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Abstract—Self-driven photodetectors based on flexible
silicon nanowire (Si-NW) array have attracted widespread
research interests since they can continuously operate
without external bias. However, their practical perfor-
mances are limited due to the high density of intrinsic
defects introduced by the chemical etching procedure
for the Si-NWs. To address this issue, first ultrathin
silicon wafers are etched with a metal-assisted chemi-
cal etching method, then flexible Si-NWs are obtained,
and finally, a high-performance self-driven photodetec-
tor Si/[Si-NWs/FASnBr3]/MoO3/Au, in which Si-NWs are
surface passivated with FASnBr3 nanocrystals, is presented.
As a result, the responsivity and specific detectivity of the

self-driven photodetector reach 0.694 A/W and 2.9 x 1013 Jones, respectively, under 0.8 pW/cm?2 980 nm illumination
at zero bias, with a rising time of 58.552 ms and a falling time of 43.729 ms. The enhanced device performance is
mainly due to the improved surface passivating effect on the silicon nanowire surfaces by FASnBr; nanocrystals. Thus,
it provides an efficient method to passivate the surfaces of silicon nanowires, and it is a promising method to enhance

the performances of self-driven Si-NW-based photodetectors.

Index Terms— Flexible silicon nanowire (Si-NW) array, self-driven photodetectors, surface passivating, tin-based

perovskites.

I. INTRODUCTION

OWADAYS, photodetectors based on semiconductor
Nnanostructures have shown a plenty of potential appli-
cations in detecting optical signals, such as in automatic
manufacture, chemical/biological measurement, image sens-
ing, military survey, and optical communication. Self-driven
photodetectors [1], which can operate without external bias,
further broaden the applications of photodetectors. It is unde-

Manuscript received 23 April 2024; accepted 8 May 2024. Date of
publication 21 May 2024; date of current version 16 July 2024. This
work was supported in part by the National Natural Science Foundation
of China under Grant 1227041254; in part by the Open Foundation of
Guangxi Key Laboratory of Processing for Non-ferrous Metals and Fea-
tured Materials, Guangxi University, under Grant 2021GXYSOF18; and
in part by Bagui Scholar Fund of Guangxi Province. The associate editor
coordinating the review of this article and approving it for publication was
Prof. Hsin-Ying Lee. (Corresponding author: Shengyi Yang.)

Zhenheng Zhang, Shengyi Yang, Zhenhua Ge, Haiyuan Xin, and
Ying Wang are with Beijing Key Laboratory of Nanophotonics and
Ultrafine Optoelectronic Systems, School of Physics, Beijing Institute of
Technology, Beijing 100081, China (e-mail: syyang@bit.edu.cn).

Yurong Jiang is with the School of Optics and Photonics, Beijing
Institute of Technology, Beijing 100081, China.

Bingsuo Zou is with the School of Physical Science and
Technology, Guangxi University, Nanning 530004, China (e-mail:
Zoubs@gxu.edu.cnn).

Digital Object Identifier 10.1109/JSEN.2024.3401682

niable that the vast majority of high-performance self-driven
photodetectors are prepared on 1-D nanowire arrays, such as
ZnO nanorods array [2], Si nanowire array [3], [4], and CdS
nanorod array [5], [6]. However, the necessary high responsiv-
ity and quick response speed of photodetectors, and the ability
to detect a wide range of wavelengths are also key factors.
Therefore, the self-driven photodetectors based on Si-NWs
have attracted the attention of many researchers. Hong et al. [7]
fabricated a self-driven CuO/Si-NW broadband photodetector
for the first time, and the responsivity and specific detectivity
of the photodetector reached 0.064 mA/W and 7.6 x 108
Jones under 550 mW/cm? 1064 nm illumination, respectively.
However, the fact cannot be ignored that most of these Si-NWs
were obtained by the Ag-assisted chemical etching approach.
The Si-NWs obtained by this method have a large number of
defects, and the existence of these defects severely limits the
device performance of Si-NW-based photodetectors.

To address these issues, perovskite nanomaterials were
used to passivate the surface of Si-NWs due to their high
carriers’ mobility, long carriers’ diffusion distance, and high
absorption of incident light [8]. Liu et al. [9] prepared the
Si-NWs/perovskite core-shell nano-heterojunction NIR photo-
diode by depositing a Cs-doped FAPbI; layer onto the surface
of the vertical Si-NWs. Also, the responsivity and the specific
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detectivity reached 14.86 mA/W and 2.04 x 10'° Jones at zero
bias, respectively. In addition, PbS nanocrystals have also been
used in the surface passivation of Si-NWs. Xu et al. [10] have
successfully prepared NIR/SWIR dual-band photodetectors
based on Si-NWs/PbS heterojunction, and the responsivity and
the specific detectivity of the photodetector in the SWIR band
are 290 mA/W and 2.4 x 10! Jones, respectively. However,
among these proposed strategies, the use of semiconductor
materials containing toxic elements, such as lead, will fur-
ther limit the application scenarios of the above self-driven
photodetectors. In contrast, the usage of nontoxic tin-based
perovskites, which can be synthesized through hot injec-
tion [11] and ligand-assisted reprecipitation [12], makes them
promising candidates for surface passivation of the Si-NWs.

For tin-based perovskites, the two 5s electrons of Tin(II)
are active and they are easy to be lost because the inert
pair effect derived from the shrinkage of the lanthanides
is not present, so Tin(Il) is more easily to be oxidized to
Tin(IV) [13]. It is undeniable that the quality of tin-based
perovskites synthesized by hot injection is high. However,
the corresponding synthesis process is too complicated due
to the high temperature and nitrogen environment required
for the reaction process. In addition, due to the high sen-
sitivity of the tin-based perovskites itself to oxygen, as a
result, a substantial degradation of the quality of tin-based
perovskites occurs. Dai et al. [12] synthesized the FASnl;
nanocrystals with different particle sizes in the gloves, and
they also observed a significant redshift for the absorption
spectrum of the nanocrystals with increasing their particle size.
Therefore, the synthesis of high-quality tin-based perovskite in
a glove box is very important for high-performance self-driven
photodetectors.

In this work, first the ultrathin silicon wafers are etched, and
then, the flexible Si-NWs are obtained. A high-performance
self-driven photodetector based on these flexible Si-NWs
is presented after the Si-NWs are surface passivated with
FASnBr; nanocrystals. As a result, the responsivity and the
specific detectivity of the self-driven photodetector Si/[Si-
NWSs/FASnBr3]1/MoO3/Au are 0.183 A/W and 7.65 x 10
Jones, respectively, under 0.9 uW/cm? 405 nm illumination
at zero bias. These two parameters increase to 0.694 A/W
and 2.90 x 10" Jones, respectively, under 0.8 nW/cm?
980 nm illumination at zero bias. The rising/falling time of the
self-driven photodetector Si/[Si-NWs/FASnBr;]/MoOs/Au is
reduced from the original 92.418/58.984 ms for photodetector
without surface passivated active layer to 25.823/28.016 ms
for photodetector with surface passivated active layer under
405 nm illumination, while the response time of the photode-
tector under 980 nm irradiation is reduced from the original
202.84/251.71 to 58.552/43.729 ms. Finally, the underlying
mechanisms for the enhanced performance of the self-driven
photodetector are discussed.

[I. EXPERIMENTAL SECTION
The chemical reagents used in our experiments are of
analytical grade and they are used as received. Silver nitrate
(AgNOs3, 99%) is purchased from Beijing Tongguang Fine
Chemicals Company. Hydrogen peroxide (H,O,, 30%) and

(@ '

FASnBr; NCs

Fig. 1. (a) Synthesis procedures of FASnBrz nanocrystals. (b) Prepara-
tion procedure for the flexible Si-NWs. (c) Preparation procedure for the
photodetector Si/[Si-NWs/FASnBr3]/MoOs/Au.

nitric acid (HNOj3, 65%—-68%) are purchased from Xilong
Scientific Company Ltd. Formamidinium acetate (FAOAc,
99%), trioctylphosphine (TOP, 90%), oleyamine (OLA, 80%-—
90%), and oleic acid (OA, 99%) are purchased from Shanghai
Macklin Biochemical Company Ltd. 1-Octadecene (ODE,
95%) is purchased from Meryer (Shanghai) Biochemical Tech-
nology Company Ltd. Hydrofluoric acid (HF, 40%), sodium
hydroxide (NaOH, 98%), and Tin(Il)-bromide (SnBr,, 99%)
are purchased from Shanghai Aladdin Biochemical Tech-
nology Company Ltd. Toluene (C7Hg, 99.8%) is purchased
from Tianjin Fuyu Fine Chemical Company Ltd. Molybdenum
trioxides (MoO3, 99.5%) are purchased from Aladdin Indus-
trial Corporation. Dimethylformamides are purchased from
Shanghai Macklin Biochemical Company Ltd. Silicon wafers
are bought from Kaihua Lijing Electronics Company Ltd.
The FASnBr; nanocrystals are synthesized by injecting
formamidinium oleate precursor solution into a solution of
SnBr, precursor, and the above synthesis reaction is carried
out in a glove box, as shown in Fig. 1(a). First, 0.083 g of
formamidine acetate (FAOAc), 1 mL of 1-octadecene (ODE),
and 2 mL of oleic acid (OA) are mixed at 130 °C by
continuously stirring until all of FAOAc reacted with OA to
yield a clear formamidinium oleate solution. Then, 0.5570 g
of SnBr; is completely dissolved in 2 mL of trioctylphosphine
(TOP) by continuously stirring overnight at room temperature
to prepare the SnBr,-TOP solution; 30 mL of toluene is
heated to 80 °C in a 50-mL flask on a hot plate, followed
by adding 200 uL of oleyamine (OLA) and 2 mL of SnBr;-
TOP solution and stirred them to form the SnBr, precursor.
Finally, formamidinium oleate solution is rapidly injected into
the reaction flask. After the crude solution is cooled down to
room temperature, FASnBr; nanocrystals are extracted from
the crude solution by centrifuging at 10000 r/min for 10 min.
After centrifugation, the supernatant solution is discarded
and the precipitate is redispersed in hexane. The solution is
centrifuged at 3000 r/min for 3 min to remove the aggregated
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Fig. 2. (a) TEM. (b) Diameter distribution diagram. (c) HRTEM of
FASNnBr3 nanocrystals. (d) IFFT. (e) FFT diagram of FASnBrz nanocrys-
tals in the red box area of (b). (f) XRD images of FASnBrs powder,
FASnBrj3 films, and glass substrate.

nanocrystals, resulting in the supernatant of long-term col-
loidally stable solution.

In our experiments, the flexible Si-NWs are pre-
pared by following the procedures reported [14] with a
Ag-assisted chemical etching approach [15] in Fig. 1(b). The
preparation procedure for self-driven photodetector Si/[Si-
NWs/FASnBr;]/MoOs/Au is shown in Fig. 1(c). First, the
flexible Si-NWs are immersed into a hybrid solution composed
of 1.0 mL of HF and 10 mL of deionized water, and then, it is
placed on a hot table at 45 °C for 10 min. Then, the FASnBr3
nanocrystal solution is spin-coated on the flexible Si-NWs at
1000 r/min for 30 s, and then, it is annealed at 70 °C for
10 min. It is transferred into the evaporation chamber, 30 nm
of MoOs is deposited at a rate of 0.1 A/s under a high vacuum
of 5 x 107* Pa, and subsequently, a 35 nm Au top electrode
is thermally evaporated at a rate of 0.2 A/s under the same
vacuum condition via shadow mask. The effective illumination
area on the photodetector is about 0.1256 cm?.

I1l. RESULTS AND DISCUSSION

The crystallography of the as-synthesized FASnBr;
nanocrystals is characterized by transmission electron
microscopy (TEM), as depicted in Fig. 2(a), showing the
FASnBr; nanocrystals in cube. The distribution of FASnBr;
nanocrystal size is not only uniform but also no obvious
agglomeration. The HRTEM of FASnBr; nanocrystals is
shown in Fig. 2(b), where one can see the lattice fringe clearly.
Also, one can see that the size of FASnBr; nanocrystals is
14-32 nm, and their average size is ~23.14 nm, as shown
in Fig. 2(c). After the inverse Fourier transform is applied
to the area surrounded by the red box in Fig. 2(b), the clear
diffraction spots can be observed in the above IFFT diagram
and the spacing between the diffraction spots is 3.50, 4.97, and
3.50 1/nm, as shown in Fig. 2(d). Also, the lattice fringes can
be seen clearly in the FFT diagram, and the fringe spacings are
2.85,2.06, and 2.85 A. Since there is no literature report on the
standard pdf card of FASnBrs3, therefore, the above three lattice
fringes and spots cannot be marked [see Fig. 2(d) and (e)] [16],
[17], [18]. The XRD of the FASnBr; nanocrystal powder and
film is shown in Fig. 2(f); they are slightly different from each
other due to the influence of the glass substrate. However,
similar diffraction peaks can be observed when the effect

(a) cn, 1[®)
asymmetric H \ "
3 ~
s | N7
p” £
<
5
E CH, | ) .‘“\Aui:mr:m”b .
E symmetric
z () veann
E C=N stretching : 7
forfFA- H =
- " i
stretching for -
FA® -
4000 3500 3000 2500 2000 1500 1000 500 *¢ . —— e
Wavenumber (cm")
Fig. 3. (a) FTIR spectrum of FASnBrs nanocrystals. Enlarged

FTIR spectrum of FASnBrs nanocr}/stals at wavelength for (b) 3500—
3000 cm~" and (c) 3000—2700 cm~1.

of the glass substrate is ignored, and the obvious diffraction
peaks can be observed at 21.66°, 30.94°, 37.8°, 43.99°, 50.04°,
55.22°, 64.37°, and 69.16°. From the XRD of the FASnBr;
nanocrystals, one can see that the interplanar spacing of the
FASnBr; nanocrystals is 2.88 and 2.05 A when 26 is 30.94°
and 43.99°, respectively. In a word, the above XRD of the
FASnBr; nanocrystals is consistent with their TEM.

In order to understand the growing mechanism of FASnBr;
nanocrystals, they are characterized by the FTIR spectra,
as shown in Fig. 3(a). From Fig. 3(b), one can see that the
vibrational peaks of N-H bond of FA™' at 3357, 3270, and
3168 cm™! are the vibrational peaks of the N-H bond of FA™
[19], and these successive vibrational peaks are mainly formed
by the interaction of FAT and Br~ (N-H-B) [20]. In addition,
the vibrational peak at 1715 cm™! proves the presence of
C=N in FA" [21], [22]. In Fig. 3(c), the vibrational peaks at
2853 and 2925 cm ™! are mainly associated with the symmetric
and antisymmetric “CH, vibrational peaks within oleic acid
and oleyamine [22].

During the synthesis of FASnBr; nanocrystals, if too much
oleylamine is added to the reaction solution, the color of the
solution remains colorless after injecting the formamidinium
oleate precursor solution into the SnBr,-TOP precursor solu-
tion. This phenomenon is completely different from the change
of the solution color from colorless to yellowish green as
described in Section II. When excess oleylamine is injected
into the SnBr,-TOP precursor solution, RH3* replaces FA* on
the surface of FASnBr; nanocrystals and forms 2-D perovskite
materials [22]. In addition, we can also see that the color of the
FASnBr; nanocrystals’ raw solution changes from the original
yellowish green to colorless after oleylamine is poured into
the synthesized FASnBr; nanocrystals’ raw solution. During
the synthesis of many 2-D perovskites, ammonium ions with
larger ionic radii are often used to replace the A-site cation
in the ABXj3 perovskite structure. However, the bandgap of
the 2-D perovskites tends to be larger than that of the 3-D
perovskites because their ionic radii are much larger than that
of the A-site cation. Therefore, this phenomenon of the color
changes of the FASnBr; nanocrystals’ raw solution during the
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Fig. 4. (a) Absorption spectra. (b) (Ahv)2 ~ hv curve. (c) UPS spectra
to the secondary electron cutoff energy. (d) Fermi energy of the FASnBr3
nanocrystals film.

synthesis of FASnBr; nanocrystals after introducing excess
oleylamine can be explained.

For photodetectors, the optical properties of the active layer
play a decisive role on their photodetection performance.
Therefore, the absorption spectra of FASnBr; nanocrystal films
by UV-visible spectrophotometer are measured, as shown in
Fig. 4(a). One can see that the FASnBr; nanocrystal film has
a clear absorption peak at 463 nm. The Tauc curve of the
FASnBr; nanocrystals film is given in Fig. 4(b), and one can
see that the bandgap of the FASnBr; nanocrystals film is
~2.11 eV. In addition, in order to find out the detailed energy
band of the FASnBr; nanocrystal film, the UPS is carried
out on it, as shown in Fig. 4(c) and (d). From here, one can
see that the secondary electron cutoff energy of the FASnBr;
nanocrystal film corresponds to E¢yuorr = 16.52 €V, while the
Fermi energy corresponds to E,,ser = 0.94 €V, and the valence
band maximum (VBM) corresponds to the HOMO level and
the conduction band minimum (CBM) to the LUMO level can
be obtained by the following equation [23]:

EHOMO =hv — (Ecutoff - Eonset) (1)
Erymo = Enomo — Ey 2

Therefore, the HOMO level is —5.64 eV, and the LUMO level
is —3.53 eV for the FASnBr; nanocrystal film.

Fig. 5(a) and (b) shows the SEM images of the flexible
Si-NWs, the height of the above Si-NWs is ~4.69 um, and
the diameter of the flexible Si-NWs is ~125 nm. From the
inset in Fig. 5(b), the Si-NWs show good flexibility. Compared
with those in Fig. 5(a), the roughness of the Si-NW surface
is polished after dealing with FASnBr; nanocrystals, and
some particles can be observed on the surface of the Si-
NWs, especially in the region surrounded by the red box [see
Fig. 5(c)]. This phenomenon is sufficient to prove the fact
that FASnBr; nanocrystals are attached to the surface of the
flexible Si-NWs. For the flexible Si-NWs, there is only an
absorption peak at 895 nm in the whole absorption spectrum,
and its absorption within the whole visible wavelength band is

5.0 um

Absorbance (a.u.)

300 400 500 600 700 800 900 1000 1100 1200
‘Wavelength (nm)

Fig. 5.  (a) Side view and (b) top view of the SEM images of
as-prepared flexible Si-NWs. The inset in (b) shows its corresponding
plane view. (c) Magnified SEM images of the as-prepared flexible
Si-NWs. (d) Absorption spectra of the Si-NWs/FASnBr3-NCs bulk het-
erojunction and flexible Si-NWs.

relatively low [see Fig. 5(d)]. However, the obvious absorption
peaks can be observed at 478 and 925 nm after the FASnBr3;
nanocrystals were spin-coated onto the surface of flexible Si-
NWs. In addition, the introduction of FASnBr; nanocrystals
not only effectively compensates for their absorption in the
visible wavelength band, but also the formation of the Si-
NWs/FASnBr; bulk-heterojunction mentioned above ensures
the preparation for high-performance self-driven photodetec-
tors.

It is well known that silicon nanowire arrays obtained
by metal-assisted etching have a large number of defects.
The MoO; layer with high stability is selected as the
electron-blocking layer and protective layer during preparing
the photodetectors [24], [25], and two kinds of self-driven
photodetectors are fabricated on the very thin silicon sub-
strates: 1) Si/Si-NWs/MoOs/Au (device A) and 2) Si/[Si-
NWs/FASnBr3;]/MoOs/Au (device B). The schematic of the
energy band levels for the Si-NWs/FASnBr; heterostruc-
tures before and after contacting as well as the photo-
generated carriers’ transportation within the photodetectors
Si/Si-NWs/MoOs3/Au  and  Si/[Si-NWs/FASnBr;[/MoOs/Au
are shown in Fig. 6. Fig. 6(a) shows a schematic of the energy
bands of the FASnBr; nanocrystals and the flexible Si-NWs
before their contacting. Herein, the FASnBr; nanocrystals and
the flexible Si-NWs can form a type-I heterojunction after
their contacting. As shown in Fig. 6(b), the photogenerated
electrons will be retained in the conduction band, and the
photogenerated holes will be retained in the valence band
under the influence of the FASnBr; barrier (under 980 nm
illumination). In addition, the photogenerated electrons and
holes from FASnBr; will recombine at Si-NWs under 405 nm
illumination [see Fig. 6(c)]. Thus, a MoOs layer is introduced
into these photodetectors, and the schematics of these two
self-driven photodetectors Si/Si-NWs/MoOs/Au and Si/[Si-
NWs/FASnBr;]/MoOs/Au under 980-illumination are shown
in Fig. 6(d) and (e), respectively. In the above cases, photo-
generated holes can be transported to the Au electrode via the
hole-transporting MoOj3 layer. However, MoO3 has a bandgap
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Fig. 6. (a) Band diagram of the Si-NWs/FASnBr; heterostruc-
tures before contacting. The schematic energy band diagram for
electron-transporting mechanism within the Si-NWs/FASnBr3 hetero-
junction under (b) 405 nm and (c) 980 nm illuminations. (d) Schematic
energy band diagram for electron-transporting mechanism within the
photodetector Si/Si-NWs/MoOgs/Au under 980 nm illumination. The
schematic energy band diagram for electron-transporting mechanism
within the photodetector Si/[Si-NWs/FASnBr3]/MoO3/Au under (e) 980
nm and (f) 405 nm illuminations. (The red and blue incident lights
represent 980 and 405 nm illuminations, respectively.)

of 3.0 eV, and thus, the incident wavelength of 405 nm
illumination can be absorbed by the MoOj layer. Therefore,
the photogenerated electrons and holes can be generated in the
MoOj layer and then transport to the corresponding electrodes
[see Fig. 6(f)].

In order to further verify the underlain mechanism
between the photodetectors Si/Si-NWs/MoOs/Au and Si/[Si-
NWs/FASnBr3;]/MoOs3/Au, their performance under 405 and
980 nm illuminations, respectively, was measured. For pho-
todetectors, it is important to further increase its photocurrent
when its dark current was controlled. The dark current of
photodetectors mainly originates from the injecting of carries
through electrodes and defects within the active layer, such
as component and structural defects, grain boundaries, and
pinholes in the thin film [26]. On the one hand, these pho-
todetectors were operated at zero bias, and thus, the number of
carriers that are injected from the electrodes will be drastically
reduced. On the other hand, the Si-NWs prepared by a
silver-assisted chemical etching method suffer from a large
number of defects. Therefore, photodetectors based on Si-NW's
without passivation tend to show higher dark currents. In order
to enhance the performance of the above photodetectors,
the passivation engineering is necessary. However, FASnBr;
nanocrystals cannot fully cover the nanowire surface to be
a thin film. Therefore, the hole-transporting MoO; layer is
selected and it is further attached to the surface of Si-NWs
covered with FASnBr; nanocrystal layer. As one can see from
Fig. 7(a) and (b), the dark current of the photodetector Si/Si-
NWs/MoOs/Au is 7.59 x 107 A at 0 V; meanwhile, its
photocurrent gets relatively smaller under 405 and 980 nm
illuminations. However, the dark current at zero bias just
decreased from the original 7.59 x 1070 to 2.42 x 10710
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Fig. 7. |-V curves of photodetector Si/Si-NWs/MoOgz/Au under

(a) 405 nm and (b) 980 nm illumination in different incident power inten-
sities. The I~V curves of photodetector Si/[Si-NWs/FASnBr3])/MoO3/Au
under (c) 405 nm and (d) 980 nm illumination in different incident power
intensities.

A after decorating FASnBr; nanocrystals onto the Si-NWs,
as shown in Fig. 7(c) and (d). After the passivation of Si-NWs
by FASnBr; nanocrystals and MoOs, the defects of the above
photodetectors were further suppressed; as a result, there is
also a substantial decrease in the dark current of the above
devices in the presence of the FASnBr; barrier. In addition,
the photocurrent increased from the original 1.84 x 10~ to
2.08 x 1078 A, under 0.9 xW/cm? 405 nm illumination at 0 V.
The photocurrent increased from the original 2.49 x 1078 to
6.99 x 1078 A at 0 V under 0.8 ;xW/cm? 980 nm illumination.
As a result, the performance of these photodetectors has
been enhanced greatly after the Si-NWs are decorated with
FASnBr; nanocrystals.

To further investigate the performance of the above photode-
tectors, we fit their photocurrent by the following equation:

Iw=k- P, 3)

where Ip, = I, — Iq, k is a constant, P,y is the incident
light intensity, and o« represents the power law index. After the
passivation of Si-NWs by FASnBr; nanocrystals, « increases
from the original 0.287 to 0.360 under 405 nm illumination
at 0V, and « increases from the original 0.153 to 0.291 under
980 nm illumination at 0 V (see Fig. 8). Theoretically, the
photocurrent will increase linearly with the incident illumi-
nation intensity, and however, the semiconductor material in
the presence of a large number of defects and the trap states
become recombination centers under illumination. Therefore,
its photocurrent will reach saturation when the illumination
intensity of incident light reaches a certain level. In a word, the
photocurrent increases nonlinearly with incident illumination
intensity.

In addition, the responsivity (R) and the specific detectivity
(D*) of the photodetectors were defined by the following



ZHANG et al.: SELF-DRIVEN PHOTODETECTORS BASED ON FLEXIBLE Si-NW ARRAY

21797

2.5x10°%
_ 8.0x10% F
< 2.0x10°* <
§ 15410 “:* 6.0x10° |
=
=
3 1.ox10% @)
4.0x10° |
5.0x10”
0 20 40 60 80 100 120 0 50 100 150 200 250 300 350
Light intensity (uW/cm?) Light intensity (#W/cm”)
2.0x107 "
1.0x10° |
(d) b
2 16x107F < 8.0x107
5 1.2x107 | $ 6.0x107
E E
= = 7
© 8.0x10* | Q 4.0x10
4.0x10° F 2.0x107
0 20 40 60 80 100 120 0 50 100 150 200 250 300 350
Light intensity (WW/cm?) Light intensity (WW/cm?)
Fig. 8. Photocurrent from photodetector Si/Si-NWs/MoOs/Au under

(a) 405 nm and (b) 980 nm illuminations at zero bias. The photocurrent
from photodetector Si/[Si-NWs/FASnBr3)/MoOs/Au under (c) 405 nm
and (d) 980 nm illuminations at zero bias.

equations:
I,—1
R= o d @
opt *
, AR
U= o o

where I, is the photocurrent under illumination, Iq is the
dark current, P, is the incident light intensity, A is the
effective photosensitive area, and e is the elementary charge.
As mentioned previously, the photocurrent of the photode-
tector increases nonlinearly with the incident illumination
intensity, but its responsivity and specific detectivity decrease
with increasing the incident light intensity. As shown in
Fig. 9(a) and (b), the responsivity and specific detectivity
of the photodetector Si/Si-NWs/MoOs/Au are 0.00958 A/W
and 2.18 x 10'' Jones, respectively, under 0.9 pW/cm?
405 nm illumination at zero bias; meanwhile, the responsivity
and the specific detectivity of the photodetector Si/[Si-
NWs/FASnBr;]/MoOs/Au are 0.183 A/W and 7.65 x 10'2
Jones, respectively. In Fig. 9(c) and (d), the responsivity and
specific detectivity of the photodetector Si/Si-NWs/MoOs/Au
are 0241 A/W and 5.47 x 10'2 Jones, respectively, under
0.8 /,LW/CI’I’IZ 980 nm illumination at zero bias; meanwhile, the
responsivity and the specific detectivity of the photodetector
Si/[Si-NWs/FASnBr3;]/MoOs/Au are 0.694 A/W and 2.90 x
10'3 Jones, respectively. As a result, the above self-driven pho-
todetectors in which the active layer is surface passivated with
FASnBr; nanocrystals show enhanced performance greatly.
Furthermore, the /-T curves of the self-driven photode-
tector Si/[Si-NWs/FASnBr;]/MoOs/Au at zero bias under
405 and 980 nm are shown in Fig. 10(a) and (d), respectively.
As we know, the rising time (z,) is defined as the time
required for the photocurrent increases from 10% to 90% of
the maximum photocurrent, and the falling time (t¢) is defined
as the time required for the maximum photocurrent decreases
from 90% to 10%. After calculating, we know that 7, and ¢
are 92.416 and 58.984 ms, respectively, for the photodetector
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Fig. 9. (a) Responsivity and (b) specific detectivity of photodetectors

Si/Si-NWs/MoOg/Au and Si/[Si-NWs/FASnBr3]/MoO3/Au under 405 nm
illumination. (c) Responsivity and (d) specific detectivity of photode-
tectors Si/Si-NWs/MoO3z/Au and Si/[Si-NWs/FASnBr3]/MoOs/Au under

980 nm illumination.
—~3.0x107 —_ . 2.0x107
3 |
2 (a) wemven] 22007 () 2o ©
- 434 pW/em’( = 1.6x10%) -
5 20:107) 0t e S N 5 1.2x107
5 154107 e £ 12x10% 1,=92:416 ms E | 725823 ms
| 10.9 pW/em? = 8.0x10°) = 8.0x10° _
S 1.0x10 g8 1758.984 ms 2 B 1=15.016 ms
S 504109 S 4.0x10”) g 400
& g £ 0w SR
0 5 10 15 20 25 30 20 25 35 40 45 85 9.0 110 115
Time (s) Time (s) Time (s)
e
2 14x10° 2 80x10° = 80610
= 1.2x10° 119 mWrem? [ ‘5, "
E 1.0x10] (d) 622 uWem? E 6.0x10°% (e) E 6.0x10
£ 80x107 58.0 pWiem £ 4ox10%} 20384 ms £ 40ag7 W8P ms
2 6.0x107) g 5 g 7743729 m:
£ 40007 st £ 2000° 7251 ms £ 20007 .
g
2 2000 2 2
&~ 0.0} A~ 0.0 A 0.0
0 5 10 15 20 25 30 2 3.7 8 85 9.0 110 115
Time (s) Time (s) Time (s)
Fig. 10. I-T curves of the photodetector Si/[Si-

NWSs/FASNnBr3]/MoO3/Au under (a) 405 nm and (d) 980 nm illuminations
at 0 V. The rising time (z,) and falling time (z¢) for the photodetector
Si/Si-NWs/MoOs/Au  under (b) 31.1 puW/cm? and 405 nm and
(e) 58.0 uW/cm# 980 nm illuminations at 0 V. The rising time () and
falling time (zf) for the fhotodetector Si/[Si-NWs/FASnBr3]/MoOg/Au
under (c) 31.1 pW/cm? 405 nm and (f) 58.0 uW/cm? 980 nm
illuminations at 0 V.

Si/Si-NWs/MoOs/Au under 31.1 pW/cm? 405 nm illumi-
nation [see Fig. 10(c)]. However, T, and 7y increase to
202.84 and 251.71 ms, respectively, under 58.0 wWWicm?
980 nm illumination [see Fig. 10(e)]. In addition, T, and ¢
are 25.823 and 28.016 ms, respectively, for the photodetector
Si/[Si-NWs/FASnBr;1/MoOs/Au under 31.1 xW/cm? 405 nm
illumination [see Fig. 10(c)]. Also, T, and ¢ increase to
58.552 and 43.729 ms, respectively, under 58.0 wWicm?
980 nm illumination [see Fig. 10(f)]. From these data, one
can see that the Si-NWs based self-driven photodetector Si/Si-
NWs/MoO3;/Au shows a longer response time than that of the
photodetector Si/[Si-NWs/FASnBr;]/MoOs/Au. Typically, the
response time of the photodetector is related to the defects
within its active layer. The response time of this photodetector
can be greatly improved by surface passivating Si-NWs with
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FASnBr; nanocrystals. In addition, we found that the response
time of the self-driven photodetector Si/Si-NWs/MoOs/Au
under 405 nm illumination was much shorter than that under
980 nm illumination. Obviously, the main factor contribut-
ing to the above phenomenon is the introduction of MoO;
layer. Actually, the incident illumination at 405 nm can be
absorbed by MoOj3 [27] since MoO3 has a bandgap of 3.0 eV.
In addition, there is no barrier for photogenerated holes from
MoOj3 to Au electrode under 405 nm irradiation, whereas
there is a barrier for the photogenerated holes from Si-NWs
to Au electrode under 980 nm irradiation. In addition, after
surface passivating Si-NWs with FASnBr; nanocrystals, the
photodetectors Si/[Si-NWs/FASnBr;]/MoOs/Au still show a
quicker response under 405 nm illumination. Therefore, such
a kind of high-performance flexible self-driven photodetectors
will show promise for the subsequent development of wearable
and intelligent devices by surface passivating Si-NWs with
FASnBr; nanocrystals.

IV. CONCLUSION

In conclusion, we have presented enhanced-performance
self-driven photodetectors based on flexible silicon nanowire
(Si-NW) array, i.e., Si/[Si-NWs/FASnBr3;]/MoO3/Au, in which
the active layer was surface passivated with tin-based per-
ovskites. The responsivity and specific detectivity of the pho-
todetectors Si/Si-NWs/MoQOs/Au increase from 0.00958 A/W
and 2.18 x 10'' Jones to 0.183 A/W and 7.65 x 10"
Jones under 0.9 pW/cm? 405 nm illumination at zero
bias, respectively. After surface passivating, the correspond-
ing responsivity and specific detectivity of the photodetector
Si/[Si-NWs/FASnBr3;]/MoOs/Au increase from 0.241 A/W
and 5.47 x 10'? Jones to 0.694 A/W and 2.90 x 10"
Jones under 0.8 ©W/cm? 980 nm illumination at zero bias,
respectively. In addition, the response time was reduced
after the active layer (i.e., Si-NWs) was surface passivated
with FASnBr; nanocrystals. Therefore, it provides a feasible
way for high-performance flexible self-driven photodetectors
for the subsequent development of wearable and intelligent
devices.
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