
In situ photoelectric biosensing based on
ultranarrowband near-infrared plasmonic
hot electron photodetection
Xianghong Nan,a,† Wenduo Lai,a,† Jie Peng,b Haiquan Wang,a Bojun Chen,a Huifan He,a Zekang Mo,a Zikun Xia,a

Ning Tan,a Zhong Liu,c Long Wen,a,* Dan Gao,b and Qin Chen a,*
aJinan University, College of Physics & Optoelectronic Engineering, Institute of Nanophotonics, Guangdong Provincial Key Laboratory of
Nanophotonic Manipulation, Guangzhou, China

bTsinghua University, Shenzhen International Graduate School, State Key Laboratory of Chemical Oncogenomics, Shenzhen, China
cJinan University, College of Life Science and Technology, Guangzhou, China

Abstract. Narrowband photodetection is an important measurement technique for material analysis and
sensing, for example, nondispersive infrared sensing technique. Both photoactive material engineering
and nanophotonic filtering schemes have been explored to realize wavelength-selective photodetection,
while most devices have a responsive bandwidth larger than 2% of the operating wavelength, limiting
sensing performance. Near-infrared photodetection with a bandwidth of less than 0.2% of the operating
wavelength was demonstrated experimentally in Au/Si Schottky nanojunctions. A minimum linewidth of
photoelectric response down to 2.6 nm was obtained at a wavelength of 1550 nm by carefully tailing
the absorptive and radiative loss in the nanostructures. Multiple functions were achieved on chip with the
corrugated Au film, including narrowband resonance, light harvesting for sensing and photodetection, and
electrodes for hot electron emission. Benefiting from such a unity integration with in situ photoelectric
conversion of the optical sensing signal and the ultranarrowband resonance, self-contained on-chip
biosensing via simple intensity interrogation was demonstrated with a limit of detection down to 0.0047%
in concentration for glucose solution and 150 ng∕mL for rabbit IgG. Promising potential of this technique
is expected for the applications in on-site sensing, spectroscopy, spectral imaging, etc.
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1 Introduction
Wavelength-selective photodetection has been widely applied in
nondispersive infrared sensing, biofluorescent imaging, spectral
imaging, optics communication, surveillance, and machine
vision,1–5 where only a small spectral range of light around a
central wavelength (λ0) needs to be detected while the remainder
should be excluded. In general, photodetectors (PDs) are
broadband with a photoresponsive bandwidth determined by

the onset (λon) and the switch-off (λoff) wavelengths associated
with material properties. Narrowband photodetection is usually
realized by two types of approaches. (1) Engineering photo-
active materials and detector structures for independent con-
trol over λon and λoff , such as dye blending,6 charge collection
narrowing,7,8 carrier trapping,9 self-trapped state,10 depletion region
engineering,11 and gate transmittance tuning.12 (2) Combining
broadband PDs with narrowband filters, such as resonant cavities
(RCs),13,14 nanodisk arrays,15 photonic crystals,16 metamaterials,17

nanowires,18 epsilon-near-zero effect,19,20 and surface plasmon
resonance (SPR).21–23 In some cases, the components for photo-
detection and spectral filtering are actually merged into a single
device structure.23 As shown in Table S1 in the Supplementary
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Material, the reported full width at half-maximum (FWHM) of
narrowband PDs developed by engineering photoactive material
and device structure is between 10 and 110 nm. For the former,
a minimum of the normalized response bandwidth (FWHM∕λ0)
of 2.6% is observed in a self-trapped state enabled filterless
narrowband PD in two-dimensional layered perovskite single
crystals.10 For the latter, the photoelectric responses of most
PDs also cover a relatively broad band over 10 nm except the
RC PDs, where strong optical resonance via 40 pairs of bottom
GaAs/AlAs distributed Bragg reflector (DBR) mirrors and three
pairs of top ZnSe∕GaF2 DBR mirrors contribute to an FWHM
of 4 nm.13 Although microring/microdisk filters with ultrahigh
quality (Q) factors can be integrated with waveguide PDs to
realize narrowband photodetection,24–26 scaling up the spectral
channel meets with significant difficulties due to waveguide
coupling and interconnection. In contrast, vertical incidence
devices (e.g., focal plane array with millions of pixels) are
preferred in high throughput biosensing, spectral imaging, etc.
So far, only the RC PD is applicable for spectrally selective
photodetection in a vertical incidence configuration with a high
spectral accuracy (FWHM∕λ0 < 1%). However, the several tens
of pairs of DBR mirrors significantly increase the processing
complexity in the device fabrication. The cavity thickness-
dependent wavelength tuning mechanism is also limited in its ap-
plications due to the complex fabrication process of a filter array.

In this paper, near-infrared (NIR) photodetection with a nor-
malized response bandwidth FWHM∕λ0 of 0.17% was demon-
strated experimentally in Au/Si Schottky nanojunctions. Due to
the low-loss plasmonic resonance supported by Au-covered
shallow silicon gratings, the linewidth was reduced to 1/20 of
the conventional prism-coupled SPR supported by a planar Au
film on quartz. Grating height, light-source divergence, and
linewidth were manipulated to push the limit of the measured
photodetection bandwidth down to 2.6 nm at a wavelength
of 1550 nm. Benefiting from the narrowband resonance and
the strongly localized SPR field, a refractive index detection
limit down to 2.5 × 10−6 RIU was achieved. Furthermore, self-
contained on-chip optical sensing was realized with in situ hot
electron (HE)-based photoelectric conversion in such a metal-
semiconductor (MS) nanojunction. Bio/chemo sensing on both
glucose and goat IgG solutions was conducted, demonstrating
excellent sensing performance comparable to bulky commercial
biosensing instruments.

2 Materials and Methods

2.1 Optical Simulation

Absorption spectra and electromagnetic field distribution were
simulated by using the finite-difference time-domain method.
The structure parameters are given in the figure legends.
Periodic boundary conditions were applied in the grating plane
and perfectly matched layer boundary conditions were applied
in the direction along light transmission. Polarization was set to
be perpendicular to the grating direction.

2.2 Device Fabrication

Nanogratings in a layer of 500 nm thick photoresist (Shipley 1805)
were first patterned on a 10 cm n-Si wafer (1–10 Ω cm) using a
Nikon NSR i-line stepper. A dry etching process was adopted to
transfer the patterns into Si with reactive ion etching (RIE, Tegal

903e). A stack of 10 nm Al2O3 and 200 nm SiO2 was deposited
outside the grating region (3 mm × 3 mm) as an insulator layer
for electrode deposition (15 nm Ti/100 nm Al/15 nm Ti/100 nm
Au). In comparison, a stack of 1 nm Ti and 60 nm Au was
deposited in the grating region by magnetron sputtering.
Successively, Al film (300 nm) was deposited on the entire rear
side of a wafer. The whole wafer was cut into small pieces
(2 cm × 1.5 cm) and then bonded with the microfluidic chan-
nels in PDMS. The complete devices were mounted on printed
circuit board and linked electrically by wire bonding.

2.3 Optical and Optoelectrical Measurements

A high-power supercontinuum laser (NKT Photonics) coupled
with acousto-optic tunable filters (AOTFs) was employed as a
monochromatic and linearly polarized (1:100) light source in
optical and optoelectrical measurements. The reflection spectra
were collected by scanning the wavelength of this laser source
and recording the power of the reflected light by a power meter
(Thorlabs PM100D). The near-field mapping experiments were
performed by the s-SNOM (Neaspec GmbH). A tunable laser
(Santec, TSL-570) with a linewidth of 1 pm is also used for
accurate spectral measurement for comparison. All the electrical
characteristics, including the I − V curves and the time-resolved
currents, were collected using a source meter (Keithley 2636B).

In the glucose and rabbit IgG sensing experiments, solutions
with different concentrations were injected to the sensor via the
microfluidics. The surface of the Au film of the sensor was func-
tionalized with the goat anti-rabbit IgG. Rabbit IgG solutions
with three different concentrations were prepared for biosensing
experiments.

3 Results
The proposed narrowband NIR PD, which consists of Au-
covered Si gratings, is shown in Fig. 1(a). The corrugated
Au film has dual functions, i.e., supporting SPR for spatial/
spectral engineering and acting as an electrode for HE emission.
On the one hand, a Schottky junction is formed at the Au/Si
interface and the ohmic electrode is formed at the back side
of the Si substrate. As a result, interband transition in Si domi-
nates the photoelectric response under illumination with a wave-
length smaller than 1100 nm, while the photogenerated HEs,27–33

as shown in Fig. 1(b), become the main contribution factor for
the subbandgap photodetection of Si. In previous works, Au/Si
Schottky PDs demonstrated a broad operating wavelength
range from 400 to 2000 nm.27–29 On the other hand, wavelength-
dependent photodetection is achieved by SPR-modulated light
absorption. Although plasmonic antennas, Tamm state, and meta-
surfaces have been used to tune the photoelectric response,34–36

spectrally selective photodetection was realized in a relatively
broad band down to 30 nm with a normalized response band-
width well above 3%. Lower detection limits of optical sensing
and higher spectral resolutions of spectral imaging can be ex-
pected with a smaller linewidth of the photoelectric response.

3.1 Narrowband Plasmonic Resonance

Considering the actual requirements of high yield and low cost
in device fabrication, sub-100 nm nanostructures such as nano-
antennas and several tens of layers of multilayer stack such as
DBRs were not considered in our design. Instead, gratings with
a period between 800 and 1200 nm were adopted, which can be
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patterned in a single lithography step in seconds on a whole
10 cm silicon wafer (see Sec. 2). The gratings couple the on-
resonance incident light to SPR supported by the corrugated
Au film, forming a strongly localized surface mode, as shown
in Fig. 1(a). Each PD has an active region of 3 mm × 3 mm
defined by the metallic gratings, and microfluidics were inte-
grated on top of the device for the following sensing experi-
ments, as shown in Fig. 1(c). The three-dimensional profile of
Au/Si gratings was measured using AFM, where the sharp
contrast at the boundaries indicates the well-controlled lithog-
raphy and dry-etching processes, as shown in Fig. 1(d). The
numerical simulation in Fig. 1(e) clearly shows the surface-
confined optical resonance in the near field (see Sec. 2). The
maximum field components can be seen around the corners
of the gratings, and the asymmetry is caused by the oblique
incidence (3 deg) to mimic the experiments in scattering-type
scanning near-field optical microscopy (s-SNOM) (see Sec. 2).
The results of the SNOM mapping in Fig. 1(f) agree well with
the simulation results. The strongly localized field components
at the grating surface verified by both simulation and experiment
results demonstrate the promising potential to boost the photo-
detection efficiency (increase light absorption in Au) and further
reduce the detection limit of optical sensing (increase the sen-
sitivity to the surface environment).

Narrowband resonance can be clearly seen from the calcu-
lated absorption spectra of the Au/Si gratings, as shown in
Fig. 2(a), where the resonant wavelength, i.e., the operating
wavelength band of the PDs, can be continuously tuned by sim-
ply changing the grating period. It is a major advantage over
the vertical cavity PD for mass manufacturing, particularly for
a PD array with various operating wavelengths. As seen, there is

only one absorption peak in a broad band of 800 to 1800 nm
with low background and sidelobes due to the continuous
Au film, which is important for nondispersive infrared (NDIR)
sensing to exclude the interference signal. An FWHM of
6.49 nm is observed with an absorption peak at 922 nm for
P ¼ 900 nm, i.e., a normalized bandwidth of 0.7%. Because
the spectral photoelectric response of this PD is mainly deter-
mined by the resonance, it is reasonable to expect similar
narrowband photodetection performance, which suggests its
promising applications in biosensing and spectral imaging.
To evaluate the impact of a resonant linewidth on the sensing
performance, a series of normalized Lorentz-type curves with
different FWHMs, as shown in Fig. 2(b), were used to mimic the
resonance spectra of plasmonic sensing structures. Assuming a
same resonance shift of 2 nm, the maximum amplitude change
of a resonance with a small linewidth (FWHM ¼ 5 nm) is
28 times that of a resonance with a large linewidth (FWHM ¼
150 nm), i.e., the detection limit is expected to be reduced by
more than 1 order of magnitude by using a narrowband reso-
nance. Therefore, it is important to find out the major factors
associated with the resonance linewidth in both design and
experiment.

3.2 Dominant Factors of Resonant Linewidth

Using a time-domain coupled mode theory, the guide line
for designing a narrow-band resonance can be obtained
(Supplementary Material S2). Basically, there are two main loss
mechanisms of such one-port resonant configuration. One is the
absorption loss associated with the lossy metal; the other is the
radiative loss caused by the leaky modes of the gratings. A per-
fect matching between the absorption loss and the radiative loss

Fig. 1 Au-covered Si gratings used for narrowband NIR photodetection. (a) Schematic of the
proposed Au/Si nanojunction. Surface localized plasmonic resonance supported by the Au/Si
gratings is plotted with an overlap to the gratings, which is expected to improve the surface
sensing. The in situ photoelectric conversion concept is also indicated as a unique property in
this Au/Si nanojunction platform. (b) Schematic of the energy band structure of the Au/Si
Schottky junction indicating two photodetection mechanisms. (c) Photograph of the fabricated
PD integrated with microfluidics. (d) An AFM image of the fabricated Au/Si gratings with a period
of 1 μm. (e) Numerical simulation of the electrical field distribution at a wavelength of λ ¼ 1550 nm
at an incident angle of 3 deg. Grating period P ¼ 1000 nm, widthW ¼ 400 nm, heightH ¼ 50 nm,
thickness of Au film tAu ¼ 50 nm. (f) The s-SNOM mapping results.
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Fig. 2 Optical characterization of Au/Si gratings. (a) Simulated absorption spectra for P ¼ 900,
1100, 1300, 1500, and 1700 nm. H ¼ 28 nm, W ¼ 550 nm, and tAu ¼ 60 nm. (b) Maximum
amplitude variation of a normalized Lorentz-type on-resonance spectrum with different FWHMs,
assuming a same resonance shift of 2 nm. The insets show the cases of FWHM ¼ 5 and 150 nm.
(c), (d) Calculated and normalized measured absorption spectra for H ¼ 20, 40, and 80 nm.
P ¼ 900 nm, W ¼ 500 nm, and tAu ¼ 60 nm. (e), (f) Calculated and measured absorption
spectra at different incidence angles. P ¼ 900 nm, H ¼ 28 nm, W ¼ 550 nm, and tAu ¼ 60 nm.
(g) Calculated absorption spectra mimicking the wavelength-scanning measurement process in
the cases of different passband linewidth settings of the AOTF. P ¼ 900 nm, H ¼ 28 nm,
W ¼ 477 nm, and tAu ¼ 60 nm. The incident angle is 45 deg. (h) Measured absorption spectra
with both an NKT supercontinuum laser source (12 nm linewidth) and a Santec tunable laser
(0.03 nm linewidth).
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leads to unity light absorption at resonance. The radiation loss is
mainly determined by the grating height, and thus shallow gra-
tings are required for a narrow linewidth. The absorption loss is
less sensitive to the structure dimensions, and it sets the lower
limit of the linewidth. As shown in Fig. 2(c), an FWHM of
6.9 nm in calculation is obtained at H ¼ 30 nm with a peak
absorption of 100%. With the increase of the grating height,
the FWHM increases up to 40 nm for H ¼ 80 nm. Although
an FWHM of 3 nm can be obtained at H ¼ 10 nm, the absorp-
tion is less than 34%, which is caused by the mismatch of ab-
sorption loss and radiative loss. These theoretical and numerical
results are verified by the experiment results, as shown in
Fig. 2(d), where the normalized absorption spectra were ob-
tained from the measured reflection spectra (no transmission
from the back side of the Si). The FWHM monotonically de-
creases from 31.3 to 5.7 nm when the grating height continu-
ously decreases from 80 to 20 nm. Therefore, shallow gratings
fabricated with stable processes are preferred. In addition, by
increasing the grating period at a fixed grating height, as shown
in Fig. 2(a), the FWHM of the absorption peak keeps decreasing
down to 2.65 nm for P ¼ 1700 nm with a normalized band-
width of 0.15%, which is much smaller than the results in the
literature (Table S1 in the Supplementary Material). The small
FWHM at a large period is determined by the reduced radiative
loss due to the small normalized grating height (normalized to
the resonance wavelength).

Apart from the impact of structure design and fabrication
process, the divergence and the linewidth of the light source
were found to be also key factors in determining the measured
resonance linewidth. In the experiments, the reflection spectra
were measured in a scanning mode using a supercontinuum la-
ser source connected with an AOTF. Due to the grating coupling
mechanism in the excitation of SPR in this device, the resonant
absorption is sensitive to the incident angle, as shown in
Fig. 2(e) (S3 in the Supplementary Material). With an increase
of incident angle, a single resonance at normal incidence splits
into two resonances, where the one shifting to the longer wave-
length is −1st order resonance and the other shifting to the
shorter wavelength is þ1st order resonance. For an incident
angle of 20 deg, the calculated resonant shifts of both −1st
and þ1st order resonances reach ∼300 nm, which agree well
with the experiment results in Fig. 2(f). In a case of divergent
incident light, different SPR resonances can be excited at differ-
ent angles, i.e., the absorption band inevitably extends to a broad
wavelength range. In addition, the spectral resolution of the
AOTF also limits the minimum measured linewidth. Because
the spectral sampling of the plasmonic structures was obtained
by continuously tuning the passband of the AOTF, the resonance
in the measured spectrum would be broadened if its linewidth is
smaller than the width of the passband of the AOTF, which is
10 to 15 nm in NIR. As shown in Fig. 2(g), the width of the
AOTF passband was assured in calculation to be 0.1, 1, 5,
10, and 20 nm, respectively, where the simulated absorption
spectra mimicking the wavelength-scanning measurement pro-
cess were obtained by the integration of the filtering response of
the AOTF and the absorption spectrum of the Au/Si gratings.
Therefore, the calculated results are dependent on the passband
linewidth of the AOTF. For a narrowband filtering setting of the
AOTF (e.g., 0.1 nm), the calculated linewidth is mainly deter-
mined by the linewidth of the absorption spectrum of Si/Au gra-
tings. In contrast, for a broadband filtering setting of the AOTF

(e.g., 20 nm), the calculated linewidth is mainly determined by
the passband linewidth of the AOTF. In addition, the peak ab-
sorption decreases at a broadband filtering setting of the AOTF
due to the overall increasing illumination power in a broad band
for normalization. This phenomenon was also observed in
experiments, as shown in Fig. 2(h), where the black line was
measured using a supercontinuum laser source with an AOTF
(the FWHM is 10 to 12 nm), and the red line was measured with
a tunable laser (Santec, TSL-570) with a linewidth of 200 kHz.
Therefore, a narrow linewidth laser source is preferred to maxi-
mize the excellent sensing performance in terms of intensity
interrogation for sensing.

3.3 Narrowband Plasmonic Photodetection

Based on the above optical measurement, the photoelectric
properties of an optimized PD were further characterized, as
shown in Fig. 3. The I − V curves under laser light illumination
at a wavelength of 1342 nm show a clear Schottky junction
behavior, as shown in Fig. 3(a). By continuously switching the
wavelength of the laser light illumination by an AOTF, the pho-
tocurrent spectrum was recorded, as shown in Fig. 3(b). From
850 to 950 nm, there is only one photocurrent maximum at
914 nm associated with the resonant absorption with low back-
ground, which indicates the expected wavelength-selective pho-
todetection. The absorption spectra of this device were obtained
from the measured reflection, as shown in Fig. 3(c). The mea-
sured resonance wavelength is in an excellent match with the
simulation due to the well-controlled grating period in stepper
lithography. An absorption peak at 914 nm with an FWHM of
6.44 nm can be seen at normal incidence. The lower peak
absorption, slightly larger background, and broader resonance
(FWHM ¼ 5 nm in simulation) in experiments were attributed
to the measured error [as discussed in Figs. 2(e)–2(h)] and the
fabrication errors on the gratings. Compared to the widely used
prism-coupled SPR (FWHM ¼ 104.9 nm) in biosensing,37 the
resonant linewidth of the plasmonic gratings (FWHM ¼ 6.5 nm)
is much smaller, as shown in the inset of Fig. 3(b). The photo-
electric responses follow the optical properties exactly as shown
in Fig. 3(d), where a responsivity peak at 914 nm with an
FWHM of 6.69 nm was also observed. The normalized response
bandwidth is 0.7%. Please note that the FWHMs of the peaks
around 914 nm in Figs. 3(b)–3(d) are all overestimated due to
the limited spectral resolution of the AOTF used, as shown in
Figs. 2(g) and 2(h). To calibrate the devices more accurately, the
measurement was also conducted in a wavelength range about
1550 nm, where a tunable laser source with a spectral resolution
down to 1 pm was used. To do so, an oblique incidence angle of
45 deg was applied to shift the resonance from 914 to 1550 nm.
As shown in Figs. 3(c) and 3(d), a peak at 1550 nm was
observed with an FWHM of 2.65 and 2.6 nm in the absorption
and photoelectric response spectra, respectively. The associated
normalized response bandwidth is 0.17%, which is the smallest
linewidth of PDs, to the best of our knowledge. Such an
on-chip narrowband photodetection with low background in
a broad wavelength range shows great potential in NDIR gas
sensing, biofluorescent detection, and high-accuracy spectral
sensing.38–40 It is also interesting to see that such a wave-
length-selective PD shows fast time-dependent offset current,
indicating its capability for instant response, as shown in
Fig. S1 in the Supplementary Material (S4).
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3.4 On-Chip Optical Sensing with In Situ Photoelectric
Conversion

Optical sensing techniques have unique advantages, including
high accuracy, low time delay, and a spectral fingerprint.
However, encoding a target signal to light and converting a light
signal to an electric signal for easy readout are usually achieved
in two separated components in conventional optical sensing
platforms. As a result, such a bulky and complex system
(e.g., spectrometer) is difficult to be incorporated in on-site
sensing platforms. In contrast, the proposed sensor is fully self-
contained, where plasmonic nanogratings not only enable strong
optical field confinement and narrowband resonance for sensing
but also provide high light absorption and in situ HE emission
for photoelectric conversion.

First, we evaluate the bulk sensitivity of such a device, which
is associated with refractive index variations in the whole envi-
ronment around the device. In simulation, assuming a solution
with uniform refractive index distribution filling the entire
space surrounding the device, the calculated absorption spectra
are shown in Fig. 4(a). Redshift of the resonance is observed
when the refractive index increases. For Δn ¼ 0.003, a redshift

of Δλ ¼ 3 nm is obtained, indicating a sensitivity of S ¼
1000 nm∕RIU, as shown in Fig. 4(b), where the figure of merit
(FoM ¼ S∕FWHM) reaches 220. Assuming a spectral resolu-
tion of 1 nm (1 pm), such a sensitivity gives a detection limit
of 10−3 RIU (10−6 RIU) for a conventional wavelength-inter-
rogation sensing mechanism based on spectrometers. Instead,
a sensing signal can also be extracted by a simple amplitude
interrogation, which excludes the requirements on an expensive
spectrometer. As shown in Fig. 4(b), light absorption decreases
from 73.6% to 22.6% at λ ¼ 1342 nm for Δn ¼ 0.003. A sens-
ing experiment was conducted with a glucose solution. In gen-
eral, increasing the concentration of glucose causes the increase
of the refractive index of the solution and thus the redshift of the
plasmonic resonance. At the initial stage, the device covered
with deionized water has a resonance at λ ¼ 1344 nm, which is
slightly larger than the laser illumination wavelength (1342 nm).
Therefore, a decrease of the output current was observed with
the increasing of the glucose concentration, as shown in
Fig. 4(c). For a refractive index variation Δn ¼ 0.0013 from
deionized water to a glucose solution (1%), the current changes
276.6 nA. Considering the noise level of 1.3 nA, the detection
limit is ∼0.0047% (i.e., 2.65 × 10−6 RIU) assuming a linear

Fig. 3 Optoelectronic characterization of the proposed narrowband PDs. (a) Power-dependent
photocurrent of the on-resonance device. The incident beam (launched by a 1342 nm laser)
was fixed at an incident angle of 28.7 deg. The inset is the output I − V curves measured under
dark and light conditions. (b) Time-dependent photoelectric responses under different laser illu-
minations. The red line is the current, and the blue line is the driving signal. The inset shows the
absorption spectra of Au/Si gratings, planar Au/glass at normal incidence, and a 45 deg incident
angle for comparison. (c) Simulated andmeasured light absorption spectra of the associated Au/Si
gratings at normal incidence and a 45 deg incident angle. (d) The responsivity of the device shown
in (c).
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relation between the refractive index and the concentration.
Glucose sensing experiments were also conducted on a same
device with different laser sources (Supplementary Material
S5), where it was found that the sensing signals of a laser
with a narrower linewidth are larger than the one with a wider
linewidth.

In contrast to bulk sensing, surface sensing is associated with
the detection of thin films or bio/chemo interaction on the sur-
face, where the refractive index variation only occurs in a region
close to the sensor surface. Because the resonant field intensity
of SPR usually decreases exponentially with a distance away
from the surface, it is necessary to evaluate the surface sensing
performance independently. Assuming a conformal thin film of
Al2O3 is deposited on top of the plasmonic gratings, it induces
a redshift of the calculated absorption spectrum, as shown in
Fig. 4(d). For a 2 nm thick Al2O3, the resonance shift is
1.6 nm around λ ¼ 924 nm and the absorption reduces from
71.3% to 45.9%, as shown in Fig. 4(e). By shifting the reso-
nance to 1550 nm at an oblique incidence angle of 45 deg,
Δλ decreases to 0.42 nm for the same 2 nm film due to the
further extension of the plasmonic field distribution. Therefore,
the minimal detectable thickness of the Al2O3 film via the wave-
length interrogation is less than 1.25 pm assuming a spectral
resolution of 1 pm. In addition, the resonance shift becomes sat-
urate when the film thickness increases beyond 500 nm because
the surface mode becomes weak at the positions farther away
from the sensor surface. Similarly, in surface sensing, a device

with shallow gratings (H ¼ 20 nm) has much larger absorption
variation than the one with deep gratings (H ¼ 80 nm).

To evaluate the actual biosensing performance of the pro-
posed device, rabbit IgG detection was conducted. First, goat
anti-rabbit IgG molecules in a concentration of 200 μg∕mL
were bonded onto the Au film at the sensor surface via covalent
interaction. Then, rabbit IgG diluted with phosphate-buffered
saline buffer in different concentrations was injected into the
microfluidic in sequence. The interaction between rabbit IgG
in the solution and the goat anti-rabbit IgG immobilized on
the sensor surface was measured as a current signal in real time.
As shown in Fig. 5, the current started to decrease right after the
injection of the solutions with higher concentrations and became
saturate after several minutes. It is because the capture of rabbit
IgG in the solution caused an increase of the average refractive
index in the region close to the sensor surface, and thus a red-
shift as in Fig. 4(a). The stable values of the current are ∼1.87,
2.65, and 4.66 μA for 10, 50, and 100 μg∕mL rabbit IgG,
respectively. Considering the current noise of 20 nA during
the measurement, the limit of detection (LOD) of rabbit IgG
can be estimated to be 150 ng∕mL, which is comparable to or
better than most optical sensors in the literature. For example,
H-shaped SPR fiber sensor showed an LOD of 3400 ng∕mL
for human IgG.41 Decoration of MoSe2 nanostructures on
Au-coated optical fiber obtained an LOD of 330 ng∕mL for
goat-anti-rabbit IgG.42 Immobilizing half-antibody fragments
on an SPR fiber instead of antibody decoration reduced an

Fig. 4 Sensing performance of the narrowband plasmonic PD. (a) Calculated absorption spectra
in the case of bulk sensing. P ¼ 900 nm, W ¼ 477 nm, H ¼ 28 nm, and tAu ¼ 60 nm.
(b) Resonance shift and absorption change of the results in (a) in the wavelength and amplitude
interrogations, respectively. (c) Real-time output currents of two sensors with H ¼ 20 nm (black
line) and 80 nm (red line) in glucose solution sensing. (d) Calculated absorption spectra in the case
of surface sensing. (e) Resonance shift and absorption change of the results in (c) in the wave-
length and amplitude interrogations, respectively. (f) Calculated absorption change of two sensors
with H ¼ 20 nm (blue dots) and 80 nm (red dots) in surface sensing.
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LOD down to 100 ng∕mL.43 Please note that all these measure-
ments relied on a precise spectroscopy instrument with a spec-
tral resolution of 20 pm. In addition, a commercial SPR sensing
instrument (Biacore X100) has an LOD of 312.5 ng∕mL for
rabbit IgG.44 Therefore, the proposed self-contained plasmonic
sensor based on a narrowband HE PD shows great advantages,
with decent sensitivity, high integration, and low cost. Please
note that this is the intrinsic sensing performance of the Au/Si
gratings, and it could be significantly improved via advanced
surface treatments and signal amplification techniques (e.g.,
graphene oxide and reduced graphene oxide decoration).43–46

4 Discussion
In this work, we demonstrated a narrowband PD (non-wave-
guide) with a record narrowband photoelectric response down
to 2.6 nm at an operating wavelength of 1550 nm. Such a high
wavelength selectivity in photodetection is expected to signifi-
cantly improve the performance of sensing and spectroscopy.
Continuous metal film covered shallow Si gratings were found
to effectively suppress the radiative loss and thus support a nar-
row resonant linewidth with a low background signal in a broad
wavelength range. Reducing light source divergence and line-
width was also suggested to realize narrowband photodetection.
Benefiting from the HE based in situ photoelectric conversion in
Au/Si Schottky junctions, self-contained on-chip optical sensing
was achieved with an LOD of 150 ng∕mL for rabbit IgG.
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