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ABSTRACT: Ultraviolet photodetectors (UVPDs) have played an important role both in civil and military applications. While
various studies have shown that traditional UVPDs based on wide-band-gap semiconductors (WBSs) have excellent device
performances, it is, however, undeniable that the practical application of WBS-based UVPDs is largely limited by the relatively high
fabrication cost. In this work, we propose a new silicon nanowire (Si NW) UVPD that is very sensitive to UVB light illumination.
The Si NWs with a diameter of about 36 nm are fabricated by a metal-assisted chemical etching method. Performance analysis
revealed that the Si NW device was only sensitive to UVB light and almost blind to illumination in the visible and near-infrared
regions. Such abnormal spectral selectivity was associated with the leakage mode resonances (LMRs) of the small diameter,
according to our theoretical simulation. Under 300 nm illumination, the responsivity, external quantum efficiency, and specific
detectivity were estimated to be 10.2 AW, 4.22 X 10°%, and 2.14 X 10'° Jones, respectively, which were comparable to or even
higher than those of some WBS-based UVPDs. These results illustrate that the small dimension Si NWs are potential building blocks
for low-cost and high-performance UVPDs in the future.

KEYWORDS: UV light photodetectors, silicon nanowires, leakage mode resonances, smaller diameter, finite element method

Bl INTRODUCTION stability.'* In spite of this, it is undeniable that WBSs are
commonly grown by molecular beam epitaxy (MBE)" and
metal—organic chemical vapor deposition (MOCVD),"® which
are characterized by complicated and critical fabrication
conditions. For this reason, it is difficult to achieve mass
production of these WBSs at a low cost. In addition to this,
environmental friendliness is also a non-negligible problem for
some WBSs.'” As a predominant material in the semi-
conductor industry, silicon (Si) has been widely used in the
fabrication of both integrated circuits (ICs) and photo-
detectors, owing to its mature preparation process and good

Ultraviolet (UV) light is electromagnetic radiation with typical
wavelengths between about 10 and 400 nm. It is commonly
classified as UVA (320—400 nm), UVB (280—320 nm), UVC
(200—280 nm), and far UV (10—200 nm)." The detection of
UV light has shown wide application in various civil and
military fields, including environmental monitoring, flame
detection, biological analysis, astronomical research, missile
warning, unmanned stations, etc.”™* Especially, the quantita-
tive detection of UVB light can help human beings reduce the
risk of some diseases, such as skin cancer and erythema.”® To
date, a great number of ultraviolet photodetectors (UVPDs)
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with different geometries have been achieved using traditional Received: March 14, 2022 ,
wide-band-gap semiconductors (WBSs), such as Zn0,”® Accepted:  June 27, 2022
Ti02,9 GaN,'? etc. It has been found that in addition to the Published: July 7, 2022

relatively high sensitivity to UV light, WBS-based UVPDs also
have other advantages such as high responsivity,'' specific
detectivity,'” well wearability,"> and good environmental
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Figure 1. (a) Schematic procedure for the fabrication of small-diameter Si NWs. (b) Side-view SEM images of a Si NW array. (c) Magnified SEM
images of dispersed Si NWs, and the inset shows the diameter distribution of Si NWs. (d) HRTEM image of a Si NW, and the inset shows the

corresponding lattice structure.

performance.'®*° The UV detection of Si-based photo-
detectors can be achieved by some approaches such as forming
an ultrashallow junction and inducing an additional electric
field on the Si surface.”””” These photodetectors usually have
good device performance. In addition, UV bandpass filters that
can selectively transmit UV light are often combined with Si
photodetectors, which will lead to an increased fabrication
cost.”> On the other hand, some materials and light-trapping
structures that can significantly enhance UV absorption are
also used to improve the photoresponse of UV light.”**
However, these approaches are unfortunately not compatible
with conventional Si manufacturing technology.

Various studies have shown that the photoabsorption of
semiconductor nanowires (NWs) is quite different from that of
their thin-film or bulk counterparts.””*” These findings are
believed to be due to the leakage mode resonances (LMRs),
which can be understood as optical antenna effects in one-
dimensional (1D) high-refractive-index semiconductor nano-
structures.”® When the NWs are under illuminations that
match leakage modes, the light trapped inside NWs will be
internally reflected multiple times by the boundary.”” It has
also been reported that NWs of different diameters can
enhance the photoabsorption in a specific region, and
horizontal NWs tend to support transverse magnetic (TM)
and transverse electric (TE) LMRs, which are determined by
the diameters of NWs.*" By this token, a device composed of
semiconductor nanostructures can bring about new optoelec-
tronic characteristics, which are quite different from the
devices made of thin-film or bulk materials.

In this study, we report on the development of a small-
diameter Si NW photodetector for UVB light detection.
Device characterization reveals that the metal—semiconduc-
tor—metal (MSM) Si NW photodetector was highly sensitive
to UV light illumination with peak sensitivity at around 310
nm but almost blind to visible and near-infrared light. Such a
UVB sensitivity was related to leakage mode resonances
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(LMRs) of Si NWs, according to the theoretical simulations
based on the finite element method (FEM). Further
comparison of the device parameters finds that the responsivity
of the present Si NW UVPD is comparable to or even better
than those of previously reported devices. It is believed that
this device composed of narrow band gap semiconductor
nanostructures has potential application prospects in future
UVB light detection.

B EXPERIMENTAL SECTION

Material Synthesis and Device Fabrication. The Si NW was
obtained by a metal-catalyzed chemical etching method. Briefly, an n-
type Si wafer [resistivity: 1—10 Q cm, (100) oriented] was
ultrasonically cleaned in acetone, ethanol, and deionized water for
1S min, respectively. The clean Si substrate was treated with Ar
plasma for S min to increase the surface hydrophilicity. Next, a single
layer of polystyrene (PS) spheres (diameter: 100 nm) was loaded
onto the Si wafer. Then, the diameters of PS spheres were reduced
through inductively coupled plasma (ICP-601). The radio frequency
(RF) power of the top electrode was set to be 140 W and that of the
bottom electrode was set to be 40 W. The flow rate of O,, the
constant pressure in the chamber, and the etching time were set to be
50 standard cubic centimeters per minute (sccm), S m-torr, and 80 s,
respectively. Afterward, a Au layer with a thickness of about 20 nm
was deposited on the Si surface. During this process, the PS sphere
with a reduced diameter will act as the mask layer that will lead to the
formation of a continuous gold nanofilm with spherical voids in it.
The above Si sample was then immersed in an etching solution
[HF:H,0,:H,0 = 4:1:5 (v/v)] for 1 h to obtain a Si NW array. After
that, the PS spheres were removed with acetone, and the sample was
dissolved in a mixed solution composed of I, and KI to etch the
remaining Au catalysts. The as-etched Si NW was finally immersed in
ethanol and placed in an ultrasonic cleaning machine for 15 s to
disperse Si NWs in ethanol uniformly. To fabricate the device, the
above suspension was dropped on a quartz glass substrate, and the
ethanol solvent was evaporated after annealing at 60 °C for 10 min.
Then, a mask with a channel size of 20 ym was covered on Si NWs,
and a 50 nm Au film was deposited as the electrode by electron-beam
evaporation.
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Figure 2. (a) Schematic diagram of Si NW UVPD. (b) SEM image of the device channel. (c) I-V characteristics of the Si NW UVPD in the dark
and under illumination at various wavelengths, and the light intensities are all set to be 2.0 mW cm™2. (d) Time-dependent photoresponse under
300, 365, and 450 nm light illuminations (2.0 mW cm™) at a bias voltage of 0.1 V. (e) Normalized spectral responsivity of the Si NW UVPD.

Material Characterization and Device Analysis and Simu-
lation. The morphologies of PS spheres and Si NWs were
characterized with a scanning electron microscope (SEM, SIRION
200 FEG). The crystal structure of Si NWs was analyzed with a high-
resolution transmission electron microscope (HRTEM, JEM-2100 F).
The electrical measurement of our device was tested on a
semiconductor parameter test system (Keithley 4200-SCS), and the
photoresponse characteristics were measured using a monochromator
(LE-SP-M300) and laser diodes of different wavelengths (300, 365,
and 450 nm). Commercial software COMSOL Multiphysics 5.4 was
used to perform all of the numerical simulations. In these simulations,
the plane wave propagated along the y-axis, and the wavelength range
was set from 270 to 1100 nm. A perfectly matched layer was set both
at the top and the bottom of the structure to avoid nonphysical
reflections of outgoing electromagnetic waves. The absorption value
can be obtained by calculating the result of the incident power minus
the transmitted power and reflected power. The dielectric constant of
air was 1 in all simulations.

B RESULTS AND DISCUSSION

In this study, smaller-diameter Si NWs were synthesized by a
metal-assisted chemical etching (MCE) method.”"** Figure la
illustrates the stepwise fabrication process of Si NWs. To
precisely control the diameter of the Si NWs, polystyrene (PS)
spheres with uniform diameter were packed on the substrate
surface, as shown by the SEM image (Figure Sla). Then, the
diameters of PS spheres were reduced by inductively coupled
plasma (ICP) etching. These small-diameter spheres actually
act as a mask for forming continuous Au thin films (Figure
S1b), whose morphology is of paramount importance for
forming a large-scale Si NW array with an identical diameter
during the MCE process (note that the Au nanofilm can
actuallgr act as a catalyst that can direct the anisotropic etching
of Si).”* Afterward, the vertical Si NW array was obtained by
immersing the above Si sample into a mixed etching solution
(see the Experimental Section for more details). Finally, the Au
film at the bottom part of the Si wafer and spheres were
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removed in two different solutions, assisted by an ultrasonic
method.”* The SEM image in Figure 1b reveals that the length
of the as-etched NWs was about 40 ym. A further magnified
SEM image in Figure 1c observes that Si NWs have a relatively
uniform diameter (Figure 1c), with an average diameter of
approximately 36 nm, according to the statistical distribution
shown in the inset of Figure lc. Figure 1d displays the
HRTEM image of the Si NW, which proves that the
nanostructures obtained by this method have typical single-
crystal properties. What is more, there was a natural oxide layer
with a thickness of around 2 nm on Si NWs, which is
reasonable due to exposure to ambient conditions.>

An ultraviolet photodetector was then fabricated using a
metal—semiconductor—metal (M—S—M) device geometry, to
study the optoelectronic properties of Si NWs. Figure 2a
illustrates the device structure, in which multiple Si NWs were
in contact with two parallel Au electrodes, forming two back-
to-back Schottky junctions. As shown by the SEM image in
Figure 2b, the channel has a typical width of around 20 um.
Figure 2c,d depicts the current—voltage (I—V) curve of the
device in the dark and under illumination at different
wavelengths (300, 365, and 450 nm) with a light intensity of
2 mW cm™2 It is apparent that the device is most sensitive to
300 nm light and almost blind to 450 nm light. The rejection
ratio (300 nm:450 nm) is 50.3 at 0.1 V, suggesting that this
device has an excellent anti-interference capability to visible
light.*® Further normalized spectral responsivity in Figure 2e
shows that the peak photoresponse of this photodetector is
around 310 nm illumination, and it is blind to visible and other
near-infrared illuminations. This finding is completely different
from previously reported silicon nanostructure-based photo-
detectors (the majority of the peak sensitivity is centered at
1000 nm), including conformal graphene/Si nanoholes,”” Ti/
Si NW array/Au,*® and Cu/Si nanopyramids.®
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Figure 3. (a) Schematic illustration of a horizontal Si NW, and the inset illustrates TM (electric field of the light polarized parallel to the axis of the
wire) and TE (electric field of the light polarized perpendicular to the axis of the wire) modes. (b) Simulations of the absorption spectrum of NWs
with SiO, of various thicknesses, and the inset shows the cross section of NWs. (c) Contour plot of the absorption as a function of the wavelength
and Si NW diameters. (d) Simulations of the absorption spectra of Si NWs with diameters of 36, 60, and 150 nm, respectively.
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Figure 4. (a) Total power loss density plots in the x—y planes excited by illumination with wavelengths of 310, 365, 380, and 450 nm, respectively.
(b) Total power loss density corresponding to the positions of the dashed lines in (a).

To shed light on the underlying reason for the unusual
spectral selectivity of the present Si NW photodetector,
theoretical simulations based on the FEM method were then
used to study the optical properties of Si NWs. Figure 3a
presents a schematic diagram of the horizontal Si NW, where
the light is incident along the y-axis. The total diameter of
NWs was set to be 36 nm (D = 36 nm) with a 2 nm thick
silicon oxide layer (h = 2 nm), and the length was set to be
infinite. Figure 3b reveals the optical absorption of Si NWs
with different oxide layer thicknesses. It can be found that the
spectral absorption of Si NWs with varied thicknesses (2, 2.3,
2.7, and 3 nm) is nearly the same, suggesting that a slight
change in the silicon oxide thickness cannot change the
photoabsorption of Si NWs. Figure 3c is a representative
contour plot that illustrates the dependence of the photo-
absorption of Si NWs on their diameter and illumination
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wavelength. One can clearly see that in the diameter range of
30—150 nm, the photoabsorption of Si NWs could be
continuously tuned in the visible and the UV range, and as
the diameter further decreases, the absorption peaks due to the
T™™,,, TE,,, and TM,,, TE,; LMRs will shift to shorter
wavelengths. The first subscript is an azimuthal mode number
indicating the effective number of wavelengths around the wire
circumference, and the second one is a radial order number
describing the number of radial field maxima within the
nanowire, according to the solution of Maxwell’s equation (see
the SI).*> As a matter of fact, such a diameter-dependent
photoabsorption is understandable considering the optical
antenna effect of the Si NWs: when the incident light is
effectively coupled with leakage mode, the photoabsorption of
NWs in a particular spectrum will be enhanced.’® According to
the solution of Maxwell’s equation, it is found that as the radius
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Figure S. (a) I-V curves of the device with various light intensities under 300 nm illumination. (b) Time-dependent photoresponse of the UVPD
with different intensities under 300 nm light at 0.1 V. (c) Photocurrent of the photodetector as a function of incident light intensity. (d)
Responsivity and EQE under 300 nm illumination with different light intensities. (e) Specific detectivity (D*) with various light intensities.

of the NW reduces, the wavelength corresponding to the
specific leakage mode decreases, which results in a blue shift of
the absorption peak (more details are available in the SI).
Figure 3d shows the corresponding absorption spectra of Si
NWs with diameters of 36, 60, and 150 nm (for the sake of
consistency, three kinds of Si NWs are all core—shell
nanostructures that have a uniform sheath of 2 nm SiO,
nanofilm), respectively. An obvious absorption peak attribut-
able to LMRs can be observed at wavelengths of 310, 405, 520,
735 nm, etc. From the electric field distribution shown in
Figure S2, it can be seen that the absorption peak at 520 nm of
150 nm Si NWs is related to TM,; and TE;; LMRs, while the
absorption peak at 735 nm is related to TM,; and TE,;; LMRs,
which is consistent with the previous study.’” Although the
details of LMRs for the 36 nm Si NW are still unclear to us, it,
however, can directly lead to the shift of peak absorption to
310 nm, which is of paramount importance to UVB detection.

To further study the enhanced absorption properties of Si
NWs, other theoretical simulations were also performed.
Figure 4a shows the total power loss density distributions of
a 36 nm diameter Si NW under 310, 365, 380, and 450 nm
illumination, respectively. One can easily see that there is
almost no power loss in the silicon dioxide layer. More
importantly, the strongest total power loss of Si NWs is found
when the incident wavelength is 310 nm light. In contrast,
there is almost no power loss under 450 nm illumination.
Figure 4b further depicts the total power loss density (Q)
corresponding to the dashed line in Figure 4a. Since the power
loss is mainly caused by the intrinsic absorption, the value of
Q, can directly reflect the strength of Si NW absorption.*' It
can be found that the power loss inside the NW declined as the
illumination shifted to longer wavelengths. In addition, there is
apparent power loss both at the top and bottom of NWs for
the short wavelength of illumination, especially when the NW
was under 310 nm illumination, suggesting that 310 nm light
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illumination can be easily absorbed by the Si NWs, and
therefore can be easily detected.”

Further study reveals that the photocurrent of the Si NW is
dependent on the light intensity as well. Figure Sa compares
the I-V curves of the Si NW UVPD under 300 nm
illumination with different light intensities. Obviously, with
increasing light intensity, the photocurrents increase accord-
ingly, due to more photogenerated carriers in Si NWs.
Specifically, when the light intensity increased from 0.335 to
2.522 mW cm?, the photocurrent at 0.1 V bias could be
improved from 36.12 to 140.64 nA. The relationship between
the photocurrent and light intensity can be further
quantitatively described by a power law: I, o P, L, is the
net photocurrent (I, = Iigy — Iy, P is the light intensity,
and 0 is the exponent of photoresponse, which reflects the
recombination activity of photogenerated carriers,*’ and the
value of 6 in this study is 0.76, indicative of the recombination
loss in our device under a high light intensity.** To
quantitatively study the performance of Si NW UVPD, some
key performance parameters like responsivity (R), external
quantum efficiency (EQE), and specific detectivity (D*) were
computed by the following formulas™~*’

_ Ilight - Idark
PS (1)
EQE = heR
a4 (2)
ot = (580"
NEP (3)
71/2
1
NEP =
R (4)
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Table 1. Comparison of the Device Parameters of Our Photodetector and Other WBS-Based UV Photodetectors

device structure wavelength [nm] bias [V] R [AW] D* [Jones] ref

Au-Si NWs-Au 300 0.1 102 2.14 X 10" this work
Au-TiO, film-Au 310 S 327 x 1073 55
Pt-Mgy 052150 film-Pt 315 7 0.4 1.8 x 10" 56
Au-GaN film-Au 325 N 0.34 1.24 x 10° 57
Au-Sn0O, film-Au 290 5 2.84 X 1072 58
graphene-ZnS nanobelts-graphene 300 1 1.9 x 10° S4
Ni,Si/6H-SiC film/Ni 320 0 0.07 59
Au/AlGaN film/Au 304 =20 0.202 60
Au/Gay;3Zn,;0 film/Au 310 N 0.57 4.5 x 10° 61

(2) (b)
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Figure 6. Comparison of the photoresponse of the device without (a) and with (b) PMMA coating before and after storage in air for a week,

respectively, and the light intensity is set to be 0.5 mW cm™

where P is the power density of the incident light, S is the
effective illumination area (7.04 X 107 cm?), h is Planck’s

constant, ¢ is the speed of light, and g is the value of the

=172
electron charge. Af is the bandwidth equivalent power, i >

s
the root-mean-square value of the noise current in the dark,
and NEP denotes the noise equivalent power. As shown in
Figure S3, Fourier transformation was performed to the dark
current, and the value of NEP was calculated to be 2.40 X
1071 WHz 2, According to the above equations, the values
of R, EQE, and D* were estimated to be 10.2 AW}, 422 X
10°%, and 2.14 X 10' Jones, respectively. Further statistical
distribution of 10 similar devices shows that the average values
of R, EQE, and D* of devices were estimated to be 9.77 AW ™!,
4.04 X 10%%, and 1.90 X 10" Jones, respectively. In addition,
the corresponding standard deviation of these parameters were
around 3.19 AW, 1.32 X 10°%, and 6.61 X 10° Jones (Figure
S4), respectively. It is found in Figure Sd,e that R, EQE, and
D* will decline with the increase of light intensity. This can be
explained as follows: under weak light illumination, the
number of photogenerated carriers was so small that all of
these carriers could be separated effectively by the built-in
electric field. However, with the increase in light intensity,
more carriers were generated, which led to a higher degree of
recombination. Thereby, only a small fraction of carriers could
be effectively separated by the built-in electric field.**** As a
result, the values of R, EQE, and D* all decreased under a high
light intensity. In addition, the rise/fall time of the Au/Si
NWs/Au UVPD is estimated to be 23.3:20.9 s, which is
relatively slower than that of previously reported M—S—M
devices (Figure S5).°>' This may be due to the high-density
surface states of small-diameter Si NWs.’>>® Table 1 compares
the key device performance parameters (R and D*) of our
device and other WBS-based UVPDs. The R of our UVPD is
poorer than that of the UVPD based on ZnS nanobelts.”*

32346

However, the R and D* in this work are better than those of
other UVPDs composed of conventional WBS materials
including the TiO, film,”> Mgy 0sZng 950 film,*® GaN film,*’
Sn0, film,** 6H-SiC film,”” AlGaN film,”° and Gay;Zn,,O
film,** respectively.

Lastly, it should be noted that while the stability of the bulk
Si wafer is very good in comparison with other semiconductor
materials, the present Si NW photodetector, however, displays
a relatively poor ambient stability. Figure 6a compares the
stability of our device after storage in air for a week, from
which, the photocurrent was found to reduce by 50%. Such
poor ambient stability is probably due to the relatively large
surface area that is relatively active and can react with air, gas,
or humid molecules after long-term exposure. As a matter of
fact, such poor stability could be improved by coating PMMA
on the surface. As Figure 6b depicted, under the same
conditions, there was almost no decrease in the photocurrent
of the device coated by PMMA.

B CONCLUSIONS

In summary, we have reported an MSM horizontal UV light
photodetector, in which the diameter of Si NWs is about 36
nm. This device is sensitive to UVB light but is almost blind to
light in the visible and near-infrared regions. According to the
theoretical simulation based on FEM, this special UVB
photoresponse is associated with the relatively strong light
absorption in the UVB region, which can be attributed to
leakage mode resonances of the small diameter of the Si NWs.
Under 300 nm illumination at 0.1 V bias, the R, EQE, and D*
of this UVB are estimated to be 10.2 AW}, 4.22 X 10°%, and
2.14 X 10" Jones, respectively, which are comparable to or
even better than other UVPDs based on traditional WBSs.
These relatively good device performances indicate that small
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dimension Si NWs are promising building blocks for the
assembly of UV optoelectronic devices in the future.
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