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Enhanced photo-sensitivity in a Si photodetector
using a near-field assisted excitation
T. Yatsui1, S. Okada1, T. Takemori1, T. Sato1, K. Saichi1, T. Ogamoto1, S. Chiashi1, S. Maruyama 1,2, M. Noda3,

K. Yabana3, K. Iida4 & K. Nobusada4

Silicon is an indispensable material in electric device technology. However, Si is an indirect

bandgap material; therefore, its excitation efficiency, which requires phonon assistance, is low

under propagating far-field light. To improve the excitation efficiency, herein we performed

optical near-field excitation, which is confined in a nano-scale, where the interband transi-

tions between different wave numbers are excited according to the uncertainty principle;

thus, optical near-field can directly excite the carrier in the indirect bandgap. To evaluate the

effect of optical near-field confined in a nano-scale, we fabricate the lateral Si p–n junction

with Au nanoparticles as sources to generate the field confinement. We observed a

47.0% increase in the photo-sensitivity rate. In addition, by using the thin lateral p–n junction,

which eliminates the far-field excitation, we confirmed a 42.3% increase in the photo-

sensitivity rate.
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S i is one of the most important materials in electric device
technology. However, because Si is an indirect bandgap
material, phonon assistance is required to excite the carriers

from the Γ point to the X point in photo-excitation1,2 (refer to
Fig. 1a), which results in a low excitation efficiency while using a
propagating far field (FF). To improve the excitation efficiency,
many researchers utilize the enhancement of the optical-field
intensity through the plasmon resonance3–5. Further improve-
ment of the photo-excitation is realized using a photonic design
to induce light trapping with three-dimensional structures6.
Although the absorption efficiency was improved by the increase
in the electric-field intensity, they continue to require phonon
assistance. A direct excitation of Si without phonon assistance is
expected to be realized by using the optical near-field (ONF),
which is confined in a nano-scale7–9. Owing to the localization of
the optical field at the nano-scale (i.e., a very small value of Δx),
large components of wave numbers (a large value of Δk) are
generated according to the uncertainty principle (Fig. 1b).
Although a large value of Δk can be generated by plasmon
excitation, it should be noted that the large-wave-numbers gen-
eration requires field confinement only10. In contrast, field
enhancement realized by the plasmon excitation requires field
confinement11, as well as a negative value for permittivity to meet
the condition of plasmon resonance12. In other words, a large
value of Δk can be generated without plasmon excitation. A
numerical calculation considering the ONF source revealed that
ONFs had Fourier components with large wave numbers caused
by the non-uniformity of the electric field. The thorough time-
dependent dynamics calculations of a one-dimensional periodic
potential with an indirect band-gap structure demonstrated
herein that the ONF induced an indirect transition without
phonon assistance8. It was also found that the direct optical
transition by ONF in realistic Si system can induce a sufficiently
large absorption intensity (larger than the simple model system),
where the source of ONF was treated as a point dipole10. There
were no realistic metallic structures in the system that could
generate plasmons. Thus, the direct optical transition by ONF
does not require phonon assistance and can realize direct exci-
tation exclusively with photons. Therefore, by considering the

generation of the large wave number from the ONF together with
the plasmonic effect, we expected further device improvement.

To evaluate the effect of ONF confined in a nano-scale, we
fabricated the Si photodetector composed of lateral p–n junction
with Au nanoparticles as the ONF source at the p–n junction
surface.

Results
Lateral p–n junction with Au nanoparticles. To evaluate the
effect of ONF in photo-excitation, because the size of ONF is in
the nano-scale, we fabricated the lateral p-n junction, such that
the p–n junction is located at the surface of the device. Using
lithography, we fabricated lateral the p–n junction from an n-type
Si wafer with dopant density of 1015 cm−3. p-type Si was prepared
via thermal diffusion of boron. For the boron source, we used
B153 of spin on dopant (SOD) (Filmtronics). The density of
dopant was estimated as 1020 cm−3 with a thickness of 0.9 μm
(Fig. 2a)13. From the dopant densities of the p-type and n-type Si,
the depletion layer thickness in the n-type Si was estimated as
1.06 μm. After the deposition of thin Cr, 200-nm-thick Au was
deposited as the electrode. In addition, to increase the carriers’
density at the surface of the p–n junction and subsequently raise
the detection efficiency of the excited carriers, we fabricated a p–n
junction in the comb structure (Fig. 2b, c). Finally, Au nano-
particles (Tanaka Kikinzoku Kogyo) were dispersed on the Si p–n
junction (inset, Fig. 2d). The solution containing the Au
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Fig. 1 Comparison of far-field and near-field excitation. a Far-field (FF)
excitation of Si. To excite the indirect bandgap Si, phonon assistance is
required. kphoton: the wave number of photon, kel: the wave number of
electron, and kphonon: the wave number of phonon. The wave number
difference between the Γ point and the X point (lowest energy) is
4.92 nm−1. b Optical near-field (ONF) excitation of Si. Due to the expansion
of the wave number k (Δk) by the uncertainty principle, ONF could excite Si
directly
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Fig. 2 Device information. a Sketch of the thick (525 μm) Si photodetector
with a lateral p-n junction. The thickness of the depletion layer W was
estimated as 1.06 μm. d: the thickness of p-doped layer. b Scanning electron
microscopic (SEM) picture of the fabricated Si detector. c Magnified SEM
picture of b. d Dispersion number N dependence of the Au nanoparticle
(diameter of 100 nm) coverage. Inset: SEM image of the dispersed Au
nanoparticles with N= 5 (diameter of 100 nm). The error bar corresponds
to the standard deviation of the coverage. e Transmission electron
microscopic (TEM) image of the Au nanoparticle
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nanoparticles was dispersed on the Si device and the solvent was
evaporated by heating at 75 °C using a hot plate for 1 min. We
counted this procedure of the dispersion number N as one and
repeated it depending on the experiment. Figure 2d shows the Au
nanoparticle coverage as a function of N. The Au nanoparticle
had a spherical shape, as shown in the transmission electron
microscopic (TEM) image in Fig. 2e. Therefore, we considered
that there is a distinct boundary at the interface between the Au
nanoparticle and Si substrate.

Photo-sensitivity measurement. To evaluate the effect of the
ONF in photo-excitation, we compared the photo-sensitivity of
the lateral p–n junction with and without Au nanoparticles. We
obtained wavelength dependence of the photo-sensitivity using a
white light source (halogen lamp). The photo-sensitivity [A W−1]
was obtained from the relation between the detected photo-
current and the incident power. We first obtained the photo-
sensitivity without the Au nanoparticles. Then, Au nanoparticles
were dispersed on the device. Finally, we obtained the photo-
sensitivity at the same position. Figure 3a shows the sensitivity of
the thick Si device with 525 μm of Si substrate (Fig. 2a) for three

samples. The solid red circles in Fig. 3a represent the thick device
with 100-nm Au nanoparticles (dispersion number, N= 5). From
the obtained sensitivity, we obtained the increased photo-
sensitivity rate for N= 1, 5, and 10 (Fig. 3b), in which the
photo-sensitivity with Au nanoparticles was normalized by the
photo-sensitivity without Au nanoparticles. These results showed
that the rate increased as N increased (i.e., 47.0% at λ= 1100 nm
and N= 10). In addition, the increased photo-current rate
increased for the longer wavelength. Although the 100-nm Au
nanoparticle in air has an absorption peak at around 520 nm due
to the plasmon resonance14, the peak could shift because of the
substrate.

To exclude the red shift in the absorption spectra caused by the
substrate, we compared the scattering cross-section of the 100-nm
Au spherical nanoparticle in air and on the Si substrate. We
performed the numerical calculation using the finite difference
time domain (FDTD) method15. We then calculated the
scattering cross-section of the spherical Au nanoparticle with
100 nm diameter in air and set on the Si substrate (600 × 600 ×
2400 nm, see Fig. 3c). We calculated the fields without the Au
nanoparticle as a reference. To calculate the scattering cross-
section, a light source with a uniform electric field intensity in the
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Fig. 3 Sensitivity of thick Si device and scattering cross-section. a Sensitivity of thick Si device as a function of the excitation wavelength. The solid red
circles represent the thick device with 100-nm Au nanoparticles (dispersion number, N= 5). The open black circles represent the thick device before the
Au nanoparticle dispersion. The error bar corresponds to the standard deviation of the sensitivity for three samples. b Increased photo-sensitivity rate as a
function of the excitation wavelength for N= 1, 5, and 10. The solid curves represent the calculated increased rate using Eq. (5) with the ratios of the direct
transition A= 1.82% (blue, N= 10), 0.82% (red, N= 5), and 0.48% (black N= 1). The error bar corresponds to the standard deviation of the increased
rate for three samples. c Sketch of the calculation model for the finite difference time domain (FDTD). FF: far-field. d Calculated scattering cross-section
Csca. The solid lines and open squares indicate the FDTD results on Si (red) and in air (blue), respectively. The dashed lines denote the calculated results
using Eq. (3) on Si (red) and in air (blue)
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xy-plane was used, which was a differential Gaussian wave in the
time domain with a wavelength calculation range between 400
and 1300 nm. The angle resolution to calculate the scattering
cross-section was set to 5°16 .

The solid lines in Fig. 3d show the normalized scattering cross-
section. The calculated results indicated that the Au nanoparticle
spectra both in air and on the Si substrate reached a maximum at
520 nm because of the plasmon resonance. The intensity on the Si
substrate (solid red line, Fig. 3d) increased in comparison with
that in air (solid blue line, Fig. 3d); however, the peak wavelength
remained the same for both cases. The intensity increase on the
substrate should originate from the mirror image effect. To
support this, we also calculated the scattering cross-section using
the dipole approximation17. The polarizability of the Au sphere
on the Si substrate is determined as:

χ ¼ εAir εAu � εAirð ÞV
εAir þ L εAu � εAirð Þ ; ð1Þ

where εAu and εAir are the permittivity of gold and air,
respectively, and V is the volume of the Au sphere. Parameter
L is defined as:

L ¼ 1
3

1� 1
8
εSi � εAir
εSi þ εAir

� �
; ð2Þ

where εSi is the Si permittivity. We considered the mirror dipole
in the Si substrate in this model. The scattering cross-section is
obtained as:

Csca ¼
k4

6π
χ2
�� ��; ð3Þ

where k is the wave number, and χ is obtained using Eqs. 1, 2. We
calculated the scattering cross-section (dashed lines, Fig. 3d)
using the formula. The results showed that the FDTD spectra
were well fitted by Eq. 3, indicating that the intensity increase on
the Si substrate originated from the mirror image effect. Although
many researchers have reported the red shift by the ellipsoid
shape (not the spherical shape)18,19, it is reasonable to exclude the
effect of the plasmon enhancement from the reason for the
photo-excitation enhancement observed here because our Au
nanoparticle had a nearly spherical shape. As shown in Fig. 2d,
the coverage of the Au nanoparticles was estimated to be as small
as 1.8%. The small increase in the photo-sensitivity rate might be
caused by the inadequate coverage of Au nanoparticles.

Several groups have realized the sensitivity increase using
metallic nanoparticles, however, the metallic coverage in their
experiment was estimated to be more than 50%18,20,21. Such a
high-density metallic nanoparticle reported in the
literatures18,20,21 induced light scattering and resulted in a longer
optical pass in the detector. As discussed in Supplementary
Note 1, the isolated metallic nanoparticle did not induce the
strong light scattering. Furthermore, we can exclude the light
scattering effect because the scattering intensity depended on λ−4.

The absorption coefficient of the indirect bandgap material αI

near the energy band gap Eg depended on αI / hν � Eg
� �2

=hν

(h is the Planck constant, ν is the frequency), while that of the direct

bandgap material αD depended on αD / hν � Eg
� �1=2

=hν22. The

bias voltage in our experiment was 0; thus, the photo-current
should be the same as the short circuit current23:

ISC ¼ Q 1� rð Þ 1� exp �αlð Þf gen; ð4Þ
where Q is the collection efficiency, r is the reflection coefficient, l is
the absorbing layer thickness, e is the electron charge, and n is the
number of photons per second per unit of the p–n junction. We
expect herein that the ONF can realize the direct transition by

generating a large wave number in the vicinity of Au nanoparticles.
Thus, the photo-current for the device with the Au nanoparticles
consisted of the current that originated from the direct transition
ISC D and that from the indirect transition ISC I. The increased rate
in the current device could be expressed as follows if the respective
ratios of the direct and indirect transitions are A and (1 − A):

AISC D þ 1� Að ÞISC I

ISC I
¼ A 1� exp �αDlð Þð Þ þ 1� Að Þ 1� exp �αIlð Þð Þ

1� exp �αIlð Þ
� AαD þ 1� Að ÞαIð Þl

αIl

¼ C
A hν � Eg
� �1=2

þ 1� Að Þ hν � Eg
� �2

hν � Eg
� �2

ð5Þ
where we used the Taylor series of the exponential function, and C
is the proportional constant. The solid curves in Fig. 3b denoted the
calculated increased rate using Eq. 5. In the calculation, Eg was set to
0.96 eV, which was an average value of N= 1, 5, and 10 obtained

from fitting by the relation ISC I / αI / hν � Eg
� �2

=hν for the

photo-sensitivity data (Fig. 3a). The value of Eg= 0.96 eV, as the
band gap of Si, is smaller than that of Si (1.1 eV). However, the
decrease in the band gap energy originates from the band
narrowing due to heavy doping, as high as 1020 cm−324. Because
we considered the relation around the band edge wavelength,
furthermore we evaluated the wavelength dependence of the
increased rate between 700 and 1200 nm, the calculated wavelength
ranged between 1000 and 1200 nm. The ratios of the direct
transition A were set to 0.48, 0.82, and 1.82% for the average
coverage of N= 1, 5, and 10, respectively. The difference in the
wavelength dependence of the increased rate between the
experimental and calculated ones was caused by the narrow
depletion layer on the Si surface. The Au nanoparticles were
randomly deposited on the p-type, n-type, and depletion layers. The
width of the depletion layer was only 1.06 μm in contrast to the
wide electrode separation of 40 μm. However, the higher increased
rate near the band gap energy shown here supported the possibility
of the direct transition by the ONF.

Although we realized increased photo-sensitivity by the
introduction of the Au nanoparticles, the penetration depth of
the Si in the infrared region is estimated to be more than 10 μm,
which is longer than the p-layer depth of 0.9 μm. Thus, most of
the carriers in the thick photo-detector should be generated in the
Si bulk substrate beneath the p-layer, that is, the carrier can be
generated due to the FF effect. To eliminate the FF excitation, we
prepared a thin lateral p–n junction using an n-type silicon-on-
insulator (SOI) with a thickness of 0.9 μm with a dopant density
of 1013 cm−3 (Fig. 4a). The thickness of the buried oxide (BOX)
layer in the SOI wafer was 1.5 μm. The p-type layer was also
fabricated by the thermal diffusion of boron, so that the dopant
density is 1020 cm−3. From the dopant densities of the p-type and
n-type Si, the depletion layer thickness was estimated as 9.92 μm
in the n-type Si. Note that no depletion layer existed beneath the
p-layer. The Au nanoparticles were additionally dispersed after
device fabrication.

First, we compared the sensitivity between the thick and thin
(SOI) devices. Figure 4b shows the sensitivity of thin Si device
using a SOI for the three samples. The solid blue circles in Fig. 4b
represent the thin device with the dispersion number, N= 5, of
the 100-nm Au nanoparticles. The results showed a thin device
with two times lower sensitivity compared to the thick device,
indicating that the thin device could eliminate the FF excitation.
Figure 4c shows the increased photo-sensitivity rate as a function
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of the incident wavelength for N= 1, 5, and 10. It should be noted
that the increased rate enhanced for the longer wavelength. The
solid curves in Fig. 4c show the calculated increased rate using
Eq. 5. Although a difference was found in the wavelength
dependence of the increased rate between the experimental and
calculated ones, the gradient of the increased rate of N= 10 in the
wavelength range from 1000 to 1200 nm was 0.0009 nm−1. This
value was approximately 1.8 times larger than that for the thick
device of N= 10 in the same wavelength range. As N increased,
the rate increased up to 42.3% at λ= 1200 nm and N= 10. As the
thin lateral p–n junction the FF excitation beneath the p-layer was
eliminated, the increase in the photo-sensitivity rate originated
exclusively from the field confinement at the surface of the device.
A higher photo-sensitivity could be realized by introducing a
higher Au nanoparticle density and a larger surface area of the
depletion layer, such as a pin junction.

To examine the size dependence of the Au nanoparticles, we
compared the increased photo-sensitivity rate with different
values of the Au nanoparticle diameter. Figure 5a, b show the
diameter dependence of the increased photo-sensitivity for the
thick and thin devices, respectively. In this study, N was set to 5
for all diameter samples. Figure 5c shows the increased photo-
sensitivity rate at a wavelength of 1100 nm. From the results, it
was found that the highest photo-sensitivity was achieved with a
Au nanoparticle having a diameter of 100 nm for both devices
near the band gap wavelength of 1100 nm.

This size dependence of the larger Au nanoparticles resulting
in higher photo-sensitivity did not appear to be consistent with
the theory of direct optical transition by the ONF because based
on the uncertainty principle of the direct optical transition by the
ONF, a greater Δk can be obtained as the nanoparticle size

decreases. To examine the size dependence of the Au nanopar-
ticles, we performed numerical calculations using FDTD method.
To calculate the near-field component, we set Au nanoparticles
on the Si substrate (600 nm × 600 nm × 2400 nm, same as Fig. 3c).
As described in the Supplementary Information, similar electric-
field intensity (Supplementary Fig. 1) and Poynting vector
(Supplementary Fig. 2) distributions for the Au nanoparticle on
the SOI (Si: 600 nm × 600 nm × 900 nm on SiO2: 600 nm × 600
nm × 1500 nm) were obtained. Therefore, we discuss herein the
distribution only on the Si substrate. The unit cell was the same
for all the Au nanoparticle sizes. The refractive indexes for Au
and Si (same as Si in SOI) were 0.31+ i 7.93 and 3.54,
respectively. We performed the calculation using continuous
wave light source with a wavelength of 1100 nm, in which the
light has a linearly polarized light with x-polarization. To
calculate the near-field effect, we first calculated the electric-
field intensity distribution at the interface between Au nanopar-
ticle and the Si substrate. Figure 6a–e shows the square of electric-
field intensity distributions of Au nanoparticles with a diameter of
100 nm. Next, we obtained the wave number by calculating the
Fourier transform of the electric field distribution along the x-
axis. Figure 6e shows an averaged power spectrum (0 � y � D=2)
for different Au nanoparticle sizes. The wave number difference
between the Γ point and the point at which the conduction band
of Si has the lowest energy (X point) is obtained as kx_ΓX= 0.85 ×
π/a25. Using a value of a= 5.43 × 10−1 nm for Si, we obtained the
value of kx_ΓX= 4.92 nm−1. The red solid circles in Fig. 6f show
the intensity of power spectra at kx_ΓX= 4.92 nm−1 in Fig. 6e
(jF Eð ÞΓX j2). From the results, the highest intensity was obtained
for a diameter of 100 nm, which is more than 10,000 times larger
than that for a diameter of 5 nm. The calculated size dependence,
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taking the maximum at a diameter of 100 nm (Fig. 6f), was
consistent with the experimental results shown in Fig. 5c. As
shown in Fig. 6a–d, the electric field strongly localized in the
interface between the Au nanoparticle and Si; hence, the decrease
in the value of jF Eð ÞΓX j2 at D= 200 nm should be caused by the
absorption in Au. However, the results contradict the prediction
from the theory of direct optical transition by the ONF based on
the uncertainty principle. To evaluate the effect of generating a
larger k-component by the ONF, we calculated the intensity of
the normalized power spectra, which was normalized using the
square of the volume of Au nanoparticles (open blue circles in
Fig. 6f). The large k-component was generated by nanoparticle
scattering. Therefore, the Fourier spectral intensity of the electric-
field, |F(E)|2, should be proportional to the scattering cross-
section (proportional to the square of polarizability26). Because
polarizability is proportional to the volume27, it is reasonable to
normalize |F(E)|2 by r6 (proportional to the square of volume)12.
Here, the intensity of the normalized power spectra decreased
with the increase in size. From the FDTD results, it was
confirmed that, when the size decreases, a greater Δk is generated,
thereby increasing the efficiency of the direct optical transition by
the ONF. In addition, by considering the volume, the photo-
sensitivity increases with size.

Discussion
We achieved an enhancement in the photo-excitation efficiency
by introducing Au nanoparticles as the ONF sources. Metallic
nanoparticles with a significantly low coverage were used here,
which were examined in a wavelength range opposite to the
plasmon resonance to ensure that the field enhancement was not
dominant. Therefore, we believe our results unsealed the possi-
bility of a large Δk generation by field confinement by the ONF
sources. Further improvement could be realized if the depletion

area is increased by introducing the intrinsic Si layer between the
p-type and n-type layers, i.e., pin diode structure. By using the
effect of the near-field excitation shown here, the photodetector
and solar cell with a higher efficiency could be realized28. As for
the improvement of the photo-excitation in an indirect bandgap
material, the band engineering method has been proposed for Ge,
in which by introducing the strain, the band diagram turned to be
the direct bandgap and resulted in the improvement of the photo-
excitation29. Since the possibility of direct transition by the ONF,
which is not inherent in Si, it can be utilized in various other
applications, including photodetectors, light-emitting devices, H2

generation, using the indirect bandgap materials including Ge30,
SiC31, diamond32, and multilayer MoS233,34.

Methods
Fabrication process of the p–n junction using lithography. We fabricated the
device from an n-type Si through the following steps: (i) We prepared the pho-
tomask by electron beam lithography. (ii) The Si substrate was cleaned using a
piranha solution and an hydrogen fluoride (HF) solution. (iii) The SiO2 layer with
100 nm for the mask in lithography was prepared by thermal oxidization. (iv) The
SiO2 layer was patterned by photolithography using a photo-resist (ZPN, ZEON
Co.). (v) For boron doping for p-type, the boron source of the SOD was coated by
spin coating with 3000 rpm for 10 s and baked for 90 s at 100 °C using a hot plate.
Boron doping was performed in a furnace at 1000 °C for 120 min with O2

(0.5 L min−1) and N2 (1.5 L min−1). (vi) The SiO2 layer was removed using the HF
solution. (vii) The electrode was fabricated through the lift-off technique. A
200nm-thick Au was deposited by sputtering after the thin Cr later deposition. The
resist for the lift-off was removed by acetone through ultrasonic cleaning.

FDTD simulation conditions. The computer simulations herein were performed
by an FDTD-based program, Poynting for Optics (Fujitsu, Japan). The boundary
conditions were set to a periodic boundary condition (PBC) in the x and y
directions and perfectly matched layer (PML) in the z direction. The basic com-
putational area was set to 600 × 600 × 9500 (−5000 nm ≤ z ≤ 4500) nm. In this
model, the coverage of a 100 nm particle on a 600 × 600 nm surface was 2.2%,
which is comparable to the experimental coverage value of approximately 2%. All
light sources with a uniform electric field intensity (1.0 [V m−1]) in the xy-plane
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were set at z= 4200 nm. To calculate the scattering cross-section, a light source
that was a differential Gaussian wave in the time domain was used. In the rest of
the calculations for the electric-field intensity distributions, the light source was a
sinusoidal wave in the time domain. The minimum and maximum grid sizes were
0.22 × 0.22 × 0.48 nm and 10 × 10 × 10 nm, respectively. The unit cells were the
same for all the Au nanoparticles alone and on the Si substrate.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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