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Abstract— Photodetection at a wavelength of about
1060 nmis very important for applications including medical
imaging, optical communication, and light detection and
ranging. In this article, a self-powered near-infrared light
detector with a narrowband at around 1060 nm is realized
based on a simple Si Schottky structure, in which the Ohmic
and Schottky electrodes are configured on the front and rear
surfaces of the Si substrate, respectively. The as-assembled
device exhibits a tunable peak response near 1060 nm with a
full width at half maximum of 107 nm, which could be due to
the combined effect of the narrow photo-current generation
and the self-filtering effect of the silicon substrate. At zero
bias, a specific detectivity of ~1 x 10'! Jones and linear
dynamic range about 101 dB are achieved, in spite of the
weak absorption of Si at this wavelength. The external
quantum efficiency can be improved to 135% under a low
bias of —1 V, indicating the existence of gain mechanism
during photodetection. Finally, it is also found that the as-
assembled near-infrared device shows excellent antiinter-
ference capability during the photodetection process. These
results corroborate that the present Si photodetector may
find promising application in future near-infrared optoelec-
tronic devices and systems.

Index Terms—External quantum efficiency (EQE),
linear dynamic range (LDR), narrowband photodetector,
near-infrared light, silicon.

I. INTRODUCTION

HE specific wavelength window at around 1060 nm
(typically 1000-1100 nm) is vitally important in many
fields such as medical imaging, optical communication
system, and light detection and ranging [1]. It has been
considered very important for ophthalmic optical coherence
tomography imaging as the water absorption and scattering
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effect in the eyes was balanced in this band [2]. What is
more, the current state-of-the-art technology of high repetition
rate and power lasers propels the utilization of near-infrared
1064 nm wavelength to construct the optical data link, which
exhibits larger data transfer rate and reduced transmission
power compared with traditional microwaves [3].

As a core component of some complicated infrared systems,
the photodetector often suffers from poor detection limit,
which is usually not determined by the noise coming from
device itself, but by background disturbance, in that the light
incident on device is a combination of object information and
background radiation [4]. The development of a photodetector
with peak response to target wavelength is an effective solution
to boost the immunity of an infrared system to background
interference. To date, very few studies about the narrowband
1060 nm photodetector has been reported, except for some reli-
able narrowband devices at other wavelengths which are based
on the following geometies: broadband photodiodes combined
with optical filters [5], [6], bulk heterojunction based on the
charge collection narrowing mechanism [7], [8], nanowire
arrays [9], [10], narrowband absorption active layer [11]-[14],
and periodic metallic hole/slit structures on semiconduc-
tor [15], [16]. However, it is undeniable that the majority
of the above narrowband devices are usually complex in
architectures, or unstable for the usage of organic photoactive
layers [17]. Moreover, external power supply is needed during
operation, which restricts the application of these devices in
optic-electronic integration requiring component miniaturiza-
tion. In this article, a self-powered narrowband photodetector
with peak response near 1060 nm was fabricated based on a
simple Si Schottky structure, which can effectively improve
the noise immunity of infrared system in detecting a target
signal of 1060 nm.

Il. EXPERIMENTAL DETAILS
A. Device Fabrication

The narrowband Si Schottky-junction photodetector was
fabricated on a commercially available n-type (100) Si wafer
substrate (resistivity: 1-10 Qcm, single side polished). After
the removal of the oxidation layer on Si by immersing the
substrate into a buffered oxide etch (BOE) solution (HF:
NH4F:H,O = 3 mL:6 g:10 mL) for 3 min, a rectangle
window (0.2 cm x 0.25 cm) was first defined on the polished
surface of Si substrate using an insulation tape. Then different
metal Schottky films of 50 nm thickness were deposited onto
the substrate, including Au, Ag, and Al. For comparison,
graphene film has also been transferred onto the substrate as
the Schottky contact. Meanwhile Ohmic contact was obtained
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Fig. 1. (a) Schematic of the narrowband photodetector based on Si
Schottky-junction. Simulated (b) electrical field and normalized photon
absorption rate versus distance to front surface. (c) Contour maps
photo-generation rate as a function of incident light wavelength and
depth in Si. (d) Photon absorption rate of 980—1300-nm light in different
thickness Si substrate.

Photogeneration 500
Rate

by pasting In—Ga alloy onto the unpolished surface, enhancing
the recombination on the incidence plane.

B. Device Characterization

The electrical measurement was performed on a
semiconductor parameter testing system (Keithley 2400),
and spectral response was measured on a monochrometer
(LE-SP-M300). To study the photoresponse, laser diodes with
different wavelengths (HW520AL35-16GD, FU650AD5-BC9,
FU980AD100BD10, ZLM50AD1064-22130BXS, M265L3,
M450LP1, M1550L3, M1650L4, and M1300L3) were used
as light sources. The power intensity of all light sources was
carefully calibrated using a power meter (Thorlabs GmbH.,
PM 100D) before measurement. All studies were conducted
under ambient conditions at room temperature.

C. Numerical and Simulation

Simulation was carried out using Synopsys Sentaurus
TCAD to analyze the photogeneration rate, photon absorption
rate, and electric field in the device. A 2-D structure was
constructed as shown in Fig. 1(a), with the dimension of
10 yum x 500 um, consisting of a 500 um-thick n-type
phosphorous-doped (100) Si substrate (5 x 10'* cm™3). The
lengths of Ohmic and Schottky electrodes were set to be 1 and
10 um, respectively. Grid points number of ~31810 was
chosen as a compromise between computing time and pre-
cision, since finer meshes have been tried without obvious
changes observed. A beam of light was introduced to the
front surface of the Si substrate at an incident angle of 90°.
Moreover, Shockley—Read—Hall statistics was adopted for the
generation-recombination processes modeling.

[1l. RESULTS AND DISSCUSION

A schematic of the device is presented in Fig. 1(a).
As well documented in other conventional device, only photo-
generated free electron hole pairs (EHPs) in the specific area
next to the Schottky contact can be collected by electrodes.
This area is termed as photo-current generation region, which
contains diffusion and depletion regions. The upper right red
shaded area in Fig. 1(b) exhibits the simulated electric field
in the depletion region of a device with 500 xm Si substrate.

The electric field is located in a ~2 ym wide region with
intensity increasing significantly near the Schottky contact.
Although the depletion region is much thinner than that of
the diffusion region (~100 gxm) [18], it, however, enables
the efficient separation of EHPs to form photo-current. The
spectral selectivity of the device should be mainly determined
by the wavelength and corresponding quantity of photons
absorbed by this narrow area. From Fig. 1(b), one can also
learn that photon absorption rate declines sharply versus depth
when the light wavelength deceases. This means the incident
light with short wavelength can hardly enter into the deep
region of silicon. Therefore, light illumination of wavelength
less than 650 nm can hardly cause the formation of EHPs,
when the depth in Si is larger than 150 um [see Fig. 1(c)].
On the contrary, the light illumination at 1060 nm wavelength
can generate EHPs at almost the whole depth of Si. Meanwhile
there is little photogeneration, which reduces gradually to
zero with the increase of wavelength, considering the lower
irradiation energy than the Si bandgap. These calculation
results indicate that selective spectral detection can be easily
achieved by changing Si substrate thickness based on the
simple device structure represented in Fig. 1(a).

The photoresponse of device was then explored by plot-
ting the simulated curves of photon absorption rate with Si
substrate thickness in the wavelength range of 980-1300 nm
[see Fig. 1(d)]. Although the photon absorption rate of shorter
wavelength is higher than that of the longer one, the absorption
in Si at deeper depth however is dominated by longer wave-
length light because of its slower attenuation trend of photon
absorption. The gray pillars in Fig. 1(d) represent the position
of the depletion region in Si substrate of different thicknesses.
It is apparent that both the response peak and full width at half
maximum (FWHM) can be controlled by Si wafer thickness,
even when considering the contribution of diffusion region.

To verify the rationale outlined above, the -V curves of
the device based on n-silicon (500 gm)/Au Schottky-junction
were measured in darkness and under illumination of different
wavelengths at the same intensity [see Fig. 2(a)]. The device
exhibited pronounced response to the 1064 nm illumination,
while the photoresponse to other wavelengths were substan-
tially tempered. Specifically, except for 1064 and 980 nm,
the curves measured under light illumination of other wave-
lengths can hardly be distinguished with that measured in
dark. Although this photoelectric effect is weak, it, however,
can allow the device to operate under zero bias [inset in
Fig. 2(a)]. In order to shed light on how the work function
of electrode will affect the photoresponse performance, other
electrode materials such as Al (4.1 eV), Ag (4.3 eV) and
graphene (4.5 eV) were also employed to construct Schottky
junction with n-Si for comparison [19]. From the inset in
Fig. 2(b), one can find that photocurrents of these devices
went up in an interesting order which is correlated with
the work function value of their Schottky contact material.
This finding is consistent with the simulation results shown
in Fig. 2(b). Among the four devices composed of different
Schotty junctions, the device with Au electrodes showed the
largest photoresponse with steep rise and fall edges, signifying
fast and effective separation of EHPs by the strong electric
field in the depletion region. In light of this, Au electrodes
were used for assembling the Schottky contact in the following
discussion.
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Fig. 2. (a) I~V curves of the photodetector based on Si/Au Schottky-

junction under the illumination of different wavelength (3.5 mw/cm?).
The inset shows the photovoltaic behavior in semilogarithmic scale.
(b) Time-dependent photoresponses and simulated electric field of the
devices with different Schottky contacts. (c) Normalized wavelength-
dependent photoresponse of the devices with the Si substrate of dif-
ferent thicknesses. (d) Wavelength-dependent EQEs under various bias
voltages (275 puw/cm?).

Further experimental results showed that all Si devices
with thicknesses of 80, 200, 300, and 500 um exhibited
obvious spectral selectivity [see Fig. 2(c)], however, their
corresponding FWHMs were found to increase slightly from
107 to 175 nm as the Si thickness decreased from 500 to
80 um. Meanwhile, the peak response slightly blue shifts from
1050 to 1025 nm. This phenomenon coincides well with the
theory interpreted above. The increase of FWHM should be
due to the arrival of more short-wavelength photons at the
photocurrent generation region as the Si substrate thickness
reduces. In addition to Si thickness, the bias voltage can
also influence the photoresponse of narrowband device. For
instance, the external quantum efficiency (EQE) of a 500 um
Si device can be improved to 135% at —1 V [see Fig. 2(d)],
which is 24 times larger than that at O V. Since the EQE
reflects the ratio of the number of charge carrier circulating in
the circuit over the number of photons absorbed by device

EQE = (I}, /e)/(PS/hv) (1)

where I;‘h is the net photocurrent, e is the electronic charge,
P is the incident power density, S is the effective illumination
area, h is the Plank’s constant, and v is the frequency of
incident light [20]. The EQE value which is larger than 100%
indicates that there should be a gain mechanism during the
photodetection process. As shown in Fig. 1(a), the holes in
the photocurrent generation region, especially in the depletion
region, will be swept to the adjacent Schottky electrode, while
the electrons need to pass through the entire n-type Si substrate
to reach the Ohmic electrodes by diffusion. This will greatly
prolong the carrier lifetime as the recombination ratio was
lowered. Meanwhile, the difference between the transit times
of electron and hole will increase with the increase of bias
voltage, which would cause more external photo-current to
maintain electric neutrality. Thereby, the gain effect became
significant at negative bias. As a matter of fact, such a
mechanism is similar to that of photoconductive detectors
depending on the charge lifetime and the charge carrier transit
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Fig. 3. (a) LDR measured at 0 V (pump wavelength 1064 nm).
(b) Time-dependent photoresponse for about 75 cycles of operation at
zero bias before and after four months storage under ambient condition.
(c) Detectivity as a function of wavelength under illumination with an
intensity of 3.35 uW/cm? at zero bias, and inset is the corresponding
noise spectral density. (d) Time—-response of the device to the signal
of 1064 nm under background disturbance of other wavelength light.

time governed by the applied field [21]. Moreover, the FWHM
and peak response were almost unchanged, which is probably
due to the relative small change of depletion region width
(<0.65 um/V) caused by bias voltage (V) according to the
formula

Waep = v/ 25 (Wi — V-koT/q)/qNa 2)

where &, wp;, and N, are, respectively, the permittivity
of the semiconductor, the built-in potential, and the donor
impurity concentration. The koT/q at room temperature is often
neglected [22].

In addition, the linear dynamic range (LDR) of the device
was calculated to be ~101 dB based on the light intensity-
dependent photoresponse characteristics [see Fig. 3(a)],
according to formula: LDR = 20log(/;/14), where I, is the
dark current [23]. LDR represents light intensity operating
range of the device. The relative large LDR suggests that
the recombination losses in the device are relatively low.
This finding is further confirmed by the high value of
corresponding €, which is deduced to be 0.92 (close to the
ideal value of 1) by fitting according to the power law:
I;‘h = P9 [24]. The low recombination losses should be
the result of high crystalline quality of Si substrate and
the majority carrier device nature of Schottky diode [25].
Moreover, the device exhibited excellent repeatability and
long-term stability under continuously switched 1064 nm
irradiation. The curve nearly kept unchanged even after four
month storage in ambient condition [see Fig. 3(b)]. This
excellent stability should be due to the superior stability
of both Au and Si substrate. What is more, the specific
detectivity (D*) of the device was calculated to evaluate its
ability of detecting weak optical signal

D* = (SAf)Y?/NEP (3)
NEP =127 /R (4)
R =15/(P-5) (5)

=12
where Af, NEP, R, and ifl denote bandwidth, noise
equivalent power, responsivity, and the root-mean-square
value of noise current, respectively, [23], [26]. As presented
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in the inset of Fig. 3(c), the noise level per unit bandwidth
was deduced to be 9.64 x 10~'° AHz~!/? by performing
a Fourier transformation of the dark current. The peak
specific detectivity at 1050 nm, therefore, was estimated
to be about 1.01 x 10'' Jones under 0 V, which is
comparable to commercial PbS detector (Thorlabs, FDPS3X3,
1 x 10" Jones). Considering the very weak absorption coef-
ficient of Si at around 1060 nm, the relatively high D* should
be correlated with the gain effect mentioned above. Finally,
to explore the anti-interference capability of the present
narrowband device, additional light of other six different
wavelengths such as 265, 520, 650, 780, 980, and 1300 nm
with the same intensity was intentionally illuminated onto the
photodetector which has been already shined by 1064 nm light
(1 mW/cm?). It can be easily seen from Fig. 3(d) that except
the 980 nm, the photoresponse under other optical interference
with wavelengths in the region from UV to visible and infrared
are nearly the same, implying its excellent anti-interference
capability to background disturbance.

IV. CONCLUSION

In summary, we have successfully developed a self-powered
narrowband photodetector with a peak response near 1060 nm
based on a simple Si Schottky junction. The FWHM of the
device decreases from 175 to 107 nm as the Si thickness
increases from 80 to 500 um. Meanwhile, the peak response
slightly red shifts from 1025 to 1050 nm. The EQE of the
device based on 500 ym Si can be improved to 135% at —1 'V,
which is 24 times larger than that at zero bias. Moreover,
the device exhibited excellent repeatability and long-term sta-
bility due to the superior stability of both Au and Si substrate.
Its peak specific detectivity at 1050 nm was estimated to be
about 1.01 x 10! Jones under 0 V, which is comparable to
commercial PbS detector. Benefiting from the high crystalline
quality of the Si substrate and the majority carrier device
nature of the Schottky diode, the device also represented
relative large LDR (~101 dB). The spectral selectivity of the
device can greatly enhance the noise immunity of infrared
system. Meanwhile these results provide the possibility for
application of the Schottky junction in narrowband detection
due to its self-powered work mode, simple structure, low cost,
and high sensitivity.
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