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Abstract: High-performance infrared (IR) photodetectors made by low dimensional materials promise a wide range of applica-
tions in communication, security and biomedicine. Moreover, light-harvesting effects based on novel plasmonic materials and
their combinations with two-dimensional (2D) materials have raised tremendous interest in recent years, as they may poten-
tially help the device complement or surpass currently commercialized IR photodetectors. Graphene is a particularly attractive
plasmonic material because graphene plasmons are electrically tunable with a high degree of electromagnetic confinement in
the mid-infrared (mid-IR) to terahertz regime and the field concentration can be further enhanced by forming nanostructures.
Here, we report an efficient mid-IR room-temperature photodetector enhanced by plasmonic effect in graphene nanoresonat-
ors (GNRs)/graphene heterostructure. The plasmon polaritons in GNRs are size-dependent with strong field localization. Consider-
ing that the size and density of GNRs are controllable by chemical vapor deposition method, our work opens a cost-effective
and scalable pathway to fabricate efficient IR optoelectronic devices with wavelength tunability.
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graphene are also accompanied by its gapless nature; lead-
ing to the huge dark current and relatively low photorespon-
sivity('], Although the significant progress on photodetect-
ors using 2D materials (such as 2D transition metal dichalco-
genides, TMDCs) and their heterostructures have been
achieved in recent years'2 131, photodetection in mid-IR

1. Introduction

High-performance mid-infrared (mid-IR) photodetectors
are widely used in security and biomedical areas! 2. How-
ever, the commercialized infrared (IR) photodetectors are al-
ways operating with the cooling components with large

volume and high cost!3l. Two-dimensional (2D) materials pos-
sessing extraordinary optical and electrical properties have
emerged as promising candidates for highly efficient photode-
tection in the mid-IR frequency at room temperaturel-6l,
Among the huge libraries of 2D materials, graphene attrac-
ted considerable attention in the past few years because of
its unique electronic structures”. 8. The ultra-broadband
photo-electric effect arising from the uniform light absorp-
tion spanning the range from ultraviolet to terahertz, made it
to be the most appealing media for long-wavelength photo-
detectionl® 191, However, the unique electronic properties of
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range has been largely left behind due to the lack of suitable
photoresponsive media as well as enhancement regime. To
realise high-performance mid-IR photodetection, the mate-
rial needs not only a narrow bandgap and decent carrier mo-
bility but also desired photoabsorption at the mid-IR
rangel'. A few operation mechanisms such as photovoltaic,
photogating, thermoelectric and bolometric effects can con-
tribute to the photocurrent generation in IR photodetectors,
and usually two effects appear simultaneously® 15 161 |t is
noted that IR photodetectors based on thermoelectric and
bolometric effects have relatively slow response and low
photoresponsivity'”l. To improve the photoresponsivity and
gain of the detectors, the photogating effect is a widely used
way in 2D photoelectric devices. Although the local electric
field induced by the incident photo can modulate the con-
ductivity of the device then further improve the perform-
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ance of the detectors, the intrinsic low quantum efficiency
is still limited by the weak mid-IR light absorption!'8 191 Only
confining and capturing more mid-IR photons can essentially
enhance the quantum efficiency. This brings up the question
that how can we keep the property of broadband room tem-
perature detection at mid-IR without sacrificing the quantum
efficiency. The plasmonic media which can confine the elect-
romagnetic field at nanoscale then modulate the photonic
density of the state may effectively break the limitation in
mid-IR photodetection based on 2D materials(20-22],

Controlling light at the sub-wavelength scale plays a
pivotal role in a wide variety of areas ranging from physics
and photonics to biology!23-251. The sub-wavelength confine-
ment of light requires the confining materials to have a nega-
tive permittivity26l, For instance, the permittivity of noble
metals remains negative in the visible range because of the
large number of free electrons; thus, the collective oscilla-
tions of the electrons, referred to surface plasmons, can give
rise to strongly enhanced optical near-fields confined in
the metal?’). However, the loss associated with electron/
plasma scattering and interband transitions is unacceptably
largel?8 291 Graphene surface plasmon polaritons have the
potential to bypass major hurdles associated with plasmons
in metal nanostructures, such as the narrow spectral ranges
(mainly visible and near-IR frequencies), poor field confine-
ment at the mid-IR range and high optical losses inherent in
metalsB0-32, Moreover, the electromagnetic field can be
further concentrated by artificial nanostructures which will
act as Fabry-Perot (F-P) nanoresonators for graphene plas-
mons[33-351, However, their obvious damping channel during
nanostructure fabrication (fabrication losses) may limit the
development of graphene plasmon-based nanophotonic
and nano-optoelectronic devices. To date, highly localized
plasmonic modes in man-made nanostructures have been
investigated by near-field and far-field experiments34-37],
however, the low-loss as-grown nanoresonators and their po-
tentials for enhanced mid-IR photodetection have been
largely unexplored.

Here, we demonstrated graphene-based mid-IR photode-
tector enhanced by the plasmonic effect from another layer
of as-grown GNRs array. The array of GNRs was prepared by
quasi-equilibrium plasma-enhanced chemical vapor depos-
ition method, which is ultra-clean and size-controllable. We im-
aged the mid-IR “hot spot” in arrays by investigating the local-
ized modes of graphene plasmon in individual GNRs using
scattering-type scanning near-field optical microscopy (s-
SNOM) in real space. Our study will shed new light on the effi-
cient mid-IR light-harvesting device.

2. Experiment

2.1. Growth of GNRs and Fabrication of the device

GNRs were prepared by qe-PECVD. The details can refer
to the Ref. [38]. We control the size and density of GNRs by
the methane gas flow, the time and temperature of growth.
The GNRs were directly obtained on the SiO,/Si substrate.
The GNRs/graphene heterostructure was fabricated by pla-
cing the PMMA-supported CVD graphene on top of the GNRs
covered by thin layer h-BN. The devices were patterned by us-
ing the standard UV lithography. The electrodes are depos-
ited with electron-beam evaporation.

2.2. s-SNOM set up

The mid-IR imaging described in the main text was per-
formed using a commercial s-SNOM (Neaspec Company.
Bunsenstr. 5 D-82152 Martinsried [Munich] Germany www.
neaspec.com) equipped with a CO, laser (Access Laser Com-
pany. 917 134th St SW, Suite A1 Everett, WA 98204. www.ac-
cesslaser.com). The laser used here covers a wavelength
range of 10.8-11.3 um. The incident IR light is focused on the
Pt-coated high-frequency oscillating AFM tip, and the tap-
ping frequency and amplitude are approximately 270 kHz
and 50 nm, respectively. The backscattered light is recorded
via pseudo heterodyne detection, and the detected signal is
then demodulated at the 3rd harmonic of the tip vibration
frequency.

2.3. Simulation of graphene plasmons in GNRs

The numerical calculations were done in our work using
the finite boundary elements method (commercial Comsol
software). The graphene was defined as a two-dimensional
conducting layer with the conductivity. The conductivity of
graphene was modeled as random-phase approximationt33.,
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The g, yand t present the frequency, decay rate and tem-
perature. By slightly tuning the value of decay rate, we can ob-
tain the well agreement with the experiments.

3. Result and discussion

3.1. Graphene nano-disk characterizations

The graphene nano-disks were grown by the quasi-equili-
brium plasma-enhanced chemical vapor deposition (ge-
PECVD) system, which is illustrated in Fig. 1(a). The radio fre-
quency plasma generator introduces the methane plasma in-
to the quartz tube of the tubular furnace. The size and distribu-
tion of graphene nano-disks are highly controllable by tun-
ing the factor during the growth process. The details of
growth can be referred to as the former work[38l, After 6 min
growth at 0.13 torr and 635 °C, the graphene nano-disks
were directly obtained on the Si/SiO, substrate without fur-
ther transfer, which will effectively avoid pollution during the
transfer process. Considering of the fact that graphene nano-
disks for mid-IR field enhancement actually act as IR nanores-
onators, we will name our graphene nano-disks as GNRs here.
The atomic force microscopy image shows the atomically
clean surface of GNRs with different sizes. To quantitatively as-
sess the size distribution of GNRs, we select a random area of
1 um?2 which is imaged by AFM, as shown in Fig. 1(b). The
GNRs in the target area have a diameter range from 80 to
220 nm. The diameter of 60% of GNR is around 150 nm
(shown in Fig. 1(f)). The statistical distribution indicates the
good uniformity of nano-disks. The Raman spectrum of GNRs
is shown in Fig. 1(c), whereas the peak at 1350 and 1570 cm~!
are attributed to the characteristic vibration bands (D and G
band). Fig. 1(d) shows the high-resolution transmission elec-
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Fig. 1. (Color online) Characterization results of GNRs: AFM, HRTEM image and Raman spectrum, density and size distribution. (a) Representation
of growth process of GNRs. The GNRs were obtained on the SiO,/Si substrate by ge-PECVD. Upper image: Schematic illustration of the GNRs. (b)
Atomic force microscope (AFM) image of GNRs. (c) The Raman spectrum shows the characteristic band (D, G, 2D) of GNRs. (d) A HRTEM image of
GNRs. Scale bar: 100 nm. An enlarged HRTEM image. Scale bar: 20 nm. (e) The controlled density of GNRs, the AFM image indicate two different
densities. Scale bar: 200 nm. (f) Statistical distribution of the diameter of GNRs with Gaussian fits overlaid.

tron microscopy (HRTEM) image of GNR. By tuning the
growth time, growth temperature, and the power of the
plasma generator, we can control the density of the GNRs. At
the conditions of growth temperature T = 635 °C, growth
time t = 6 min, we can get the rough density of GNRs over
50 um-2. When increasing the temperature and growth time,
the density decreases below 30 um~2 (as shown in Fig. 1(e)).

3.2. IR “hot spot” in GNRs

Over the past decade, graphene plasmon has received con-
siderable attention for a wide range of applications espe-
cially in the technically important mid-IR to THz frequency
ranges, such as in molecular sensors, terahertz detectors, and
highly surface-enhanced Raman spectroscopy because of its
ultrahigh confinement, facile processability and tunability via
electric fields®. Among the various applications, surface plas-
mon “hot spots”, which refer to the areas at sub-wavelength
scale but with great local field enhancement caused by the
near-filed coupling, play an important role. So the extremely
high spatial resolution to resolve those “hot spots” is a pre-
requisite to study the plasmonic behavior of GNRs. Because
of its high spatial resolution and ability to operate in the mid-
IR range, s-SNOM is a powerful tool to image the real-space
propagation and confinement characteristics of graphene
plasmoni39,

Fig. 2(a) schematically illustrates the excitation of grap-
hene plasmon in GNRs under s-SNOM. IR light (10.8-11.3 um)
is focused onto the Pt-coated high-frequency oscillating tip
of an AFM. The tip also works as an optical antenna which
launches a wave vector stronger than that of the incident
light to match the excitation conditions of the graphene
plasmonB0% 311, The radius of curvature of the tip determines
the spatial resolution of s-SNOM (approximately 25 nm). The
polaritonic wave propagates in GNRs and is reflected by their
edge. The reflected wave, after returning to the tip, inter-
feres with the other local near-field signal, forming the period-

ic interference fringes. It should be noted that s-SNOM cap-
tures information from the local optical field underneath
the tip. The propagating plasmon wave redistributes the sur-
face near-field, and thus, we can extract the local intensities
of GNRs directly from the amplitude of the local electrical
field.

Fig. 2(b) shows the characteristic near-field amplitude
s(w) of GNRs at mid-IR. Several significant near-field features
of GNRs can be observed: a bright spot in the center of small
GNRs and a bright ring but a dark center in bigger GNRs. The
different features indicate the various circular breathing
modes in different GNRs3>. Fig. 2(c) shows the relationship
between the normalized amplitude at the center of GNR and
the diameter of GNRs. An almost linear dependence of amp-
litude on the diameter of GNRs is observed. By tuning the excit-
ation wavelength A, from 10.69 to 10.78 um, the two com-
pletely different breathing modes in the same GNR can be re-
cognized (marked by a dashed white circle). Fig. 2(d) shows
the line profiles of the normalized near-field amplitude s(w)
taken along the center span the circle in Fig. 2(b). Note that
the near-field amplitude s(w) is normalized to the SiO, sub-
strate for quantitative analysis because of the approximately
flat dispersion of SiO, in this frequency range. This result indic-
ates that the graphene plasmon modes in GNRs are also
closely related to the excitation wavelength.

For unravel the accurate relationship between the near-
field distribution and diameter of GNRs as well as excitation
wavelength. We simulated the excitation of surface plasmon
in GNRs, and the results are depicted in Figs. 2(e) and 2(f).
Here we present the simulated near-field distribution around
the GNRs at fixed dipole positions, the dipole is located
25 nm above the center of single GNR. For the fixed excita-
tion wavelength (as shown in Fig. 2(e)), the wavelength of
graphene plasmon is also fixed. Here we can see the clear pos-
itive and negative near-field contrast. The diameter of GNRs in-
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Fig. 2. (Color online) Schematics and mid-IR “hot-spot” of GNRs imaging with s-SNOM. (a) Simplified schematics of s-SNOM measurements: The
Pt-coated tip is illuminated by mid-IR light and interacts with GNRs to launch and detect a graphene plasmon and their localized F-P modes in
GNRs. (b) Near-field amplitude image of GNRs at A; = 10.69 and 10.78 um. The various “hot-spot” (localized graphene plasmon modes) in GNRs
and clear wavelength dependence of modes in single GNR. (c) The center normalized near-field amplitude s(w) shows strong dependence on the
diameter of GNRs. The experimental points are all taken from the s-SNOM imaging. (d) Line profiles of the near-field amplitude s(w) normalized
to the SiO, substrate. The experimental profiles are taken from (b) (that is, all of these profiles are taken along the same line as shown in (b), indic-
ating the graphene modes show strong dependence on excitation wavelength. (e) Calculated near-field distributions E, above the GNRs. The
strong enhanced near-field E, shows dependence on diameter of GNR at Ay = 11.2 um. (f) Calculated near-field distributions E, above the GNRs.
The strong enhanced near-field £, indicates strong dependence on wavelength of incident mid-IR light at fixed diameter of GNR (D= 100 nm).

fluences the near-field amplitude at the center and affects
the graphene plasmon interference in the F-P cavity, which is
GNR here. The longer excitation wavelength leads to less peri-
od of near-field distribution in GNRs with a fixed diameter (as
shown in Fig. 2(f)), which suggests a linear relationship
between Ay, and A, The simulated results generally agree
with our experimental observations (as shown in Figs. 2(b)
and 2(d)) and also are consistent with previous work[3, It is
noteworthy that for all the simulated results, the strong near-
field can still be found even above the GNRs 30 nm. This envi-
sions the huge potential of GNRs for enhanced mid-IR light-
matter interaction.

3.3. Room temperature mid-IR photodetector based on

GNRs/graphene heterostructure

Considering the potential for enhanced light-matter inter-
action of GNRs, we combine the GNRs with pure monolayer
graphene to fabricate GNRs/graphene vertical heterostruc-
ture for mid-IR photodetectors. Fig. 3(a) shows the optical im-
age of the individual device in which the interdigitated an-
tenna electrodes can efficiently help to capture more mid-IR
light. As shown in Fig. 3(b), the schematic illustration of mid-
IR photodetector based on GNRs/graphene heterostructure
device are presented. The device structure comprises Ti/Au
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Fig. 3. (Color online) Room temperature mid-IR photodetector based on GNRs/graphene heterostructure. (a) Optical image of heterostructure
mid-IR photodetector with efficient interdigitated antenna electrodes, Scale bar: 50 um. (b) Schematic illustration of the mid-IR photodetector.
All electrical measurement is conducted under 11.2 um light illumination. (c) Dependence of photocurrent on source—drain voltage (Vsp) and (d)
time-dependent photocurrent response (Vsp = 1V, V = 0 V) for pure graphene photodetector (black), GNRs/G heterostructure photodetector
with different GNRs density. Large D: large density > 40 GNRs/um?2. Low D: low density < 20 GNRs/um?2. Scale bar: 300 nm. Inset: AFM image of dif-
ferent GNRs density. GNRs/G: GNRs/graphene. (e) Photocurrent as the function of Vsp with different incident power and (f) time-dependent photo-
current response for GNRs/G heterostructure photodetector with large GNRs density (Vsp =1V, Vg=0V).

(10 nm/100 nm) electrodes, GNRs, hexagonal boron nitride
(h-BN), and monolayer graphene. A thin layer of h-BN (thick-
ness: 2 nm) is sandwiched between graphene and GNRs as a
dielectric layer and plays an important role to prevent non-
equilibrium carriers from transferring between materials.

Fig. 3(c) plots the characteristic curves of photocurrent
(Ioh = hight = laar) versus bias voltage (Vsp) for pure graphene
photodetector (black), GNRs/graphene heterostructure photo-
detector with different GNRs density. All the measurements
were performed at room temperature. When IR light focused
to a beam spot with a diameter of 1 cm is irradiated to the sur-
face of the heterostructure, the electron-hole pairs are gener-
ated immediately in graphene film and collected by elec-
trodes driven by an external electrical field. It is notable that
the photocurrent in GNRs/graphene hybrid devices is much
larger than that in pure graphene photodetector. Interest-
ingly, the larger the density of GNRs in the heterostructure,

the higher the photocurrent in the device. We conclude that
graphene in this heterostructure absorbs more mid-IR light
than pure graphene and more GNRs could help to localize
more IR photons, thus increasing the absorption capacity in
graphene. The inset of Fig. 3(c) shows the representative
AFM image of GNRs with different densities. Fig. 3(d) shows
the photocurrent changes periodically when switching on
and off the incident laser at 10.6 um and the photoresponse
time is relatively long considering general thermal effect in
IR radiation. For GNRs/graphene heterostructure photode-
tector with large GNRs density, the photocurrent as a func-
tion of V4 at different incident powers and time-dependent
photocurrent response are shown in Figs. 3(e) and 3(f). The
photocurrent increases almost linearly while Vsp increases.
It is worth pointing out that the photo response remains
identical after several tens of switching cycles. The key
figure-of-merit parameters of the device, responsivity (R), is
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given by R = Iphotocurrent/PopticaIr where Pggtical is the illumi-
nation power in the work area of the device. When the in-
cident power is 0.17 W, the responsivity of GNRs/graphene
heterostructure photodetector is 1.73 A/W at Vip = 1V,
which is hundreds of time higher than that of pure graphene.

4. Conclusion

Our work investigated the plasmonic properties of as-
grown graphene nano-disk GNRs and explored the mid-IR
photodetection properties of GNRs/graphene heterostruc-
ture. By using IR nano-imaging techniques, we found that
near-field confinement in GNRs shows a strong dependence
on diameter and excitation wavelength. The performance of
graphene mid-IR photodetector can be enhanced by incor-
porating GNRs to enhance the light absorption, and it can be
further modulated by controlling the density of GNRs. Not-
ably, our work envisions the huge potential of as-grown nano-
structured graphene for photonic applications, which cover a
broad range in the technologically important IR bands.
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