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A stretchable crumpled graphene photodetector
with plasmonically enhanced photoresponsivity†
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Graphene has been widely explored for flexible, high-performance photodetectors due to its exceptional

mechanical strength, broadband absorption, and high carrier mobility. However, the low stretchability and

limited photoabsorption of graphene have restricted its applications in flexible and highly sensitive photo-

detection systems. Various hybrid systems based on photonic or plasmonic nanostructures have been

introduced to improve the limited photoresponsivity of graphene photodetectors. In most cases, the

hybrid systems succeeded in the enhancement of photoresponsivity, but showed limited mechanical

stretchability. Here, we demonstrate a stretchable photodetector based on a crumpled graphene–gold

nanoparticle (AuNP) hybrid structure with ∼1200% enhanced photoresponsivity, compared to a conven-

tional flat graphene-only photodetector, and exceptional mechanical stretchability up to a 200% tensile

strain. We achieve plasmonically enhanced photoresponsivity by integrating AuNPs with graphene. By

crumpling the hybrid structure, we realize mechanical stretchability and further enhancement of the

optical absorption by densification. We also demonstrate that our highly stretchable photodetector with

enhanced photoresponsivity can be integrated on a contact lens and a spring structure. We believe that

our stretchable, high performance graphene photodetector can find broad applications for conformable

and flexible optical sensors and dynamic mechanical strain sensors.

Introduction

Recently, flexible optoelectronic devices have been actively
developed for diverse applications, including sensing in bio-
logical systems,1–3 wearable optoelectronic devices,4 and flex-
ible integrated photonics.5,6 As one of the key components in
optoelectronic devices, a highly flexible photodetector with
high photoresponsivity has been specifically desired for
advanced applications such as human health monitoring
devices2,3,7 and wearable electronics.1,2,4 Graphene, a single
layer of hexagonally bonded carbon atoms,8 has been con-
sidered an attractive optical/optoelectronic material for
flexible photodetectors because of its outstanding mechanical
strength,9,10 broadband absorption from ultraviolet to tera-
hertz frequencies,11–13 and high carrier mobility.14,15 Despite
its exceptional mechanical, optical, and electrical properties,
graphene-based photodetectors have been hardly applied to
flexible and stretchable optoelectronic devices for two primary

reasons: graphene shows only limited stretchability – specifi-
cally, ∼6% for the chemical vapour deposition (CVD) syn-
thesized polycrystalline graphene16 and 25% for the mechani-
cally exfoliated graphene9 without structural failure; addition-
ally, the low light absorption of a single layer graphene
(∼2.3%),17,18 attributed to its atomically thin structure, pres-
ents another challenge in developing flexible graphene-based
photodetectors.

The limited mechanical stretchability of graphene can be
improved by creating an elastically buckle-delaminated struc-
ture of graphene (i.e., graphene crumples19–21). The crumpled
graphene was fabricated by delamination-buckling of gra-
phene on a polymer substrate as applied tensile strain is
released from the polymer substrate.21,22 The crumpled gra-
phene allowed high stretchability and increased optical
absorption, led by the enhanced areal density of graphene.
Although the crumpled graphene has shown high stretchabil-
ity, up to 200% tensile strain, the photoresponsivity of the
crumpled graphene photodetector remained limited.

Various approaches to integrating graphene with photonic
nanostructures13,23–31 or with other photonic materials (e.g.,
quantum dots,32–34 nanowires35–37 and transition metal dichalco-
genide monolayers38) have been explored for enhanced
photoresponsivity. Even though the integration enabled high
photoresponsivity, most graphene-based photodetectors with
the hybrid approaches still have limited stretchability.13,23–27,31
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Recently, Chiang et al.32 reported a stretchable photodetector
based on the hybrid structure of graphene and graphene
quantum dots with high photoresponsivity. However, their
photodetector has a limited stretchability – only up to 25%.
Furthermore, mechanical robustness was demonstrated only
up to 30 cycles of mechanical stretching.

Integrating plasmonic nanostructures with graphene
demonstrated the possibility of effectively enhancing optical
absorption by a strong field enhancement.29–31 Liu et al.31

reported a photodetector with the AuNP array on graphene
which exhibited 1500% higher photoresponsivity compared to
that without the AuNP array. The photoresponsivity was plas-
monically enhanced by the excited surface plasmons confined
in the plasmonic nanostructure. In addition, in our recent
studies,39 we demonstrated the plasmonically enhanced surface
enhanced Raman spectroscopy by crumpling the graphene–
AuNP hybrid structure using a heat shrinkable polymer.

Here, we present a photodetector based on crumpled gra-
phene integrated with AuNPs, which shows enhanced mechan-
ical stretchability and photoresponsivity (Fig. 1a). To achieve
high stretchability, the crumpled graphene–AuNP hybrid struc-
ture was formed by buckle-delamination of the hybrid film using
an elastomeric substrate. Crumpling also enables the enhanced
photoresponsivity, which is led by optical absorption enhance-
ment, by the areal densification of graphene21 and consequently,
the number density increase of AuNPs. AuNPs themselves are

plasmonic nanostructures, and the increased number of AuNPs
per projected unit area further enhances the plasmonic enhance-
ment of optical absorption.39–41 As a result, our photodetector
shows not only over an order-of-magnitude higher enhancement
(∼1200%) of photoresponse compared to a flat graphene photo-
detector, but also outstanding mechanical stretchability up to
200%, together with the strain-tunable photoresponsivity.
Finally, we demonstrate the potential of our stretchable photo-
detector with plasmonically enhanced photoresponsivity for
various applications – for example, biomedical optical
sensors41,42 and dynamic mechanical strain sensors.43

Results and discussion

To achieve crumpled hybrid structures, we first fabricate gra-
phene–AuNP hybrid structures by using the approach pre-
viously demonstrated.39 Briefly, we deposited a 3 nm thick
gold thin film on the CVD-grown graphene, and thermally
annealed the graphene–Au composite film to fabricate the gra-
phene–AuNP hybrid film (see the ESI† for more details). Then,
the hybrid film was transferred on a biaxially pre-strained very
high bond (VHB) film (εx,pre,1 = 350% and εy,pre,1 = 250%)
(Fig. 1b). The VHB substrate allowed our highly stretchable
photodetector with stretchability up to a 200% tensile strain
compared to a polydimethylsiloxane (PDMS) substrate with

Fig. 1 Schematic illustrations of a stretchable photodetector with crumpled graphene–gold nanoparticle (AuNP) hybrid structure and its fabrication
procedures, and photographs of the fabricated photodetector device array. (a) Schematic illustration of the stretchable photodetector with the
crumpled graphene–AuNP hybrid structures (left). As uniaxial tensile strain is applied, the crumpled hybrid structure is uncrumpled (right).
(b) Fabrication procedure of the crumpled hybrid photodetector. The graphene–AuNP hybrid film is transferred onto a biaxially pre-strained
highly stretchable polymer substrate (εx,pre,1 and εy,pre,1), followed by a sequential release that leads to the crumpled hybrid structure. Gold metal
contacts are thermally deposited on the biaxially pre-stretched crumpled hybrid film on the stretchable substrate (εx,pre,2 and εy,pre,2). Sequential
release of the pre-stretching results in the stretchable hybrid photodetector. (c) Photographs of the fabricated stretchable hybrid photodetector
array (an array of 3 × 3 photodetector devices, scale bars = 3 mm). The crumpled hybrid photodetectors were fabricated with pre-strains of εx,pre,1 =
350% and εy,pre,1 = 250%. The photographs on the left and the right sides show the array device at εtensile,x = 0% and 200% respectively.
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stretchability up to 40%.44 A sequential release of the pre-
strained VHB film yielded deterministically formed crum-
pled structures through buckle-delamination of the hybrid
film. Then, gold contacts were deposited at both ends of a re-
stretched (εx,pre,2 and εy,pre,2) crumpled hybrid structure for
photoresponse characterization. The fabrication of a photo-
detector device was completed by releasing the whole struc-
ture. Fig. 1c shows a photo of a fabricated photodetector array
device.

We performed detailed material characterization of
crumpled hybrid structures with scanning electron microscopy
(SEM), Raman spectroscopy, and ultraviolet-visible (UV-Vis)
spectroscopy. First, we conducted SEM imaging to investigate
the morphology of AuNPs on graphene and the topography of
the crumpled hybrid structures (Fig. 2a–c). In the SEM image
prior to crumpling (Fig. 2a), AuNPs were observed to be highly
dense and monodispersed. The average diameter and gap-
distance between adjacent AuNPs were estimated to be 67.0 ±
2.82 nm and 36.5 nm respectively (see the ESI† for more
details). Fig. 2b shows the SEM image of the crumpled
hybrid structure fabricated with prestrains of εx,pre,1 = 350%

and εy,pre,1 = 250%. The crumpled hybrid structures were
highly ordered, and the crumple wavelength in the x-direction
was determined to be ∼280 nm through SEM image analysis,
which is close to ∼300 nm predicted by an analytical
model9,22,45 (see the ESI† for more details). Fig. 2c shows the
SEM image of the crumpled hybrid structure obtained with
uniaxial stretching in the x-direction by a 200% stretching
strain after one hundred cycles of re-stretching (εtensile,x =
200%) and relaxation. The dominantly induced crumples were
uncrumpled, whereas crumples in the other direction were
formed due to Poisson’s effect. We also confirmed robust
structural integrity between graphene and AuNPs with respect
to the cyclic stretching strains.

We further carried out Raman spectroscopy of the crumpled
hybrid structures at varying uniaxial tensile strains between
0% and 200% (Fig. 2d). Crumpled graphene exhibited three
characteristic bands at 1350 cm−1, 1580 cm−1, and 2690 cm−1

(D, G, and 2D, respectively). The relatively small intensity of
the D peak indicated that no significant defects were present
in the crumpled hybrid structure. Furthermore, the crumpled
graphene–AuNP hybrid structures showed consistently small D

Fig. 2 Material characterization of crumpled graphene–AuNP hybrid structures. SEM images of a flat hybrid structure (a) and the crumpled hybrid
structure at re-stretching strains, εtensile,x = 0% (b) and 200% (c). The crumpled hybrid structures were fabricated with pre-strains of εx,pre,1 = 350%,
εy,pre,1 = 250%. (d) Raman spectra of the crumpled hybrid structure on a VHB substrate at varying uniaxial tensile strains (εtensile,x = 0%, 100%, 200%),
a flat graphene on a VHB substrate, and a bare VHB film. (e) Optical extinction at λlight = 532 nm of the crumpled hybrid structure on a VHB substrate,
and the crumpled graphene on a VHB substrate at varying uniaxial tensile strains (εtensile,x = 0%, 100%, 200%), and flat graphene on VHB substrate. All
scale bars are 1 μm.
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peak intensities at varying tensile strains between 0% and
200%, similar to that of the crumpled graphene. These results
imply negligible defects in the crumpled hybrid structures and
mechanical robustness of the structure in re-stretching strains
up to εtensile,x = 200%.

We performed UV-Vis spectroscopy to investigate the strain
tunability and enhancement of photoabsorption (Fig. 2e and S1
in the ESI†). We also quantitatively characterized the mechan-
ical integrity of the crumpled hybrid structure by UV-Vis spec-
troscopy with respect to one thousand cycles of varying tensile
strains between 0% and 200% (Fig. S2 in the ESI†). The wave-
length λlight = 532 nm was selected in Fig. 2e because it is widely
used in biosensing applications.46 In addition, we observed a
relatively large optical extinction difference between εtensile,x =
0% and 200% at the wavelength where a large tunability of
photoresponse was achievable (Fig. S1 in the ESI†).

To investigate strain-tunable photoabsorption, we com-
pared the optical extinction of crumpled hybrid structures at
εtensile,x = 0% and 200%. Re-stretching from εtensile,x = 0% to
εtensile,x = 200% results in the areal density decrease of gra-
phene, and simultaneously, the number density decrease of
AuNPs. The relationship between re-stretching and photo-
absorption change can be explained analytically. The number
density (ρN,0) of AuNPs in a flat graphene–AuNP hybrid struc-
ture was estimated to be 123 ± 13 particles per μm2 (see Fig. S3
and S4 in the ESI†). The number density of AuNPs in the
crumpled graphene–AuNP hybrid structure was estimated with
the theoretical ratio (dc)

47 of the crumpled surface area to its
projected flat area and with consideration of Poisson’s effect.
With calculated dc values and experimentally measured
Poisson’s ratio, vVHB = 0.2, the number density of AuNPs is esti-
mated to be ≈640 particles per μm2 at εtensile,x = 0% and ≈505
particles per μm2 at εtensile,x = 200% (see the ESI† for more
details). The calculated AuNP number density at εtensile,x = 200%
is reduced by 21.5% from that at εtensile,x = 0%. The
calculated number density reduction is close to measured
optical extinction reduction of ∼14% (86.9% → 75.1%).
Furthermore, the crumpled hybrid structure showed consistent
optical extinction at varying tensile strains in the UV-Vis
measurements in one thousand cycles of uniaxial stretching–
relaxation (Fig. S2 in the ESI†), and such results demonstrated
robust tunability.

To further investigate the photoabsorption enhancement of
the hybrid structure, we compared the optical extinction of
crumpled hybrid structures with that of crumpled graphene
and flat graphene. First, the optical extinction of the crum-
pled graphene at εtensile,x = 0% was 10.2 times larger than
that of flat graphene. The areal density increase of crumpled
graphene yields higher light absorption. Second, the
optical extinction of crumpled hybrid structures at εtensile,x =
0% was 2.52 times larger than that of the crumpled graphene
at εtensile,x = 0%. The photoabsorption enhancement of the
crumpled hybrid structure is attributable to the two mecha-
nisms of plasmonic enhancement by AuNPs:31 (1) localized
surface plasmons of AuNPs enhance local electromagnetic
fields in AuNPs, and (2) the plasmonic energy absorbed in one

nanoparticle decays radiatively and interacts with other neigh-
bouring nanoparticles.48

To show plasmonically enhanced, strain-tunable photo-
response together with mechanical stretchability, we fabricated
and characterized a photodetector based on the crumpled
hybrid structure. We performed dynamic photocurrent
measurements to characterize the photoresponse of the
crumpled hybrid photodetector to 532 nm laser light. A
532 nm wavelength laser beam was focused at the junction of
the photoconductive channel made of the crumpled hybrid
structure and the gold electrode to measure the maximum
photocurrent.21,31 The laser was turned on and off every
15 seconds for three cycles. For comparison, a crumpled
graphene photodetector and a flat graphene photodetector
were fabricated with similar device dimensions, including
channel length and width. The dynamic photoresponses of the
crumpled graphene photodetector and the flat graphene
photodetector were characterized similarly as the crumpled
hybrid photodetector. The measured photocurrents were
normalized with the maximum photocurrent value of the
crumpled hybrid photodetector at εtensile,x = 0% (Fig. 3a).

With consideration of the characterization of optical extinc-
tion, we compared the photoresponse of our hybrid photo-
detector with a flat graphene photodetector and a crumpled
graphene photodetector. The measured photocurrent of the
crumpled hybrid photodetector was 1570% and 110% larger
than that of the flat graphene photodetector and the crumpled
graphene photodetector, respectively (Fig. 3b). The photo-
responsivity (Rph = Iph/Pin) of the crumpled hybrid photo-
detector was estimated to be 0.044 mA W−1 (see Table S1 in
the ESI†), which was ∼2.3 times larger than that of a crumpled
graphene photodetector and ∼12 times larger than the flat gra-
phene photodetector’s photoresponsivity. The optical extinc-
tion enhancement factor due to crumpling, σext,crumpled/σext,flat
= 34.4%/3.37% ≈ 10.2 (Fig. 2e), attributable to the areal
density increase, was close to the photoresponse enhance-
ment, Iph,crumpled/Iph,flat = 0.47/0.06 ≈ 7.83 (Fig. 3b and
Table S2 in the ESI†). Furthermore, the optical extinction
enhancement factor due to AuNPs, σext,hybrid/σext,crumpled =
86.9%/34.4% ≈ 2.53 (Fig. 2e), attributable to plasmonic
enhancement, was also well-matched with the photoresponse
enhancement, Iph,hybrid/Iph,crumpled = 1/0.47 ≈ 2.13 (Fig. 3b and
Table S2 in the ESI†). This consistency in values indicates that
enhanced photoabsorption led to the enhancement of photo-
responsivity. The small difference between the enhancement
factor and photoresponsivity ratio is attributable to the scatter-
ing of photoexcited carriers in the crumpled plasmonic hybrid
structures.

Furthermore, we examined the tunability of the photo-
response of the crumpled hybrid photodetector by applying
tensile strains. The measured photocurrent at εtensile,x = 0%
showed ∼20% larger photocurrent compared to that at εtensile,x =
200% (Fig. 3b). The tunable extent of photoresponse was closely
matched to that of optical extinction (15%). The strain-tunable
photoresponse was consistent in multiple cycles of stretching
and release (Fig. 3c). In addition, the mechanical robustness of
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the crumpled hybrid photodetector was tested with respect to
one thousand cycles of cyclic stretching (Fig. S5 in the ESI†).
Photocurrents measured at εtensile,x = 100% were consistent

throughout one thousand cycles of cyclic stretching. Such
results demonstrated the mechanical robustness of the strain-
tunable photoresponse of our hybrid photodetector.

Moreover, we measured the resistance change of our
crumpled hybrid photodetector with multiple cycles of tensile
strains between 0% and 200%. The resistance (R) of our
crumpled hybrid photodetector without light illumination was
larger by a factor of 20–30, compared to the photoresistance
(Rp = Vbias/Iph), the resistance of our crumpled hybrid photo-
detector with light illumination. The increase in R showed a
dissimilar trend from εtensile = 0% to εtensile = 200% (ΔR/R0/ε ≈
0.2), compared to the change in Rp (ΔRp/Rp,0/ε ≈ 0.09) (Fig. S6a
in the ESI†). The disparate trend indicates that tunable photo-
absorption enabled by uncrumpling of the crumpled hybrid
structures and the photoinduced effect in our crumpled
hybrid structures have dominant effects on the modulated
photoresponse over stretching. Moreover, the change in
the measured photocurrent, Iph − Ibias, normalized by the
photocurrent measured at εx,tensile = 0% (I0) with respect to
ε (Fig. S6b in the ESI†) showed a similar trend to that in
Fig. 3c.

Finally, we demonstrated the potential use of our stretch-
able photodetector as a flexible and conformal optical sensor.
We showed that our hybrid photodetector can be conformably
integrated on the curved surface of a contact lens which
applied bending strains to our hybrid photodetector device
(Fig. 4a). The dynamic photocurrent was measured with
respect to three on–off cycles of 532 nm laser light. The
measured photocurrent exhibited a high signal-to-noise ratio
through the cyclic switching of light (Fig. 4b and ESI Movie
S1†). Such results demonstrated strain-tolerant photosensing,
especially with respect to bending strains. This demonstration
shows that our hybrid photodetector with enhanced photo-
responsivity and high flexibility has the potential for wearable
optical sensors and broad applications of human health
monitoring.

Moreover, we showed a dynamic mechanical strain sensing
by using the stain-tunable photoresponse and high stretchabil-
ity. Our hybrid photodetector was integrated onto a spring
(Fig. 4c). Photocurrents were measured with respect to cyclic
on–off of 532 nm laser light at varying tensile strains between
0% and 200% applied to the spring (Fig. 4d). While stretching
the spring, the measured photocurrent was decreased as the
photoresponse of the crumpled hybrid photodetector was
reduced at increased tensile strains. The reduction of the
measured photocurrent was consistent with our earlier photo-
response characterization results (Fig. 3c). Our hybrid photo-
detector has the potential to be applicable to the suspension
spring for an automotive vehicle when it is integrated with a
light emitting diode, and the integrated system can monitor
the strain variance from shock loads more efficiently. In
addition, a photodetector with a large strain sensing capability
is applicable to structural health monitoring for monitoring
mechanical deformation of structures such as large damage
and crack propagation in structures.43 Our hybrid photo-
detector with stretchability up to 200% can be developed for

Fig. 3 Photoresponse characterization of a stretchable hybrid photo-
detector with crumpled graphene–AuNP hybrid structure. (a) Dynamic
photoresponse at λlight = 532 nm of the crumpled hybrid photodetector
and a crumpled graphene photodetector at varying uniaxial tensile
strains between 0% and 200%, and that of a flat graphene photo-
detector. All measured photocurrents were normalized with the photo-
current of the crumpled hybrid photodetector measured at εtensile,x =
0%, denoted by I0. (b) Comparison of the normalized photocurrents,
Iph/I0, of the crumpled hybrid photodetector, and the crumpled gra-
phene photodetector at the varying uniaxial tensile strains, and that of
the flat graphene device. (c) Photocurrent measurements of the
crumpled hybrid photodetector with multiple cycles of uniaxial tensile
strains between 0% and 200%.
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detecting crack propagation with integration of a flexible light
emitting diode and a wireless signal transmitting system.

Conclusions

In conclusion, we have demonstrated a novel approach to com-
bining plasmonic enhancement with the crumpling of gra-
phene for enhanced photoabsorption, and consequently,
achieved the enhanced photoresponse of the crumpled hybrid
photodetector. The highly enhanced and localized electrical
fields induced around AuNPs and the areal density increase in
graphene realized such an enhancement. Based on combined
photoabsorption improvements, we have created the crumpled
hybrid photodetector with ∼12 times enhanced photoresponse
versus the flat graphene photodetector. Moreover, the
crumpled hybrid structure enabled outstanding mechanical
stretchability up to 200%. We demonstrated the potential of
our hybrid photodetector for applications such as an inte-
grated optical sensor on a contact lens and a dynamic mechan-
ical strain sensor. Integrating our high-performance stretch-
able photodetector has future potential for flexible integrated

photonic devices and integrated wearable optical sensing
devices.

Experimental methods
Material characterization

A scanning electron microscope (SEM) (S-4800, Hitachi, Japan)
was used to qualitatively characterize the structure. A Raman
spectrometer (Renishaw, UK) with a 633 nm laser was utilized
to confirm the quality of the crumpled graphene at varying
uniaxial strains between 0% and 200%. In Fig. 2d, the Raman
spectral intensity of crumpled graphene without AuNPs was
multiplied by five times. The Raman spectral intensity of the
crumpled hybrid structures was much more intense due to the
electromagnetic amplification of the Raman signal intensity
by the plasmonic effect of the AuNPs.39,49 The small peaks in
the spectrum of crumpled graphene between ∼2900 cm−1 and
3000 cm−1 were attributed to a VHB substrate. Ultraviolet-
visible spectroscopy (Varian Cary 5G, US) was utilized to inves-
tigate the photoabsorption of the crumpled hybrid structure,
crumpled graphene, and flat graphene. First, the transmit-
tance values (T ) of the crumpled hybrid structure, crumpled

Fig. 4 Conformability and high stretchability of a hybrid photodetector with crumpled graphene–AuNP hybrid structures. (a) Schematic illustration
of a stretchable hybrid photodetector integrated on a contact lens. (b) Dynamic photoresponse of the stretchable hybrid photodetector on a
contact lens. Inset photographs show photoresponse measurements with the integrated hybrid photodetector at the illumination of a 532 nm laser
light which is turned on (left) and off (right) (scale bar = 1 cm). (c) Photographs of a stretchable hybrid photodetector integrated on a spring for the
demonstration of a dynamic mechanical strain sensing. Inset photograph shows the integrated photodetector at εtensile,x = 0% (scale bars = 1 cm). (d)
Measured photoresponse of the integrated hybrid photodetector at varying uniaxial tensile strains between 0% and 200%. Measured photocurrents
were normalized by the photocurrent of the integrated hybrid photodetector measured at εtensile,x = 0% (I0). Inset figure shows dynamic photo-
response of the integrated hybrid photodetector at εtensile,x = 0% and 200%.
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graphene on VHB substrates under uniaxial tensile strains
(0%–200%), and flat graphene on a VHB substrate were
measured over a broad range of wavelengths (350 nm–

800 nm). Then, the transmittance values (T0) of bare VHB sub-
strates over wavelengths (350 nm–800 nm) were obtained for
background subtraction. The transmittance values were con-
verted into extinction, which accounts for absorption and scat-
tering, by calculating 1 − T/T0.

Device characterization

To characterize the photodetectors, the photocurrent of the
device generated by the incident beam from a diode laser of
532 nm wavelength (power ∼3 mW through a 5× objective
lens) (CPS532, Thorlabs, NJ) was measured by using a source-
meter (Keithley 2614B, OR) and microprobe station. To main-
tain a consistent power and illumination position, the laser
power and beam focus/alignment were calibrated through a 5×
objective lens with a photodiode power sensor (S120C and
PM100USB, Thorlabs, NJ). The bias voltage of 15 μV was
applied for the electrical potential through the gold electrodes,
which is required to induce the current.
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