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has become a vibrant fi eld of research as the fl ow of light can 
be manipulated precisely and thus the device performance 
is largely enhanced. [ 24–31 ]  In particular, photonic structures 
signifi cantly alter the local optical density of states in such 
devices and modify their light emission/absorption. Integrating 
optical waveguides with ultrathin material-based optical devices 
is a novel method for enhancing the light–matter interaction in 
a nonresonant manner as the light–matter interaction in a 2D 
material can be locally manipulated, leading to an overall high 
device performance. In previous reports, silicon waveguide-
integrated graphene photodetectors achieve high response 
rates over 20 GHz, 3dB band width modulation for a broad 
wavelength range from 1.3 to 1.6 µm, and photoresponsivity as 
high as 150 mA W −1 . [ 24–27 ]  In comparison with the traditional 
graphene photodetectors that yield photoresponsivity around 
tens of mA W −1 , the light detection sensitivity is strongly 
enhanced. Recently, a waveguide-integrated BP photodetector 
has shown an even higher photoresponsivity of ≈657 mA W −1  
with low dark current. [ 32 ]  Although overall high performances 
have been demonstrated in these waveguide-integrated photo-
detector systems, few details about the light–matter interaction 
in these hybrid structures have been comprehensively studied 
to fully understand the mechanisms behind the enhanced 
performance. 

 Here we integrate a few-layer BP photodetector on top of a 
silicon waveguide to investigate its light-scattering patterns. 
Through spatial-, polarization-, and wavelength-dependent 
photocurrent measurements, we have found that the photo-
current signals in the area on top of the waveguide strongly 
depend on both the laser wavelength and polarization direc-
tion. To further study the local photocurrent generation mecha-
nisms, the corresponding light-scattering patterns of the wave-
guide are calculated by fi nite-difference time-domain (FDTD) 
simulations. Our photocurrent mappings are in good agree-
ment with the light-intensity distribution simulated by FDTD, 
suggesting that the light-scattering patterns of the waveguide 
can be measured as photocurrent signals by the BP photo-
detector. Moreover, the photoresponse in the area on top of the 
waveguide drops precipitously to almost zero when the incident 
laser energy approaches the bandgap energy of silicon. This 
result further confi rms that the photocurrent signals of the BP 
photodetector are closely related to the silicon absorption and 
primarily induced by the silicon waveguide, where the photo-
excited EHPs can be injected into the BP fl ake and contribute 
to the photocurrent generation in BP. As such, combining 
few-layer BP photodetectors with scanning photocurrent meas-
urements can provide a convenient way to investigate the light–
matter interaction in photonic structures. 

  Over the past decade, 2D materials have attracted tremendous 
attention from researchers in optics and photonics, owing to 
their exceptional potential for electronic and optoelectronic 
applications. [ 1–4 ]  For example, graphene exhibits extremely high 
charge-carrier mobility, optical transparency, and broadband 
absorption. [ 3–9 ]  However, a zero bandgap and ultrafast recom-
bination of the photoexcited electron–hole pairs (EHPs) limit 
graphene’s potential in photodetection and photovoltaic appli-
cations. On the other hand, 2D transition metal dichalcoge-
nides have relatively low carrier mobility and sizable bandgaps 
(>1 eV), restricting their applications in both electronics and 
telecom-wavelength optoelectronics. Recently, few-layer black 
phosphorus (BP), one of the latest additions to the 2D-material 
family, has demonstrated excellent transistor performance with 
carrier mobility up to 1000 cm 2  V −1  s −1  and photoresponsivity 
up to 4.8 mA W −1 . [ 10–16 ]  Moreover, BP fl akes have a thickness-
dependent direct bandgap ranging from 0.3 eV in bulk and 
few-layer fl akes to 1.8–2.0 eV for monolayer fi lms, [ 17–20 ]  which 
covers the visible to mid-infrared spectral range and opens up 
new opportunities for broadband optoelectronic applications. 

 Typically, 2D materials can have remarkably high absorp-
tion for a single atomic layer. However, their innate thinness 
limits their potential in photovoltaic and photodetection appli-
cations as the total absorption is not suffi cient for most device 
applications. The integration of 2D-material-based devices 
with photonic structures provides a solution in this respect. 
Metallic and dielectric photonic structures such as waveguides 
and cavities, which scatter, confi ne, fi lter, and process light in 
controllable ways, have been studied for decades. [ 21–23 ]  More 
recently, integrating photonic structures with on-chip devices 
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  Figure    1  a illustrates the structure of the device, in which a BP 
photodetector covers a silicon ridge waveguide. In our experi-
ment, the silicon waveguide was fabricated by electron-beam 
lithography on a silicon-on-insulator (SOI) wafer with a 3 µm 
buried oxide layer and a 220 nm silicon layer. Figure  1 b shows 
a composite scanning electron microscopy (SEM) image of 
half of the silicon waveguide before (left) and after (right) 
integration with the BP photodetector (Figure  1 b). An array of 
40 circular air holes with various radii from 100–125 nm per-
forates the 700 nm wide ridge waveguide. For our device, the 
two holes in the center have a 125 nm radius, the holes on 
both their left and right sides linearly taper to 100 nm over ten 
holes, and the fi nal ten adjacent holes on each side maintain 
the 100 nm radius. The pitch between each hole is 350 nm, 
and the length of the entire hole array is ≈14 µm. The few-layer 
BP fl ake was mechanically exfoliated from its bulk crystal and 
transferred onto the silicon waveguide. The thickness of the 
BP fl ake was determined to be 9.2 nm by a Park-Systems XE-70 
noncontact atomic force microscopy. An encapsulating layer of 
200 nm poly(methyl methacrylate) (PMMA) was then coated to 
minimize the effect of crystal degradation. Source and drain 
contacts were fabricated by electron-beam lithography and the 
subsequent deposition of 5 nm Ti and 40 nm Au. Figure  1 c 
presents the optical image of the device, in which the position 
of the air-hole array is marked by a white dashed rectangle. 
Scanning photocurrent microscopy was utilized to investigate 
the local photocurrent generation of the BP fl ake in the area on 
top of the waveguide. A diffraction-limited laser spot (≈1 µm 
size) was scanned over the sample by a piezo-controlled mirror 
with nanometer-scale spatial resolution and the photocurrent 
signals ( I  pc  =  I  illumination  −  I  dark ) were recorded as a function of 
position. A half-wave plate followed by a polarizer was used 

to change the polarization direction of the laser beam. All 
experiments were performed in high vacuum (1 × 10 −5  Torr). 
Figure  1 d shows the refl ection image of the device under 
650 nm illumination. By correlating the metal edges in the 
refl ection image to those in the corresponding optical image 
(Figure  1 c), the position of the air-hole array on the silicon 
waveguide was precisely located (outlined by green dashed line 
in Figure  1 d). Note that  x  and  y  denote the directions parallel 
and perpendicular to the edge of the waveguide, respectively 
(Figure  1 c), where the origin corresponds to the array center. 
Scanning refl ection and photocurrent measurements were 
conducted to investigate light–matter interaction in the area on 
top of the waveguide, in which the polarization direction of the 
incident laser was along the  x  direction. As shown in Figure  1 e, 
strong photocurrent signals are observed in the positions 
where the refl ection signals are weak, indicating an enhance-
ment of light absorption. By aligning and comparing the photo-
current signals with the SEM image, we notice that within the 
air-hole array region, both photocurrent and refl ection signals 
vary signifi cantly along the waveguide; however, these signals 
become relatively stable in the region without the holes. As a 
result, the two edges of the air-hole array can be easily identi-
fi ed in the photocurrent mapping at  x  = ±7 µm. Our experi-
mental results suggest that the refl ection and photo current 
signals of the BP fl ake are closely related to the light-scattering 
patterns of the waveguide, which are strongly modifi ed by 
the circular air-hole array on the nanobeam. Note that while 
light is traditionally coupled into photonic crystal nanobeams 
by edge-coupling, our results show that there is light–matter 
interaction in the nanobeam when laser light is incident from 
the top and that photocurrent signals from the BP fl ake can 
map out this interaction.  
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 Figure 1.    Photonic silicon waveguide integrated BP photodetector. a) 3D illustration of the device confi guration. b) SEM image of the silicon waveguide 
before (left panel) and after (right panel) being integrated with the BP photodetector. c) Optical image of the complete device, where the edges of gold 
electrodes and the few-layer BP fl ake are outlined by gold and white dashed lines, respectively.  x  and  y  denote the directions parallel and perpendicular 
to the waveguide, respectively. d) Refl ection image of the device under 650 nm illumination, where the gold electrodes and the BP fl ake are outlined by 
gold and white dashed lines, respectively. e) Refl ection (black) and photocurrent (red) signals along the green cut line in (d), when the incident laser 
polarization follows the  x  direction.
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 To elucidate various light-scattering patterns of the silicon 
waveguide, we performed polarization-dependent photo current 
measurements under 650 nm illumination. As shown in 
 Figure    2  , when the polarization direction of the incident laser 
changes from the  y  direction (90°) to the  x  direction (0°), the 
broad photocurrent peak in the middle region of the waveguide 
splits into four separated peaks along the waveguide. We have 
found that the scanning photocurrent response measured by 
the BP photodetector is similar to the electric fi eld intensity 
distribution of the waveguide predicted by FDTD simulations, 
in which the electric fi eld intensity in the middle region of the 
waveguide becomes stronger when the incident laser polariza-
tion changes from the  x  direction to the  y  direction (Figure  2 , 
left and right panels). Our results indicate that the local light-
scattering patterns induced by the silicon waveguide can be 
visualized through the BP photodetector as photocurrent sig-
nals. Moreover, when the incident photon energy is below the 
silicon bandgap, there is no photocurrent response observed in 
the area on top of the waveguide (Figure S1, Supporting Infor-
mation), suggesting that the photocurrent signals are related 
to the silicon absorption. As illustrated in  Figure    3  , when 

the waveguide-integrated BP device is excited by laser with a 
photon energy larger than the bandgap of silicon, the electrons 
in the valence bands of both silicon and BP can be excited to 
their conduction bands. Since the bandgap of BP (0.3 eV) is 
much smaller than that of silicon (1.1 eV), the valence (conduc-
tion) band of BP is much higher (lower) than that of silicon 
as a result of the Fermi level alignment. Therefore, the photo-
excited EHPs can penetrate through the native oxide layer on 
the silicon surface, inject into BP, and consequently induce 
photocurrent signals in the BP photodetector. [ 33,34 ]  The den-
sity of photoexcited EHPs depends on the silicon absorption 
 I  ab , which is proportional to the energy fl ux and is related to 
its respective electric fi eld intensity through the time-averaged 
Poynting vector : ~ ~ ~ | |pc ab time

2S I I S E〈 〉 . Additionally, the 
local heating induced by the silicon absorption may change 
the resistance of the BP device and contribute to its photocur-
rent generation (see the Supporting Information for details). [ 35 ]  
Here the photo current response from BP itself is negligible 
since the light absorption of BP is signifi cantly limited by its 
innate thinness.   

 Moreover, we performed wavelength-dependent scanning 
photocurrent measurements of our device under illumina-
tion with laser wavelengths ranging from 620 to 760 nm. The 
15 µm-long scanning line covers the entire air-hole array of the 
waveguide as shown by a green dashed line in Figure  1 d. In 
order to keep the number of incident photons equal among 
different wavelengths, the scanning photocurrent mapping is 
normalized by Planck–Einstein relation, n E h/ ν= . As illus-
trated in  Figure    4  a,b, the photocurrent signals present strong 
wavelength and polarization dependence. Under 620 nm illu-
mination, the photocurrent signals maximize at both the edge 
and the center regions of the air-hole array when the incident 
laser polarizes along the  x  direction. As the wavelength of 
the incident laser increases to 680 nm, the central photocur-
rent peak splits into two peaks which gradually move to the 
two edges of the air-hole array. Similar photocurrent patterns 
are observed when the wavelength varies from 680 to 760 nm. 
For the laser polarization along the  y  direction, when excited 
by photons with a wavelength of 620 nm, photocurrent peaks 
are observed in both edge and central regions, but the cen-
tral peak is wider and stronger than the edge ones. When the 
wavelength of the incident laser increases, the photocurrent 
signals at the two edges become negligible, while the central 
peak broadens and fi nally splits into two peaks near  x  = ±5 µm 
at 670 nm. When the wavelength increases, the photocurrent 
signals maximize again in the central region at 680 nm and 
two broad and strong photocurrent peaks are detected in the 
regions near  x  = ±5 µm at 730 nm. When the laser wavelength 
varies from 730 to 760 nm, photocurrent valleys are observed 
and split from the center to the two edges. To better under-
stand the different light-scattering patterns while the wave-
length and polarization direction of the incident light change, 
we calculated the electric fi eld intensity of the silicon wave-
guide as a function of wavelength along the scanning line by 
FDTD simulations (Figure  4 c,d). After blue shifting the simu-
lation results by 10 nm, the calculated electric fi eld intensity 
dispersions are in good agreement with the measured photo-
current patterns. In particular, photocurrent signals exhibit the 
same trend when the strongest electric fi eld peak moves from 
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 Figure 2.    Photocurrent images under 650 nm illumination with different 
polarization directions (middle panel) and the electric fi eld intensity map-
ping calculated by FDTD simulations for 660 nm illumination when the 
incident light polarization follows the  x  direction (left) and  y  direction 
(right), respectively.

 Figure 3.    Schematic diagram illustration of the photoexcited EHPs injec-
tion from the silicon waveguide to the BP photodetector.
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the center to the two edges. The small offset and slight differ-
ences in detailed features of the measured photocurrent and 
simulated electric fi eld likely result from fabrication imperfec-
tions of the photonic structures, the native oxide layer between 
BP and silicon, and PMMA layer thickness variation. In com-
parison with the experimental data, FDTD simulation results 
provide a more quantitative analysis of the light-scattering pat-
terns. These patterns suggest that the light-intensity distribu-
tion is strongly wavelength- and polarization-dependent owing 
to the signifi cant modifi cation of the resonant and scattering 
modes by the waveguide. When the incident laser wavelength 
and polarization vary, a series of optical modes can be detected 
by the BP photodetector through scanning photocurrent meas-
urements. However, when the incident laser wavelength goes 
to the near infrared range, it is diffi cult to observe small fea-
tures predicted by FDTD simulations in the photocurrent 
mapping since the size of the diffraction-limited laser spot 
becomes much larger than that of the air holes. Furthermore, 
the relatively wide bandwidth of our laser beam (ranging from 
5 to 10 nm) also leads to some differences between the simu-
lated and experimental results, where the small pattern transi-
tions predicted in the simulation are overshadowed in the pho-
tocurrent measurements. Despite these limitations, our scan-
ning refl ection and photocurrent measurements have clearly 
demonstrated that the integrated BP photodetector can effi -
ciently detect the light-scattering patterns of the silicon wave-
guide, providing a practical method to directly measure the 

optical modes of waveguides in supplement to numerical sim-
ulations. Moreover, by optimizing the geometric parameters of 
the waveguide, such as the size and number of the circular air 
holes, 2D-material-based optoelectronics with enhanced photo-
current responses at a certain designed wavelength or position 
can be achieved.  

 In summary, we fabricate a few-layer BP photodetector on 
top of a nanostructured silicon waveguide. In comparison with 
the numerical simulation, the scanning photocurrent mapping 
visually reveals the light-scattering patterns of the waveguide. 
We also study the optical properties of the waveguide under 
different laser polarizations. A photocurrent pattern transi-
tion is observed with various laser polarizations, which is in 
good agreement with the simulated light-scattering patterns of 
the waveguide. Additionally, wavelength-dependent scanning 
photo current measurements are performed along the wave-
guide under laser illumination ranging from visible to near 
infrared region. The measured photocurrent signals show a pat-
tern similar to the light-scattering patterns predicted by FDTD 
simulations. Our fundamental studies provide a new approach 
for investigating the optical properties of photonic structures 
which are sensitive to the wavelength and polarization direc-
tion of incident light. By adjusting the geometric parameters of 
photo nic structures, 2D-material-based optoelectronic devices 
with enhancement or depression at a specifi c wavelength and 
polarization can be easily designed and tested to meet the 
requirements of various applications.  
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 Figure 4.    Wavelength-dependent scanning photocurrent images for wavelengths varying from 620 to 760 nm when the incident laser polarizes along 
the  x  (a) and  y  (b) directions, respectively. The laser scanning position is indicated by the green dashed line in Figure  1 d. The FDTD simulated electric 
fi eld intensity along the same section of the waveguide as a function of wavelength from 620 to 760 nm when the incident laser polarization follows 
the  x  (c) and  y  (d) directions, respectively.
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  Device Fabrication : The photonic structures were fabricated on SOI 
wafers with a 3 µm thick buried oxide layer (SOITEC). The thickness of 
the silicon device layer was 220 nm. The wafers were cleaved and coated 
with a 300 nm ZEP520A photoresist (6000 rpm for 45 s). Electron-beam 
lithography was performed using a JEOL 9300F tool at 100 kV and 
400 C cm –2 . Following exposure, the samples were developed in xylene 
for 30 s and rinsed thoroughly with isopropyl alcohol. The photoresist 
pattern was then transferred into the silicon layer by reactive ion etching 
(Oxford PlasmaLab 100) using C 4 F 8 /SF 6 /Ar gases to completely etch the 
exposed portion of the silicon layer. Few-layer BP fl akes were produced by 
mechanical exfoliation of their bulk crystals on the poly(dimethylsiloxane) 
(PDMS) stamp. Thin BP fl akes were then identifi ed and characterized 
by optical microscopy. After that, a selected BP thin fl ake on the PDMS 
stamp was placed on top of the silicon waveguide using a home-built 
transfer stage. BP photodetector devices were fabricated using standard 
electron-beam lithography and subsequent electron-beam deposition of 
5 nm of Ti covered by 40 nm of Au. Finally, the device was coated by 
200 nm PMMA to protect BP from degradation. 

  Scanning Photocurrent Measurement : Spatially resolved scanning 
photocurrent measurements were performed in an Olympus microscope 
setup (BX51W). A linearly polarized continuous wave laser beam (NKT 
Photonics SuperK Supercontinuum Laser) was expanded and focused by 
a 40× objective (N.A. = 0.6) into a diffraction-limited spot (≈1 µm) on the 
samples. The position of the laser beam was changed by a nanometer-
resolution scanning mirror and its polarization direction was changed by 
a half-wave plate followed by a polarizer. All experiments were performed 
near zero-bias in high vacuum (1 × 10 −5  Torr). 

  Finite-Difference Time-Domain Simulations : The numerical simulations 
were carried out with 3D FDTD analysis using Lumerical FDTD 
(Lumerical Solutions Inc.). A 10 nm BP layer was placed on top of a 
nanostructured silicon waveguide with air holes. The refractive index 
of BP was chosen to be 2.4. [ 36 ]  A fi ner mesh region was defi ned with a 
2.5 nm mesh grid for the BP layer to resolve its 10 nm thickness. The 
PMMA thickness was defi ned with a thickness of 200 nm with refractive 
index  n  = 1.47. A plane wave light source was defi ned 2 µm above the 
photonic structure. A fi eld profi le monitor was defi ned at the interface 
between silicon and BP. A refl ection monitor was placed 0.5 µm above 
the source to collect back the refl ected light.  

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