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ABSTRACT

Since the transport behavior of carriers is crucial to the photodetection process, selecting a suitable electron transport layer (ETL) is an effective strategy for preparing
high-performance photodetectors. However, developing high-efficiency and comprehensive bandgap ETL materials for deep UV photodetectors remains challenging.
In this work, we used wide-bandgap SrSnO3 nanoparticles to construct heterojunction solar-blind photodetectors with GapO3 by a simple solution-processing method.
To improve carrier transportation efficiency, the SrSnO3 was annealed in an oxygen atmosphere and doped with Y elements to reduce oxygen vacancies and increase
conductivity. Compared to the untreated SrSnOs, the oxygen vacancy of SrSnO3 annealed under oxygen (0O2-SrSnO3) decreased from 54.2% to 22.8%, while the
conductivity of the Y doped SrSnO3 (Y-O2-SrSnO3) increased about one order of magnitude. Thanks to this ETL engineering, the Y-0,-SrSnO3 exhibits the best
carrier transportation efficiency, and the photodetector based on -Gay03/Y-02-SrSnO3 shows excellent photoelectrical performances with an I,,/Iof ratio of 4.3 x
10°, a detectivity of 1.3 x 102 Jones, and a solar-blind/visible (Rz3g nm/R49p nm) rejection ratio of 4.1 x 10°. Our work provides a general strategy for building

construct highly sensitive photodetectors, thus may push forward their applications.

1. Introduction

Gay0O3 based photodetectors attracted widespread attention and
exhibited a broad application prospect in both the military and the civil
fields due to their highly photosensitive and low false alarm rate [1-6].
Although several studies have been focused on photoconductive type
Gay0s3 solar-blind photodetectors, which have simple device architec-
ture and are easy to integrate, some disadvantages prevent them from
being widely used, such as the slow response speed, the larger dark
current, and the need for external power supply, etc. [7-15]. Photo-
voltaic type photodetectors (homojunction, heterojunction, and
Schottky junction) utilize the junction effect to improve photodetection
performance and can work without power well in line with the goals of
developing low energy consumption devices. Although devices based on
homojunction GapO3 p-n junction could exhibit satisfactory photo-
detection performance theoretically, p-type GapO3 have not been ob-
tained due to the self-compensating effect. Given heterojunction type
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photodetectors have highly sensitive, fast response speeds and a simple
preparation process, numerous GapO3 based heterojunction type pho-
todetectors have been developed [16-29].

The working principle of heterojunction type photodetector includes
two steps: (1) semiconductor material converts photons into electron-
hole pairs when light irradiates with an energy greater than its
bandgap. (2) The e-h pairs generated by the photons are divided by the
barrier potential difference at the heterojunction, and then the electron
transport to the electron-transport layer (ETL) while the holes migrate in
the hole-transport layer (HTL) until the electrodes collect them. Several
HTLs materials have been explored for use in GayOs based hetero-
junction type photodetectors, including organic polymers (PEDOT: PSS,
PTAA, Spiro-OMeTAD) and inorganic metal oxide (NiO, Cul, CuGaO»),
achieving excellent high self-powered performances [30-35]. However,
the ETL materials have been rarely used in GayOs-based heterojunction
photodetectors. Recently, inorganic perovskite oxides SrSnOg with easy
synthesis pathways, high purity, good solubility, and stability have been
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Fig. 1. (a) Schematic diagram of the preparation process of SrSn0O3/Ga;03 heterojunction photodetectors. (b) Crystal structure of SrSnOs. (c) XRD patterns of SrSnO3
annealed at different temperatures. (d) UV-vis spectra of different SrSnO3; nanoplates.

used as an ETL in various applications [36-40]. However, the lattice
distortion due to the oxygen vacancies and the poor conductivity of the
pristine SrSnO3 make the charge carrier efficiency still unsatisfactory.
Therefore, it is still highly desirable to optimize SrSnO3 ETLs and
improve their performance through electron transport engineering.

In this work, the solution-processed SrSnO3 nanoparticles have been
used to construct a type-II heterojunction solar-blind photodetector with
Gay03 using a simple solution-processing method. For improving the
carrier transportation efficiency of SrSnOs, we annealed SrSnO3 in an
oxygen atmosphere and doped it with Y elements to reduce oxygen
vacancies and increase conductivity, respectively. Notably, the SrSnO3
doped with Y atoms and annealed under oxygen (Y-O2-SrSnO3) exhibit
the best electron transportation efficiency, leading to better device
performances. Thanks to this ETL engineering, the photodetector based
on f-Gaz03/Y-0,-SrSn0O3 heterojunction shows excellent photo-
electrical performances with an I,,/Iof ratio of 4.3 x 10° and a detec-
tivity of 1.3 x 103 Jones at 0 V. The high electron transport efficiency of
Y-02-SrSn0O3 and the large built-in field in the f-Gaz03/Y-02-SrSnO3
heterojunction can be accountable for these outstanding performances.
Our work provides a general strategy for building construct highly
sensitive photodetectors, thus may push forward their applications.

2. Experimental section
2.1. Preparation and fabrication

SrSnO3 and Y-SrSnO3 nanoparticles were synthesized according to a
slightly modified method from the previous literature [38-40].
NH;3-H20 was added into the precursor (0.01 M strontium chloride, 0.01
M Stannic chloride, and 0.005 M citric acid were dissolved in hydrogen
peroxide solution for SrSnO3, 0.0005 M Yttrium(III) nitrate hexahydrate,
0.0095 M strontium chloride, 0.01 M Stannic chloride, and 0.005 M
citric acid was dissolved in hydrogen peroxide solution for Y-SrSnO3) to
adjust the pH value up to 10. The solution was then stirred at 50 °C for
60 min and centrifuged at 10,000 rpm as well as a wash with ethanol and
deionized water to obtain SrSnOs nanoparticles. Finally, the as-grown
nanoparticles were calcined at 100-900 °C in vacuum or O, to obtain
a series of SrSnO3 and Y-SrSnO3 nanoparticles. To prepare the hetero-
junctions, SrSnOs and Y-SrSnOs3; nanoparticles were dispersed in

2-methoxy ethanol and spin-coated on the surface of Ga;O3. The 0.5 x
0.5 mm square Ti/Au metal were deposited onto the heterostructure as
electrodes.

2.2. Characterization of materials and measurement of photoelectrical
properties

The samples’ crystal structure, component, and absorption spectrum
were characterized by an X-ray diffractometer (D8), a spectrophotom-
eter (U-3900 UV). X-ray photoelectron spectroscopy (XPS, Thermo
Fisher-K-Alpha) was used to analyzed the chemical composition of the
prepared SrSnOs3 nanoparticles. The XPS instrument kept the base
pressure better than 3.5 x 10~/ mTorr when used to acquire core-level
XPS spectra from the sample. The spectrometer used Al Ka excitation
source(hy = 1486.6 eV), and the electron emission angle was 90°. The
size of analyzed area was a circle of 500 pm in diameter. Samples were
sputter-cleaned with an Ar" ion beam, where the Ar™ incidence angle
was about 50° with the Ar" energy of 1000 eV. The scanning speed is 1
eV/step. And the passing energy is 100 eV. Charge neutralizer was used.
The binding energy was calibrated by the work function method. The
samples’ morphology was observed using a field-emission SEM (S4800,
Hitachi) and a TEM (JEM-2100). The device’s systematic photoelectric
performances were tested by a Keithley 2400.

3. Results and discussion

The heterojunction’s illustration appears in Fig. 1a, in which the
SrSnO3 nanoparticles were synthesized according to a slightly modified
method from the previous works. In brief, the precursor solution is
adjusted to a pH of 10 by adding ammonia and then stirred at 50 °C for
60 min. The solution was then centrifuged at 10,000 rpm and calcined at
high temperatures to obtain SrSnO3 nanoparticles. To construct SrSnOs/
Gag03 heterojunction photodetectors, the prepared SrSnOs nano-
particles were dispersed in 2-methoxy ethanol and spin-coated onto
MOCVD-grown GazOs at 3000 rpm followed by drying at 100 °C. SrSnOg
has an orthorhombic ABOj3 perovskite structure (Fig. 1b), in which the
oxygen atom occupies the vertices of the shared-angle octahedron BX6,
while the metal Sn is located at the center of the octahedron and the
metal Sr atom sited at the cavities of the 3D network [41-43]. The XRD
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Fig. 2. (a) XPS patterns for all the samples. (b) Y 3d XPS patterns for Y doped SrSnOs. (c) Sn 3d XPS patterns for all the samples. (d) Sr 3d XPS patterns for all the
samples. (e) O 1s XPS patterns for SrSnO3 annealed in vacuum. (f) O 1s XPS patterns for SrSnO3 annealed in O,.

results of SrSnOj3 calcined at the temperature ranging from 100 to 900 °C
are shown in Fig. 1c, where the unannealed SrSnO3 shows no obvious
peaks indicating that it is amorphous. After annealing at 500 °C, a few
weak diffraction peaks of SrSnOg appear, but the crystallization is still
not ideal. Whereas, as the annealing temperature reached 900 °C, nar-
row diffraction peaks appeared at 21.9°, 26.5°, 30.7°, 44.7°, 50.3, 51.6
and 55.6° can be assigned to the (110), (111), (200) (211), (220), (222),
(131) and (312) planes of orthorhombic SrSnO3 (PDF#77-1798),

(a)

(200)
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SHbooy
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respectively, indicating the excellent crystallization and high purity of
the SrSnO3 [44]. It is observed from the EDS results that the nanoplates
contain Sr, Sn, and O elements, and the atomic percentage ratio is
22.06:19.27:58.67 (Sr: Sn:0), which is close to the atomic percentage
ratio in SrSnO3, The elemental maps of individual SrSnOs nanoplates
indicated that the Sn, Sr, and O are distributed in the SrSnO3 uniformly
(Supporting information). The absorption edges of SrSnO3 are 331 nm,
while the absorption edges of O>-SrSnO3 and Y-0,-SrSnO3 are about
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Fig. 3. (a) SAED pattern and (b) HRTEM image taken from the nanoplates shows high-quality crystallite.
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Fig. 4. (a) and (b) Atomic model of SrSnOg crystal structures with or without
SrSn0, g75. (€) and (f) The calculations of the DOS of SrSnO3 and SrSnO, g7s5.

342 nm. These samples’ band gaps (Eg) are inserted in Fig. 1d. The
calculated band gap of SrSnOs increases from 3.75eV to 3.81eV as the
oxygen vacancy decreases but remains almost constant with the doping
of Y. X-ray photoelectron spectroscopies of all the SrSnO3 samples are
shown in Fig. 2. Greczynski et al. have demonstrated that the position of
the C 1s peak of the adventitious carbon can vary from 284.08 to 286.74
eV. Therefore, the use of 284.8 eV as a charge reference for the C 1s peak
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oxygen vacancy. (c) and (d) The calculations of the band structure of SrSnOs and

of adventitious carbon is unreliable [45-48]. Fortunately, the sum of the
binding energy of the C 1s with the work function of the sample (®,) is
constant at 289.58 + 0.14 eV, so calibration can be accomplished by
setting the C 1s peak at 289.58-®, eV. Considering that the work
function of SrSnOs is 3.0 eV, the C 1s peak can be set at 286.58 eV. The
peaks of the core levels Sr, Sn, and O have been observed, respectively
(Fig. 2a). In addition, the characteristic peak of Y is detected in sample 3,
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Fig. 5. (a) The typical I-V curves of sample 1 to sample 3. (b) Corresponding current-time (I-t) characteristics of sample 1 to sample 3. (c) Photocurrent of the
photodetector under 254 nm light irradiation with various power intensities. (d) The responsivity of the photodetector under 254 nm light irradiation with various
power intensities. (e) Detectivity of the photodetector under 254 nm light irradiation with various power intensities. (f) Spectral response of all the devices.
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Fig. 6. (a) Energy band alignment diagrams and (b) Schematic diagram of charge carrier transfer on the SrSnO3/Ga03 heterojunction.

further suggesting effective Y cations doping into the SrSnO3 host lattice.
The peaks of the Y 3d5/2 and Y 3d3/2 are located at 155.3 and 157.4 eV,
respectively (Fig. 2b). The Sn 3d XPS spectra show two peaks at 486.0
and 494.5 eV, with a peak separation of 8.5 eV, which are attributed to
Sr 3d5/2 and Sr 3d3/2 peaks respectively (Fig. 2c). The peaks of the Sr
3d5/2 and Sr 3d3/2 are located at 132.5 and 134.2 eV, respectively
(Fig. 2d). There are no apparent changes for the Sr 3d and Sn 3d peaks
for all samples. The XPS spectra of O 1s have three parent peaks as
shown in Fig. 2e-f. One centered at 529.5 eV of all samples, which is
related to lattice oxygen O~ ions in SSO lattice. Another one centered at
530.3 eV of three thin films, which is associated with O?~ ions located at
oxygen vacancy regions. The third one located at 531.6 eV is about O
from adventitious carbon. Compared to the SrSnOs annealing under
vacuum (Fig. 2e), the oxygen vacancy of SrSnO3 annealed under oxygen
(Fig. 2f) decreases. HRTEM images (Fig. 3) results prove that the SrSnO3
NPs are highly crystalline with characteristic lattice plane of the (200)
and (001) planes of the SrSnO3 while the corresponding SAED pattern
confirms their pure orthorhombic phase.

To investigate the mechanism of the effect of oxygen vacancy on the
bandgap, a theoretical calculation on SrSnO3; was carried out. Fig. 4a
and b shows the atomic model of SrSnO3 and SrSnO» g7s5 crystal struc-
tures respectively. By optimizing the SrSnOj3 supercell, the bandgap of
SrSnO3 with Vp is smaller than pure SrSnOs; well in line with our
experimental results. An impurity energy level between the CBM and the
VBM (Fig. 4d) comes from the Vj of SrSnOs g75. As shown in the density
of states (Fig. 4e and 4f), the SrSnO3 valence band consists entirely of O
2p while the conduction band consists mainly of Sn 5s as well as Sn 5p
orbitals. In contrast, the impurity energy level of SrSnOs 75 consists of a
mixture of O 2p, Sn 5s, and Sn 5p states. To further verify the electronic
transmission efficiency of the SrSnOs, steady-state photoluminescence
was measured and shown in SFig. 2. The intensity of the PL peaks
located at 763 nm of the GazO3/Y-02-SrSnOs is the lowest, indicating
that Y-Oo-SrSnO3 has the best carrier transportation efficiency. To
investigate the impacts of the SrSnO3 ETL on the photodetection per-
formances, the Au/Ti-SrSnO3/Gaz03-Ti/Au heterojunction photode-
tectors are constructed.

The photodetector used SrSnO3, Oo-SrSnO3 and Y-0,-SrSnO3 were
labeled as samples 1-3, respectively. Profited from the high-quality
Gay03 films and the excellent heterojunction interface, all the photo-
detectors exhibit very small dark currents, only 10"* at 0 V and a dozen
sub-picoamps at —5 V (Fig. 5(a)). Higher electronic transportation ef-
ficiency is favorable for e-h pairs separation; therefore, the photocurrent
of sample 3 under a 254 nm light is approximately tenfold higher than
sample 1. The instantaneous I-t characteristics are displayed in Fig. 5b,
from which sample 3 exhibits stable photoresponse with the largest on/
off ratio of 4.3 x 10° among all the samples. The detailed photo-
electricity relying on the power intensities in the range of 100-2100

HW/cm? are measurement and shown in Fig. 5¢—f. The photocurrent of
the device shows a non-linear variation as the light intensity, which is
due to the more trap states being filled at higher power intensities. As
the light power intensity changes from 100 to 2100 W/cm?, both the
responsivities (R) and detectives (D) decrease from high values to stable
states [49,50]. Sample 3 exhibits the largest R and D values of about 23
mA/W and 1.29 x 10'2 joneses, respectively, under a 100 pW/cm? 254
nm light (Fig. 5d and 5e). The spectral responsivity curves of all the
devices exhibit a narrow band centered at 238 nm attesting to their
potential application in solar-blind photodetection. As expected, the
spectral responsivity of sample 3 is much better than that of the other
photodetectors, which exhibit highly spectrum selective with a
solar-blind/UV (Rp3s nm/Ryg9p nm) and solar-blind/visible (R23g
nm/Rypp nm) rejection ratio of about 576 and 4114, respectively.
Comparisons between the our work and some previous reports are listed
in Table S1 (supporting information). As self-powered solar-blind pho-
todetectors, the f-GapOs/SrSnOs photodetectors show a lower dark
current, a higher PDCR, and a faster response speed compared to some
other photodetectors.

To better understand the reasons of the SrSnO3/Ga03 photodetec-
tors exhibit self-powered characteristics and excellent performance, the
corresponding schematics of heterojunction energy bands and charge
carrier transport are shown in Fig. 6. SrSnOs can form type-II staggered
band alignment with GapO3. When they come into contact, the charge
carriers diffuse and flow, leading the Fermi level line up and a band
bending effect at the interface as well as creating a depletion layer.
Y-02-SrSnO3 with high electron transportation efficiency makes an
expressway for electron transport and reduces the recombination pro-
cess, improving photoelectric detection performance. The high electron
transport efficiency of Y-0,-SrSnOs3 and the large built-in field in the
heterojunction can be accountable for these outstanding performances.

4. Conclusion

Herein, SrSnO3 nanoparticles have been used as an electron transfer
layer in GayO3 based photodetectors via a simple solution-processing
method. The carrier transportation efficiency of the SrSnOs; was
improved by annealing in an oxygen atmosphere and doping with Y
elements. The Y-0O,-SrSnO3, with a high electrons transportation effi-
ciency, makes an expressway for electrons transport and reduces the
recombination process, improving better photoelectric detection per-
formance. Thanks to this ETL engineering, the photodetector shows an
excellent photoelectrical performance with an I, /I ratio of 4.3 x 108,
a detectivity of 1.3 x 10'3 Jones, and a solar-blind/visible (Ra3g nm/
R400 nm) rejection ratio of 4.1 x 10%. This work provides a general
strategy for building construct highly sensitive photodetectors, thus may
push forward their applications.
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