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ABSTRACT: The long-time decay process induced by the persistent photoconductivity
(PPC) in metal oxides-based photodetectors (PDs) impedes our demands for high-speed o |- 0
photodetectors. 2D perovskite oxides, emerging candidates for future high-performance

PDs, also suffer from the PPC effect. Here, by integrating 2D perovskite Sr,Nb;O,, (SNO)  *
nanosheets and nitrogen-doped graphene quantum dots (NGQDs), a unique nanoscale e P hr——
heterojunction is designed to modulate surface/interface carrier transport for enhanced
response speed. Notably, the decay time is reduced from hundreds of seconds to a few

seconds. The 4%NGQDs-SNO PD exhibits excellent performance with a photocurrent of Gl e L i
0.47 pA, a high on—off ratio of 2.2 X 10 and a fast pulse response speed (Zgc, = 67.3 ms), — —_
making it promising for UV imaging. The trap-involved decay process plays a dominant role N-Gopod grahene quantum dots SENG:O
in determining the decay time, resulting in the PPC effect in SNO PD, and the trap states L — o - et

mainly originate from oxygen vacancies and chemisorbed oxygen molecules. A significantly
enhanced photoresponse speed in NGQDs-SNO PDs can be ascribed to the modulated
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surface/interface trap states and the efficient carrier pathway provided by the nanoscale
heterojunction. This work provides an effective way to enhance the response speed in 2D perovskite oxides constrained by PPC via
surface/interface engineering, promoting their applications in optoelectronics.

KEYWORDS: perovskite oxides, photodetectors, persistent photoconductivity, trap states, enhanced response speed,

surface/interface engineering

1. INTRODUCTION

The light—matter interaction is crucial to the photoelectronic
performance of photodetectors (PDs). The behavior of the
photogenerated carriers can be tracked and resolved into four
processes, including generation, separation, transportation, and
extraction of the charge carriers." The efficiency of the carrier
transport can be greatly affected by the trap states in the
semiconductor, which can dominate the lifetime of the
photogenerated carriers and thereby alter the photodetecting
performance.”” The persistent photoconductivity (PPC) effect
observed in metal oxide-based PDs is a typical case that the
defect-related trap states can be a crucial interference factor in
the behavior of photocarriers.™

Traditional wide-bandgap metal oxides such as ZnO, SnO,,
and Ga,0j; are ideal building blocks for PDs due to their high
absorption coefficient in the ultraviolet band.”” Nevertheless, a
poor real-time response is found to be a common limitation of
metal oxide photodetectors since the photocurrent typically
requires a long time to recover to its initial value after
switching oft the light source, which is termed persistent
photoconductivity (PPC).* Up to now, the origin of the PPC
effect in metal oxides has been extensively studied. Two main
mechanisms are proposed to describe the photocarrier
dynamic under PPC effect. One is associated with the intrinsic
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defect-induced trap states. For example, the oxygen vacancy
(V,) in metal oxides is a typical structural defect that
introduces shallow or deep traps within the bandgap. Upon
illumination, the deep, neutral V, states are ionized to shallow
donor states V,>* and release two electrons, resulting in an
increase in photoconductivity, while the neutralization of the
V" states requires overcoming an energy barrier originating
from the large lattice relaxation.”~"" The other one emphasizes
the effect of the surface trap states.'””'* The adsorption and
desorption of oxygen molecules can induce a high density of
trap states at the surface of low-dimensional metal oxides,
which promotes the separation of photogenerated pairs and
the accumulation of trapped holes at the surface. Whether
these PPC-related mechanisms coexist or which mechanism
dominates the PPC phenomenon remains debatable and
depends on the specific conditions.'”'® But, it is clear that the
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long lifetime of the photocarriers induced by trap states
directly contributes to the PPC effect and influences the
photodetecting performance.

Recently, perovskite materials have come to prominence in
the field of PDs for the applications of light communication,
wearable devices, electronic bionic eye, etc.,'”'® due to their
excellent optoelectronic properties, including large light
absorption, high carrier mobility, and long carrier diffusion
length.'”* 2D perovskite oxides (e.g., Sr,Nb;O;,, Ca,Nb;0,
etc.) are promising candidates for UV photodetection in
perovskite families. Ultrahigh responsivity can be achieved in
the PD based on a single Sr,Nb;O,, nanosheet, while the
response speed is relatively slow with a tail-like decay curve.”!
Our further experiments show that PDs constructed from
Sr,Nb;0,y nanosheet films exhibit a higher photocurrent but
an interior response speed with the decay time lasting
hundreds of seconds, which can be regarded as the PPC
effect. This indicates the probable presence of trap states in
perovskite oxide nanosheets and it can be inferred from the
material structure. Compared to halide perovskites, the
presence of oxygen atoms endows perovskite oxides with
some attractive properties but simultaneously introduces a
certain number of oxygen vacancy defects.”>>> In addition to
intrinsic oxygen vacancies in the bulk phase, the exfoliation
process would lead to comparable amounts of oxygen atoms
escaping from the surface, which leaves surface oxygen
vacancies in nanosheets.”® Simultaneously, oxygen molecules
prefer to be adsorbed at the oxygen vacancy site or other
dangling bonds, thus the presence of abundant surface oxygen
vacancies facilitates the oxygen adsorption/desorption process.
Hence, for the photodetectors based on 2D perovskite oxides,
exploring the relationship between the defect-induced trap
states and photoelectric properties is of utmost importance for
understanding and modulating the photodetecting perform-
ance.

To overcome the limitation of slow response speed, methods
should be taken to block or eliminate the PPC effect in 2D
perovskite oxides. Here, considering that PPC is largely
affected by the surface states, surface/interface engineering
could be a good choice to tune the photoelectronic properties
of 2D materials with a high surface-to-volume ratio.””* A large
number of researches have utilized surface/interface engineer-
ing to realize high performance of semiconductor devices.”” >
For instance, He and co-workers designed an ohmic junction
between MXene and silicon surface to suppress the charge
carrier recombination for optimizing the efficiency of solar
cells.”* In the field of photodetectors, in order to modulate
photoresponse, many novel devices regulated the photo-
generated carriers by constructing surface nanostructures,
lattice-matched heterojunctions, van der Waals heterojunc-
tions, etc.* Among these strategies, constructing nanoscale
surface heterojunctions via integrating 0D nanomaterials has
been proven to be effective and nondestructive. Various 0D
materials, such as CsPbBr; quantum dots, HgTe nanocrystals,
and PbS quantum dots, were hybridized with low-dimensional
metal oxides to modulate the surface/interface charge behavior
and optimize the photodetector performance. Due to the
intriguing interfacial charge transfer behavior, the mixed
dimensional heterojunction has shown fascinating properties
beyond the individual metal oxides.”> ™" The decoration of 0D
materials also changes the condition of the exposed material
surface, thereby influencing the interaction of the photocarriers
with chemisorbed foreign atoms or molecules.””** Nitrogen-

doped graphene quantum dots (NGQDs), an attractive carbon
material, have extraordinary optical and electrical character-
istics due to their pronounced quantum confinement and edge
effects. The electron-rich nitrogen atoms endow NQGDs with
extensive delocalized electrons and high charge carrier density,
making them more favorable for potential optoelectronic
devices.”” ' NGQDs have been reported to exhibit superior
electron transfer/reservoir properties when incorporated into
metal oxides, resulting in the high sensing performance of the
hybrid structure.*”~*> Moreover, compared with 0D materials
mentioned above, NGQDs have the advantages of low toxicity,
high chemical stability, and low cost.*® Therefore, NGQDs are
suitable building blocks for constructing nanoscale hetero-
junctions with 2D perovskite oxides, and the surface/interface
charge carrier behavior in this hybrid structure remains to be
explored.

Herein, we focus on improving the photoresponse speed of
2D perovskite oxides-based PDs. By integrating 2D perovskite
SNO nanosheets and NGQDs, a unique nanoscale hetero-
junction is designed to suppress PPC effect and enhance
response speed. For the pristine SNO PD, a certain number of
oxygen vacancies and adsorbed oxygen molecules induce an
ultralong recovery time of ~120 s. In comparison, NGQDs-
SNO PDs exhibit varying degrees of improvement in the
response speed as the contents of NGQDs changes. Notably,
the decay time can be shortened from hundreds of seconds to a
few seconds. The 4%NGQDs-SNO PD achieves a high
photocurrent of 0.47 A, a high on—off ratio of 2.2 X 10%
and a fast pulse response speed (7jec,, = 67.3 ms), which makes
it promising for UV imaging sensors. Quantified relaxation
dynamics data combined with density functional theory (DFT)
calculations confirm that oxygen vacancies and adsorbed
oxygen molecules introduce trap states, which play a dominant
role in prolonging the decay time in the pristine SNO PD. The
incorporation of NGQDs modulates the surface/interface
carrier transport by minimizing the interaction between
photocarriers and chemisorbed oxygen molecules, and
providing an efficient carrier pathway through the formed
nanoscale heterojunction. This work provides an effective
strategy for the response speed enhancement of 2D perovskite
oxides suffering from the PPC effect via surface/interface
engineering.

2. EXPERIMENTAL SECTION

Preparation of the NGQDs-SNO Samples. The preparation of
the SNO nanosheets was performed by combining high-temperature
calcination and subsequent liquid exfoliation process. The calcination
process consisted of two steps. A mixture of Cs,CO; (99.99%),
Sr,CO5 (99.99%), and Nb,O; (99.99%) with a molar ratio of Cs/Sr/
Nb = 1.2:2:3 was thoroughly ground and calcined at 1100 °C for 10 h
in air, and then, the excess Cs,CO; (S mol %) was compensated for
the next step calcination at 1350 °C for another 10 h in air. The
obtained layered CsSr,Nb;0,, precursor was stirred in 2 M HCl for 4
days to replace Cs ions with protons. The powder was then washed
thoroughly with DI water and dried at 80 °C in air. Subsequently, the
intermediate product HSr,Nb;O,, was dispersed in 50 mL of an
aqueous solution containing an equimolar amount of tera(n-butyl)
ammonium hydroxide (TBAOH), and the solution was mechanically
shaken for more than 1 week to obtain the SNO nanosheets. The
nanosheets were washed by centrifugation and redispersed in 30 mL
of water. NGQDs were synthesized though a hydrothermal method.
Citric acid (1.68 g) and urea (1.44 g) were dissolved in 40 mL of DI
water. After being stirred for S min, the clear solution was transferred
into a 50 mL Teflon-lined stainless autoclave, heated to 180 °C in 20
min, and kept for 8 h. The obtained yellow solution of NGQDs was
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Figure 1. (a) Schematic illustration of the synthesis of the NGQDs-SNO samples. (b) SEM images of the pristine SNO nanosheets; the inset
displaying the layered structure of the precursor CsSNO (scale bar: 500 nm). (c) HRTEM image of NGQDs. (d) FTIR spectrum of NGQDs. (e)
XRD spectra of the precursor CsSNO and the intermediate product HSNO. (f) TEM image and (g) HRTEM image of the NGQDs-SNO samples.
(h) XRD spectra of the pristine SNO nanosheets and NGQDs-SNO samples.

cooled to room temperature and oxidized into a stable green solution
in open air. The solution was then mixed with ethanol and centrifuged
at 10,000 rpm for 15 min. The precipitated NGQDs were dried in a
vacuum at 80 °C for 24 h to obtain the final product. To construct the
0D/2D nanocomposites, the estimated amount of NGQDs was
dispersed into the SNO nanosheets suspension with a weight ratio of
NGQD/SNO = 2%, 4%, 6%, 8%. The NGQDs were easily dissolved
and anchored on the nanosheets without precipitation to form a series
of mixed colloids. These colloids were then spin-coated onto glass
substrates to obtain the NGQDs-SNO samples.

Characterization of the NGQDs-SNO Samples. A field-
emission scanning electron microscopy (FESEM, Zeiss Sigma) and
a high-resolution transmission electron microscopy (HRTEM,
TECNAI G2 S-TWIN) were utilized to investigate the morphology
and microstructures of the samples. X-ray diffraction (XRD) patterns
of the samples were obtained from a Bruker D8-A25 diffractometer
using Cu Ka radiation (4 = 1.5405 A). X-ray photoelectron
spectroscopy (XPS, PHI 5000C ESCA) was used to characterize
the surface elemental composition and the chemical state of the
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samples. A UV—vis spectrophotometer (Hitachi, U-3900H) was
utilized to analyze the optical properties of the samples. The Fourier
transform infrared (FTTR) test was carried out on a Thermo Scientific
Nicolet iS20 spectrometer.

Photoelectric Measurement. Two pieces of silver pastes with a
fixed area and distance were doctoral-bladed onto the composites
films as PD electrodes. All the photoelectric behaviors were
characterized on a program-controlled semiconductor character-
ization system (Keithley 4200SCS) under ambient conditions. A
450 W Xe lamp equipped with a monochromator was utilized as the
light source, and a NOVA II power meter (OPHIR photonics) was
used to measure the incident light density. The pulse response
property was tested on a system consisting of a digital oscilloscope
(Tektronix DPO 5$140B) and a 355 nm Nd:YAG pulsed laser.

Density Functional Theory Calculations. We performed the
first-principles calculations in the frame of density functional theory
(DFT) with the Vienna ab initio simulation package (VASP). The
exchange-correlation energy was described by the Perdew—Burke—
Ernzerhof (PBE) form of generalized-gradient approximation (GGA)

https://doi.org/10.1021/acsami.2c15946
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Figure 2. XPS spectra of the pristine SNO, 4%NGQDs-SNO, and NGQDs samples: (a) survey scan, (b) C 1s, (c) N 1s, (d) O 1s, (e) Nb 3d, and

(f) Sr 3d spectra.

exchange-correlation energy functional, in combination with the
DFT-D3 correction. The structure optimizations were carried out by
allowing all atomic positions to vary and fixing lattice parameters until
the energy difference of successive atom configurations was less than
107° €V. The force on each atom in the relaxed structures was less
than 0.015 eV/A. The cutoff energy for the plane-wave basis set was
set to 400 eV. The k-point spacing was set to be smaller than 0.03 A™!
over Brillouin zone (BZ). The Hubbard U model was implemented
on Nb 3d orbitals to improve the calculated band gap width. The
adsorption energy was calculated as E, 4, = E(slab + O,) — E(slab) —
E(0O,), where E(slab + O,) and E(slab) represent the total energies of
materials with and without adsorbed O,, respectively. E(O,) describes
the total energy of O, molecule in gas phase.

3. RESULTS AND DISCUSSION

Structural and Morphological Characterizations.
Figure la presents a schematic diagram for fabricating
Sr,Nb;O;, (SNO) nanosheets decorated with nitrogen-
doped graphene quantum dots (NGQDs). The nanosheets
are prepared through a multistep liquid exfoliation method.
The layered precursor CsSr,Nb;O,, obtained from high-
temperature calcination is treated with HCIl to replace
interlayer Cs* ions with protons, and the subsequent
exfoliation is conducted by using TBAOH. The 2D
morphology of SNO in the SEM image confirms the successful
exfoliation (Figure 1b), with the inset showing the layered
structure of the precursor. The morphologies of the precursor
and the intermediate products are shown in Figure SI.
NGQDs are synthesized by a facile hydrothermal method
using citric acid and urea. The colloidal NGQD displays a
bright blue color under irradiation of a 365 nm UV lamp,
which indicates its superior photoluminescence property owing
to the carboxylic functional groups and nitrogen doping.*’ The
high-resolution transmission electron microscopy (HRTEM)
image in Figure lc confirms the successful synthesis of
NGQDs. The interplanar distance of the ordered lattice fringe
is calculated to be 0.21 nm, which is derived from the (100)
crystal plane of graphite.”” The structure and composition of
the NGQDs are confirmed by the analysis on Fourier
transform infrared spectroscopy (FTIR). As shown in Figure
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1d, the broad peak centered around 3200 cm™' is assigned to
the stretching vibrations of O—H and N—H, the absorption
at 1545 cm™! reveals C=N/C=0 bonding.48’49 Furthermore,
CO—NH and C—N functional groups could also be
identified in the FTIR spectrum.”””’ NGQDs in a weight
ratio of 2%, 4%, 6%, and 8% are facilely mixed with nanosheets
dispersed in water solution. The successful attachment of
NGQDs on SNO nanosheets can be characterized through
transmission electron microscopy. Interestingly, as shown in
Figure 1f and Figure S1, NGQDs are uniformly distributed on
the surface of SNO nanosheets, exhibiting adsorption affinity
toward the SNO surface, while the nitrogen-free graphene
quantum dots do not show an adsorption phenomenon. In
HRTEM image (Figure 1g), two sets of distinct lattice fringes
can be observed. SNO nanosheets exhibit high crystallinity
with an interplanar spacing of 0.38 nm (the (100) facet),
which is consistent with the XRD results. The other set of
ordered lattice fringes with an interplanar spacing of 0.21 nm
corresponds to the (100) atomic planes of attached NGQDs. It
is supposed that NGQDs have a positively charged surface,
which is attributed to the positively charged amino groups as
confirmed by the FTIR results."**"** Thus, NGQDs are
spontaneously attached to the negatively charged SNO
nanosheets through electrostatic interaction, and a stable
hybrid colloid (NGQDs-SNO) is obtained for the subsequent
device construction. The X-ray diffraction (XRD) technique is
conducted to reveal the crystal structure of the pristine SNO
and NGQDs-SNO samples. Figure le presents the crystal
evolution process; the XRD patterns of the precursor
CsSr,Nb;O,y and the intermediate products HSr,Nb;O,
both match well with the standard data (PDF#53-1047 and
PDF#51-1878, respectively). For the pristine SNO and
NGQDs decorated nanosheets, their XRD patterns in Figure
1h exhibit obvious peaks from (00c) planes of SNO, including
(002), (004), and (008) planes. The absence of diffraction
peaks corresponding to NGQDs might be attributed to the
strong intensities of the diffraction peaks from crystalline SNO
nanosheets, as well as the high desperation of the small-size
NGQDs.***
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Figure 3. (a) UV—vis absorption spectra of the pristine SNO, NGQDs, and NGQDs-SNO samples. (b) I—t characteristics of the NGQDs-SNO
PDs at 5.0 V bias under 270 nm illumination with a time interval of 30 s. (c) I—V characteristics of these PDs under dark and 270 nm illumination.

The surface composition and elemental chemical states of
the pristine SNO and 4%NGQDs-SNO sample are determined
by the X-ray photoelectron spectroscopy (XPS). As shown in
Figure 2a, the existence of Sr, Nb, and O elements is confirmed
in the 4%NGQDs-SNO sample, and the weak peak of N 1s is
indicative of the nitrogen dopants from the NGQDs. High-
resolution XPS spectra of C 1s, N 1s, O 1s, Nb 3d, and Sr 3d
for the pristine samples and the 4%NGQDs-SNO sample are
presented in Figure 2b—f to further reveal the chemical states
information. The C 1s spectrum of the NGQDs sample is
deconvoluted into four peaks corresponding to C—C/C=C
(284.7 eV), C—N (285 eV), C—O (285.7 €V), and C=0/
COOH (288.7 eV) bonds. For the 4%NGQDs-SNO sample,
the presence of carbon-related bonds mentioned above
confirms the formation of the compound structure. The N
Is spectrum of the 4%NGQDs-SNO sample in Figure 2c is
mainly resolved into three peaks centered at 399.2, 400.1, and
401.4 eV, which can be assigned to pyridinic N, pyrrolic N, and
graphic N, respectively. Figure 2d provides the high-resolution
XPS spectra of O 1s in three samples. The O 1s spectrum of
the pristine SNO can be deconvoluted into three peaks. In
detail, the peak at 528.9 eV is attributed to the lattice oxygen in
oxide semiconductors (Nb—O bonds). Notably, two addi-
tional peaks appear in the spectrum, with one at 531.4 eV
associated with the oxygen vacancies (O,) and the other one at
$32.5 eV arising from the adsorbed oxygen species (O,) at
surface oxygen vacancies or other dangling bonds. The
existence of the two peaks is a typical feature of the defect-
rich oxides,”® suggesting that the pristine SNO we prepared
contains a certain amount of oxygen-related defects, which
would induce the PPC effect and greatly influence the
photodetecting performance.*”>* For the 4%NGQDs-SNO
sample, besides the peaks originating from the SNO nano-
sheets, extra peaks with binding energies of 531.6 and 533.1 eV
are observed, which are attributed to C=0 and C—OH/C—
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O—C bonds, respectively. The high-resolution spectra of Nb
3d (Figure 2e) reveal the +5 oxidation state of Nb in the 4%
NGQDs-SNO sample, with the Nb 3d 5/2 peak located at
206.6 eV and Nb 3d 3/2 centered at 209.3 eV. Figure 2f
displays the spectra of Sr 3d, from which similar peaks can be
observed for both samples. The binding energy peaks located
at 132.6 and 134.3 eV in the 4%NGQDs-SNO sample are
attributed to the spin—orbital splitting photoelectrons of Sr 3d
5/2 and Sr 3d 3/2. Together with TEM images, these XPS
results confirm the successful formation of the NGQDs-SNO
nanocomposites.

Effect of NGQDs Loading on Photodetecting Per-
formance. To demonstrate the influence of loading different
amounts of NGQDs on improving the photodetecting
performance of the SNO nanosheets, the PDs are fabricated
based on the pristine SNO and the NGQDs-SNO samples.
The NGQDs-SNO colloids with various NGQD contents are
prepared and spin-coated on the glass substrate. The obtained
samples are integrated with Ag pastes to investigate the
photodetecting performance. In order to explore whether the
incorporation of NGQDs will affect the optical properties of
the samples, UV—vis spectroscopy is conducted to compare
the absorption properties of the pristine SNO and the
NGQDs-SNO samples. As shown in Figure 3a and Figure
S2, the absorption edge of the pristine SNO sample locates at
320 nm. The incorporation of the 2%NGQDs broadens the
absorption band. When the concentration is further increased,
the spectra of 4%, 6%, and 8%NGQDs-SNO samples display
two obvious peaks originating from the characteristic
absorption peaks of the NGQDs. The peak located below
250 nm corresponds to z—x* transition of aromatic C=C
domains and the peak centered around 330 nm can be
attributed to n—z* transition of C=0O or C=N. The
absorption spectra exhibit the UV selectivity and an enhanced
UV absorption of the NGQDs-SNO composites. Figure 3b,c
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Figure 4. Photodetecting performance of the 4%NGQDs-SNO PD. (a) I-V curves under dark, 350, 300, and 270 nm illumination. (b) I—¢ curves
under 270 nm at 5.0, 3.0, 1.0, and 0 V. (c) Calculated responsivity and EQE curves at 5.0 V bias. (d) I-V curves under 270 nm illumination with
various incident light power densities. (e) Schematic illustration of the imaging system for recording UV signal and the image-sensing profile of

“SH” under 270 and 350 nm illumination, respectively.

and Figure S2 display the photoelectric properties of the
pristine SNO PD and the NGQDs-SNO PDs in dark and
under 270 nm UV illumination. In Figure 3b, the time-resolved
current (I—t) curves are listed to investigate the influence of
the NGQDs concentration on the response speed. At a fixed
bias of 5.0 V, all the PDs exhibit repeatable cycles in a time
interval of 30 s under 270 nm illumination on/oft switching.
The pristine SNO PD exhibits a very slow decay speed, and the
time for the current to recover its original dark state is
investigated to be around 120 s, suggesting the long-duration
PPC phenomenon. While for the PDs based on the NGQDs-
SNO nanocomposite, varying degrees of improvement in the
decay speed are observed due to the incremental concen-
trations of NGQDs. The incorporation of NGQDs endows the
2%NGQD-SNO PD with a slightly faster response speed, and
the decay time is reduced to less than 60 s. A increasing
loading amount of the NGQDs results in a further reduction in
decay time. Obviously, the 4%NGQDS-SNO PD displays
complete on/off cycles in the time interval with a rapid
decrease in photocurrent after switching off the light, achieving
a significantly improved response speed compared to the
pristine SNO PD. The decay speed of the PDs is successively
improved with the concentration of the NGQDs increased to
6%. Thus, the incorporation of NGQDs effectively improves
the response speed of the PDs with the decay time notably
shortened from hundreds of seconds to a few seconds. The
ultraslow decay of the pristine SNO PD indicates that the
lifetime of the photoinduced carriers is prolonged, giving rise
to the PPC effect. Note that the recombination process in
perovskite oxides is complicated. It is not limited to direct
band-to-band recombination of free electrons and holes but
significantly influenced by the properties of trap states
originating from native defects or foreign adsorbed molecules,
which hinders the recovery of the photoconductors after
removing the light illumination. The integration of NGQDs
and SNO makes a difference in the surface states and the

transfer path of photocarriers due to the formed nanoscale
heterojunctions, facilitating the recombination process.

However, the photocurrent of the PDs based on NGQDs-
SNO samples is unavoidably sacrificed, considering the
increased probability of the surface/interface carrier recombi-
nation. Figure 3c demonstrates the current—voltage (I—V)
characteristics of these PDs under dark and 270 nm UV light
illumination. The pristine SNO PD at 5.0 V bias yields a
photocurrent up to 11.1 pA, which is much higher than that of
reported SNO PD. The photocurrent of the 2%NGQDs-SNO
PD remains a relatively high value of 5.6 #A. The 4%NGQDs-
SNO PD yields a dark current of 21.4 pA and a photocurrent
of 0.47 puA, giving a high I/ Ia, ratio of & 2.2 X 10*. The
dark current of the PD exhibits a rising trend as the
concentration of the NGQDs is increased to 6%—8% (Figure
S$2), resulting in a decrease in the on—off ratio. A moderate
compromise of photocurrent is common and acceptable as
reported in other metal oxides like ZnO and Ga,O;; since the
trapping effect acts as a double-edged sword, the long lifetime
of the photocarriers is detrimental to the response speed but
conducive to enhanced photoconductive gain."'****° When
considering various strategies for solving the problem of slow
decay by reducing trap states, it should be taken into account
that the reduction in the carrier lifetime inevitably leads to a
decrease in the photoconductive gain. Despite this, the
photodetecting performance of the 4%NGQDs-SNO PD still
remains at a relatively high level.

Performance of the 4%NGQDs-SNO PD and its
Application in UV Imaging. The 4%NGQDs-SNO PD
exhibits the most outstanding photodetecting performance
among all NGQDs-SNO PDs, and the greatly improved decay
speed offers it the potential to be applied in image sensing.
Figure 4a presents the I—V characteristics of the 4%NGQDs-
SNO PD in dark and under 350, 300, and 270 nm illumination.
The PD shows a distinct photoresponse toward the incident
UV light with the photocurrent reaching its highest value
under 270 nm illumination. To further reveal the stability and
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Figure 5. Experimental and fitted curves of the decay process for (a) the pristine SNO PD and (b) the 4%NGQDs-SNO PD. (c) Pulse response
curve of the 4%NGQDs-SNO PD. Density functional theory calculations of the electronic structures for (d) defect-free single layer SNO, (e) SNO
with two surface V,, (f) SNO with two inner V,, and (g) SNO with chemisorbed oxygen molecules on the surface V, site. Schematic illustration of
the carrier transport behavior affected by V, ionization and O, adsorption in the PDs in dark and under UV illumination: (h) the pristine SNO PD
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SNO PD.

the improved photoresponse speed, the I—t curves with several
on—oft cycles under various bias voltages of 0—5.0 V are
illustrated in Figure 4b. As mentioned above, the 4%NGQDs-
SNO PD displays high photodetecting performance with an
on—off ratio of over 10* at 5.0 V bias. At a bias of 3.0 V, the
PD reaches a stable photocurrent of ~50.7 nA upon UV
illumination and rapidly decays to its dark state (16.3 pA) after
switching off the light for several repetitions. The PD maintains
a high on—off ratio of ~1.42 X 10° with the voltage bias
decreased to 1.0 V. Interestingly, at 0 V bias, the PD exhibits
self-powered photodetecting performance with a photocurrent
of over 10 pA and an on—off ratio of 1.23 X 10°. The self-
powered characteristic might be ascribed to the formed electric
field introduced by the nanoscale heterojunctions between
NGQDs and SNO nanosheets.”***

Spectral photoresponse of the 4%NGQDs-SNO PD is
investigated as shown in Figure 4c. The responsivity (R;),
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detectivity (D*), and external quantum efficiency (EQE) are
crucial evaluation parameters, which are defined as follows:

I — Iy,
R = ph ~ ldark
PS (1
D* = R;
(ZEIdark )1/2
s (2)
he RA
EQE = — 2
E=7 3)

where I, and Iy, represent the photocurrent and dark
current, S is the effective illumination area, 4 is the excitation
wavelength, P, is the light power density, and h, ¢, and e are
Planck’s constant, the light velocity, and the elementary charge,
respectively. The 4%NGQDs-SNO PD shows notable photo-
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response from 250 to 320 nm with the responsivity peak
reaching 10.8 mA W' under 270 nm illumination at 5.0 V
bias, and the corresponding EQE and detectivity are calculated
to be 4.97% and 3.39 X 10" Jones, respectively (Figure 4c and
Figure S3). The cutoff wavelength of the 4%NGQDs-SNO PD
is consistent with the absorption edge of the pristine SNO,
implying that the incorporation of NGQDs has no obvious
effect on the spectral selectivity. Figure 4d shows the I-V
curves of the PD under 270 nm illumination with various
incident light densities. The photogenerated efficiency of
charge carriers is positively correlated to the absorbed photon
flux. In order to explore the potential of the PD for image
sensing, a single-pixel image sensing system is designed based
on the 4%NGQDs-SNO PD. As shown in Figure 4e, the UV
light beam passes through the hollow masks with S and H
patterns (SH = Shanghai), which can be moved continuously
along the x-axis and y-axis directions. The position of the
masks is recorded in the process of the movement and the
corresponding photocurrents that emerged from the PD below
the masks are collected synchronously by a Keithley 4200
source meter. The photocurrent mapping images under the
illumination of 270 and 350 nm are simulated by arranging the
photocurrents according to the position of the mask at each
point. The letter “S” and “H” can be distinctively observed in
Figure 4e, where the image under 270 nm illumination exhibits
a purple pattern and the image under 350 nm illumination
shows a relatively lighter one due to the weaker photoresponse.
The improved decay speed via incorporation of NGQDs
causes the PD to respond instantly to the change of
illuminance area. Otherwise, even as the incident light is
blocked by the mask, the PD might still maintain a high value
of photocurrent due to PPC effect, leading to the blurred
boundaries of the letter pattern.

Recovery Dynamics. To unravel the mechanism of the
enhanced decay speed, the photocurrent decay process for the
pristine SNO and 4%NGQDs-SNO PD are normalized, and
the obtained results are presented in Figure Sab. The
biexponential time constant extraction method is adopted to
quantify the recovery dynamics,

—t/ —t/
Idecay =1, + Ae U4 Ay '™ (4)

where I, is the steady-state photocurrent, 7, and 7, are the
relaxation time constants corresponding to two distinct decay
processes, and A; and A, are the weighing factors representing
the relative contribution of each mechanism. It is noted that
the decay process consists of two components, including a fast
decay process (7;) and a slow decay process (z,). The fast
decay is attributed to the band-to-band transition of the
photoexcited excess carriers, while the slow decay is related to
the detrapping of the photocarriers or other defect-related
relaxation process.””” The re-excitation of the trapped carriers
and the structural relaxation of the defects require thermal
activation, which results in an extra decay time lasting a few
seconds or minutes.””” The slow decay photorelaxation time
constant 7, for the pristine SNO PD is 8.1 s with relative
weighing factors of 70%, demonstrating a close dependence of
the response speed and the trap states. The decoration of the
NGQDs shortens the decay time constant of the NGQDs-
SNO PDs to milliseconds. In comparison, both relaxation time
constants (7, = 0.08s, 7, = 0.52 s) of the 4%NGQDs-SNO PD
are much smaller than those of the pristine SNO PD, which
implies enhanced carrier recombination and a reduced impact

of the trap states, especially the deep traps on the photocarrier
transition. Interestingly, when the 4%NGQDs-SNO PD is
illuminated with a 355 nm pulse laser instead of continuous
light, the photocurrent decays rapidly in 67.3 ms, and the slow
decay process associated with PPC is not observed (Figure Sc).
A similar phenomenon has been re4ported in other metal oxides
with complex defect distributions.”” The pulse laser with high
energy intensity illuminates the sample in an ultrashort time
duration; abundant free carriers are generated instantaneously
and annihilated rapidly through a band-to-band recombination.
However, sufficient illumination is required to activate the
potential trap states, such as the ionization of oxygen vacancies
and the interaction between photogenerated carriers and
adsorbed molecules.”*® The disappearance of the slow decay
in the pulse speed curve reveals that the trap involved decay
process does not emerge during the ultrashort term
illumination. Therefore, the photocurrent decay process
induced by pulse laser is mainly associated with the band-to-
band recombination of the photogenerated excess carriers. In
comparison, the large decay time constant 7, of the pristine
SNO PDs under continuous illumination reliably confirms the
dominating role of the trap states in determining the decay
speed of the PDs, and the shortened 7, in 4%NGQDs-SNO
PD indicates a suppressed effect of trap states compared to the
pristine SNO PD.

Origin of PPC Effect in the Pristine SNO PD. As
revealed by XPS data (Figure 2d), the SNO nanosheet
contains a high density of oxygen vacancies (V,) and adsorbed
oxygen molecules, which might induce trap states. To elucidate
the origin of the PPC effect in the pristine SNO, the impact of
V, and adsorbed oxygen molecules on electronic band
structure is investigated using DFT calculations (Figure Sd—
g and Figures S4—S6). A 2 X 2 supercell slab of defect-free
SNO is constructed, and its defective models are built by
removing one or two oxygen atoms from the slab surface or
volume, considering the various V, distributions, as shown in
Figure S4. Figure 5d presents the band structure of a defect-
free SNO slab. The calculated bandgap width is 3.34 eV, which
is slightly narrower than the experimental bandgap. As shown
in the electronic band structure of the SNO with one and two
surface V, (Figure Se and Figure SSa), the introduction of V,
at the surface raises the Fermi level and narrows the bandgap,
achieving the n-doping of the clear SNO. Two surface oxygen
vacancies raise the Fermi level above the conduction band
minimum and V, can act as shallow donors to donate free
electrons to the conduction band. Therefore, in addition to the
photogenerated electrons through interband transition, the
electrons generated by shallow V,, donor can contribute to the
high photocurrent. Figure Sf and Figure SSb reveal that the
inner V, results in a narrowed bandgap and the formation of
several defect levels. Apparently, two inner V, introduce several
defect levels within the bandgap, with their positions far from
the valence band or the conduction band. The deep, neutral V,
states located in the bandgap can be ionized to shallow donor
states V,>* and release two electrons to the conduction band.
An energy barrier needs to be overcome due to the outward
relaxation of bonds surrounding the V/ sites, thus resulting in
the persistent high photoconductivity.'’ In addition to the trap
states introduced by the lattice defects, the impact of adsorbed
oxygen molecules cannot be ignored (Figure Sg and Figure
S6). It is known that the surface V, or other dangling bonds
are more preferable adsorption sites for oxygen molecules than
the defect-free sites.”> Here, the O, adsorption process is
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simulated by inserting an O, molecular into the surface V,, and
the adsorption energy is calculated to be —0.64 eV (Figure
S6a). The electronic band structure and total density of states
(DOS) are plotted in Figure Sg and Figure S6b. Obviously, the
adsorption of O, induces deep trap states within the bandgap,
which might prolong the lifetime of the photocarriers, resulting
in the high photoconductive gain and extra decay time
required for carrier detrapping.

Carrier-Transport Behavior in the Pristine SNO and
NGQDs-SNO PD. According to the results of the calculation,
the schematic diagrams of the transport behavior of the
photocarriers are plotted in Figure Sh—k to further reveal the
mechanism of the PPC phenomenon in the pristine SNO PD
and the surface/interface carrier-transport modulation in the
NGQDs-SNO PDs. For the pristine SNO PD (Figure Shyi), in
dark conditions, the V, might exist both on the surface and
inside the nanosheet in the synthesis process due to the
complex solid-state reaction and destructive exfoliation
process. Even if the oxygen is removed, the two oxygen-
bond electrons remain in the oxide and generally introduce
defect states into the wide bandgap in metal oxide. On the
other hand, oxygen molecules are chemisorbed onto the
surface by capturing the free carriers in the n-type SNO (Oz(g)
+ ¢~ = 0,7 (,9)), which leads to a negative charge distribution
at the surface and thus gives rise to an upward band bending
(Figure Si). A certain amount of surface trap states would be
formed as a result of the interaction between the nanosheet
surface and oxygen molecules.'* Under UV illumination, both
O,” and V, in SNO are involved in interfering the photocarrier
dynamics (Figure 5i). Electron—hole pairs are generated (hv
— ¢~ + h"), holes tend to accumulate at the nanosheet surface
due to the bult-in potential produced by the band bending, and
thereby the electron and holes are spatially separated. The
desorption of the oxygen molecules occurs, since the holes
captured by the surface trap states neutralize the negatively
charged oxygen molecules (O, (q) + h* — O,(g)), leaving
behind the long-lived electrons, which contributes to high
photoconductivity and slow recombination rate.”® Simulta-
neously, the illumination might ionize the deep, neutral V,
states to shallow donor states V,>* by donating electrons to the
conduction band (V, = V,** + 2¢7), and the emission of the
excess electrons increases the electron doping concentration
and raises the Fermi level, resulting in the enhanced
photoconductivity. The neutralization of the metastable V,**
states requires overcoming an energy barrier to achieve the
relaxation of bonds surrounding V, and, simultaneously,
electrons must be captured from the conduction band; thus,
the material maintains a high conductivity after switching off
the light.”” It has been established that the decay process
caused by the annihilation of metastable donors or detrapping
of the carriers requires thermal activation,”**® which can be
described as

Ea
T =1y €Xp —E

(8)
where E, is the thermal activation energy. Therefore, trapping
of the holes, coupled with the ionization of the oxygen
vacancies requires extra relaxation time, giving rise to the PPC
effect.

The decoration of the NGQDs on SNO nanosheets
incorporates nanoscale heterojunctions,28 effectively improving
the decay speed of the PD with both time constants greatly

reduced. The contact between the NGQDs and SNO
nanosheets modulates the surface/interface states. As shown
in Figure 5jk, in dark conditions, the existence of the quantum
dots reduces the exposed area of the SNO, hindering the
interaction between the nanosheets and oxygen molecules.
Fewer oxygen molecules would be adsorbed onto the surface
and the upward band bending is weakened. Besides, from the
point of band alignment, the experimental bandgap of the
SNO is estimated to be around 3.6 eV by the Tauc plot and
the valence band position and the work function are
determined by KPFM and XPS results in Figure S7. The
bandgap and the electron affinity of NGQDs are approximately
2.6 and 2.9 eV, respectively, according to the previous
reports.””®" Thus, a type II heterojunction can be formed
between SNO and NGQDs (Figure Sk). Excess electrons in
NGQDs transfer to SNO, which contributes to an internal
electric field at the interface between them. The downward
band bending of the SNO is opposite to the upward band
bending caused by the adsorption of oxygen molecules. In
addition, NGQDs with abundant oxygen-rich functional
groups have a possibility to interact with the SNO surface
oxygen vacancies, and to some extent, it will affect the trap
states originating from the oxygen vacancies.”” Nevertheless,
the decoration of the NGQDs would have no effect on the
deep localized V, states inside the nanosheet. Under UV light
illumination, the photogenerated carriers are generated in the
NGQDs-SNO PD. Due to the formation of the interface
between NGQDs and SNO, the surface oxygen adsorption is
reduced and the change of the band bending direction hinders
the accumulation of the photogenerated holes at the surface.
Thus, fewer photoinduced holes are trapped to neutralize the
negatively charged O,7, and the extra time required to empty
traps is reduced (Figure 5j). On the other hand, the built-in
electric field caused by heterojunction would play a role in
guiding the photocarriers behavior. The electrons transfer from
NGQDs to SNO, and the holes are driven to NGQDs (Figure
Sk). When the UV light is switched off, the electron—hole
recombination takes place though the direct band-to-band
recombination in both SNO and NGQDs, and the high carrier
mobility in NGQDs facilitates direct recombination, There-
fore, the decay time constants 7, and 7, are both reduced due
to the coeffect of the reduced trap states and the built-in field
of the NGQDs-SNO heterojunction. However, the extra decay
time due to the ionization of the oxygen vacancies remains an
unsolved problem, which can explain the main difference
between the decay time under continuous and pulse
illumination (Figure Sb,c).

Despite the improved decay speed, a decrease of the
photocurrent is unavoidable in the NGQDs-SNO PDs
considering the relationship between the carrier lifetime and
the photoconductive gain. As mentioned above, the trap states
contribute to the long-lived electrons ad enhance the
photoconductive gain according to the formula.®®
T,

G=-=
T (6)

where 7. is the carrier lifetime and 7, is the carrier transit time.
The decoration of the NGQDs hinders the effect of the trap
states; thus, the lifetime of the photocarriers is reduced and the
photoresponse is limited. Moreover, the lattice mismatch
between SNO and NGQDs would bring about recombination
centers, i.e., a type of localized states that can facilitate the
recombination of electrons and holes. Whether the localized
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states act as recombination centers or trap states depends on
their relative positions to the quasi- Fermi levels. The states
between the quasi-Fermi levels act as recombination centers,
while the states above/below the electron/hole quasi-Fermi
levels are the trap states for electrons and holes, respec-
tively.”® Thus, in contrast to surface trap states induced by
adsorbed O,, the localized states at the interface might act as
recombination centers, which is detrimental to the photo-
current but facilitates the recombination process.

4. CONCLUSIONS

In summary, by integrating NGQDs and 2D perovskite oxide
SNO nanosheets through electrostatic interaction, a novel
nanoscale heterojunction is designed to tackle the problem of
slow response speed of pristine SNO PDs. The slow response
speed is attributed to the PPC effect due to the existence of
abundant oxygen-related defects in SNO. NGQDs-SNO
nanocomposites with various NGQD contents are designed
to alter the surface states of SNO nanosheets and thereby
modulate the surface/interface carrier transport. In compared
with the pristine SNO PD, The NGQDs-SNO PDs show
greatly enhanced response speed with the decay time
shortened from hundreds of seconds to within seconds. The
4%NGQD-SNO PD exhibits excellent photodetecting per-
formance with a photocurrent of 0.47 uA, a high on—off ratio
of 2.2 X 10* and a fast pulse response speed (7gec,y = 67.3 ms),
making it promising for the application of UV image sensors.
The analysis of relaxation dynamics reveals that, instead of the
direct band-to-band recombination, the trap-involved decay
process plays a dominant role in determining the decay time,
which results in the PPC effect in SNO. Meanwhile, the DFT
results confirm that the oxygen vacancies and the adsorbed
oxygen molecules would bring about trap states in the material
electronic structure. The integration of NGQDs on SNO
nanosheet reduces surface trap states and minimizes the
interaction between the photocarriers and the chemisorbed
oxygen molecules. In addition, the formed nanoscale
heterojunction provides an efficient carrier pathway for
facilitating the recombination of free carriers after the light
source is turned off. This work provides an effective way for the
enhancement of the response speed in 2D perovskite oxides
constrained by the PPC effect via surface/interface carrier
transport modulation.
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