). We also
extend the wavelength to MIR region (10.6 ym) with a light
intensity of 700 mW cm™2, and the results indicate the device
also demonstrates a clear and stable photoresponse (Figure 3f,
and SI, Figure S11). This remarkable photoresponse of the
hybrid device is owed to both the excellent broadband light
absorption of the 3DG film and the unique device structure. SI,
Table S1 comparing to the performance of graphene-based
infrared photodetectors, indicating that our device shows much
broader detection range and higher responsivity in the MIR
range.

The introduction of 3DG films has several advantages in the
3DG film/organic hybrid devices. First, as indicated above,
3DG is consisted of mass of amount single layered graphene
sheets, and thus it has broadband absorption features from
visible to MIR region to achieve the broadband light detection.
Second, 3DG films have a porous structure and a surface rich
in wrinkles, which can further improve the absorption of light
(S, Figure S12a). Third, 3DG films still retain some oxygen-
containing functional groups, which can act as defects to trap
the carriers, leading to a high gain and improved responsivity
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Figure 5. (a) Schematic diagram for the imaging system employing the photodetector as imaging pixel. The diagrams for imaging under 520 nm
(b) and 980 nm (c) laser illumination. The imaging results obtained from the imaging system at —1 V under 520 nm (16.8 4W cm™2) (d) and 980

nm (1.1 mW cm™) (e) laser illumination.

under IR irradiation. Furthermore, the graphene/organic
heterojunction structure is also conducive to the separation
of electron—hole pairs. Finally, the graphene sheets of the 3DG
film are cross-linked with each other instead of 7—x stacking,
which means some of the graphene sheets are in line of the
vertical direction. This should be beneficial for the transport of
carriers in the vertical direction between the two electrodes.
Thanks to all these combined factors all these together, our
3DG film/organic broadband hybrid photodetectors thus
could present the characteristics of high responsivity,
detectivity, broadband detection, and is also capable for the
detection of picowatt-level weak light.

Unlike the infrared photodetector based on 2D materials
that require sophisticated equipment, such as photolithography
and e-beam lithography,”® organic optoelectronic materials are
inherently solution processable and compatible with flexible
substrates. Hence, flexible hybrid photodetectors following the
same protocol were fabricated using polyethylene terephthalate
(PET) as the substrates with the device configuration of PET/
ITO/PSS: PEDOT/P3HT:PCBM/3DG film/Al and the
optoelectronic properties were investigated as shown in Figure
4. The transmittance of rigid (glass/ITO) and flexible (PET/
ITO) substrates at 520 nm is basically same (SI, Figure S12b).
The I-V curves of the rigid device and the flexible device are
shown in Figure 4c. As the resistivity of the substrate PET/
ITO is higher than that of the rigid one, the dark current of the
flexible device is slightly lower. Moreover, the response current
of the flexible device can maintain more than 90% of the rigid
device under 520 nm illumination as plotted in Figure 4d.
Electrical and mechanical stability in the bending condition is
important in the practical applications of the flexible devices,
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and the flexible device we prepared still has a stable
photoresponse under bending conditions (SI, Figure S13).
We also conducted a bending cycle test on the prepared
flexible hybrid photodetector with a bending radius of 5 mm.
After 100 bending cycles, the photocurrent of the test sample
can still maintain more than 80% of the initial response current
(Figure 4e,f).

To assess the practical application of the Vis—NIR—-MIR
photodetector, we carried out an imaging system for visible
and NIR light imaging (Figure S and SI, Figure S14). The
hollow mask of letters “N” and “K” are mounted on a 2D-
translation stage, which is placed between the laser and
photodetector, and the semiconductor device analyzer is used
to collect photocurrent. Here we use green light (520 nm) and
NIR (980 nm) as the laser light source. By moving the mask in
horizon and vertical direction with a step of 2 mm, light can
penetrate the hollow mask to irradiate the photodetector,
which shows a clear image. Therefore, the hybrid device has
great potential in bioimaging in the NIR region.

B CONCLUSION

In conclusion, we report the first design and demonstration of
flexible Vis—MIR photodetector by incorporating 3DG film in
OPD, which is capable of photodetection from visible to MIR
light with ultrahigh responsivity, broad spectra detection, high
detectivity, and low detection limit all together. Such wide
range has not reported before with such high photoresponse,
detectivity, and low detection limit. The remarkable perform-
ance of the hybrid device in the IR region is attributed to the
broad absorption of 3DG film and the unique device structure,
in which the acceptor and the functional groups in 3DG can

https://doi.org/10.1021/acsphotonics.1c01690
ACS Photonics 2022, 9, 59-67


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01690/suppl_file/ph1c01690_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01690/suppl_file/ph1c01690_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01690/suppl_file/ph1c01690_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01690?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01690?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01690?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01690?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

trap photogenerated carriers, thereby prolonging the life of
carriers and rendering a high gain and high responsivity. Thus,
the hybrid device exhibits a high responsivity of 108 A W™" in
the NIR region not seen before. In addition, the obtained
photoresponsivity can reach 5.8 X 10° A W' under 520 nm
laser illumination, and the device exhibits a good detection
capability for lowest picowatt-level weak light. The flexible
hybrid detectors can realize large-scale and cost-efficient
production with excellent performance and good mechanical
stability and opens up an alternative route for wearable
electronics.
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