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Laser-Assisted Synthesis of Ag,S-Quantum-Dot-in-Perovskite
Matrix and Its Application in Broadband Photodetectors

Chen Zhao, Cailing Chen, Ran Wei, Yuting Zou, Wenchi Kong, Tao Huang, Zhi Yu,
Jianjun Yang, Feng Li, Yu Han,* Chunlei Guo,* and Weili Yu*

Halide perovskites are widely explored as efficient photoresponsive materials
for optoelectronic devices. However, understanding and controlling their
underlying optical and electrical properties remains limited. Here, a novel
approach is developed by introducing silver sulfide (Ag,S) quantum dots
(QDs) into an MAPDBE; single crystal. The high-quality Ag,S-quantum-dot-in-
perovskite (Ag,S-QDiP) matrixes synthesized through a laser-assisted inverse
temperature crystallization (LA-ITC) strategy show broadband light-sensitive
wavelength from 550 to over 1000 nm, and a balanced carriers mobility facili-
tates their transmission and collection. A Ag,S-QDiP-enabled photodetector
is demonstrated, which exhibits considerably enhanced responsivity and
detectivity of 1.17 A W~ and 6.24 x 10" Jones at 532 nm, and 57.69 mA W'
and 1.03 x 10" Jones at 1064 nm, respectively. The enhanced performance in
the near-infrared (NIR) region can be attributed to the discrete heterojunction
formed between MAPbBr; and Ag,S QDs, which enhances the light absorp-
tion in the NIR range and facilitates photogenerated excitons’ separation

at the interface. The facile synthesis process, the more balanced transport
behavior, and the ensuing improved device performance highlight introducing
QDs into perovskite single crystal as an efficient strategy for tuning funda-
mental properties of perovskite and for developing high-efficiency broadband
electronic and optoelectronic devices.

properties,>1? including large absorption

coefficient (=10° cm™), low trap density,
large carrier diffusion length (from 2.6 pm
to 3 mm), high carrier mobility
(=100 cm? V7! 571, and small exciton
binding energy (=20 meV), enable a
range of promising applications in opto-
electronics and electronics, such as solar
cells,3-1]  transistors,201  lasers, 24
and light emitting diodes (LEDs).[25-28]
Although great progress has been made
for perovskite optoelectronics in the last
decade, a deep understanding and control
their underlying properties remain limited.
For example, the absorption wavelength
of common-used perovskites is limited to
the UV-vis range. Developing an effective
and facile strategy to tune its optical and
electronic properties remains as a major
challenge.

Introducing ions, molecules, or nano-
particles into perovskites provides more
possibilities to tune their optical, elec-
trical, and even mechanical properties.
For example, He et al. introduced Cs ions
into perovskite, resulting in improved
photoelectric conversion efficiency and

1. Introduction

Recently, organic—inorganic metal halide perovskite (ABX3, A:
organic cationic group, B: Pb, Sn, etc., and X: halogen) single
crystals have become appealing candidate materials in opto-
electronic devices and applications.¥ Their excellent intrinsic

increased stability.””! Lin et al. synthesized perovskite/carbon
nanotube composite crystal and achieved improved carrier
mobilities.?” Coupling perovskites with quantum dots (QDs)
provides more interesting phenomena. For example, Sargent’s
group first developed a mixed perovskite film by introducing
PbS QDs into cystalline film and a single crystal bulk, which
showed promising light-emitting application in IR region.l3%32
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They established a contactless method for measuring the dif-
fusion length and mobility of the perovskite single crystal by
adding PbS quantum dots into single crystals of various mass
ratios.’3] With the efforts of peer researchers, perovskite com-
posites have been utilized in broad application fields including
photodetection,?%343 light-emitting device,****] and photo-
voltaic device,?**] with moderate progresses being made.
Further exploring, understanding their underlying optical and
electrical properties, and developing efficient optoelectronic
devices remain limited.

Near-infrared (NIR) photodetectors have extensive research
value, which possess a wide range of applications in military
and civil fields such as communication,*! passive night
vision,*l biosensors,”*¥ NIR imaging, and radiation measure-
ments.[*>% Compared to the UV-vis responsive photodetectors,
NIR photodetectors possess the advantages of minimized trans-
mission energy loss for optical fiber communication, night
visibility for overnight working, and biocompatibility for biom-
etric systems and disease diagnoses, etc.**0#1 In this regard,
breaking the absorption limit of perovskite materials and devel-
oping efficient perovskite-based NIR photodetectors are highly
attractive across material, chemical, and physical research
communities. As certain narrow bandgap semiconductors
have shown merits in the field of photoelectric detection, devel-
oping NIR-photodetector-coupled perovskite and QDs provides
a promising strategy to improve perovskite photodetector’s
performance in the NIR range.

Ag,S is a classical semiconductor with the energy bandgap
of 0.90-1.10 eV,5*33 which can be utilized as detecting and
bioimaging materials operating in the NIR range. Here, we syn-
thesized Ag,S-quantum-dot-in-perovskite (Ag,S-QDiP) through
a laser-assisted inverse temperature crystallization (LA-ITC)
method. A vis—NIR broadband photodetector is then fabricated
by using these Ag,S-QDiP matrixes as active layers, which take
advantage of synergistic effect of combining Ag,S QDs’ NIR
response and MAPDBr; single crystal’s long diffusion length,
high visible absorption coefficient, and low defect density. The
resulting photodetectors exhibit the dual-band photoresponse
property, with the high photoresponsivity (R), photodetectivity
(D*), and external quantum efficiency (EQE) of 1.17 A W7,
6.24 x 10" Jones, and 273.41% at 532 nm, and 5769 mA W,
1.03 x 10" Jones, and 4.8% at 1064 nm, respectively. The greatly
enhanced photoresponsivity in the NIR wavelength range and
the balanced electron and hole mobility can be attributed to
the balanced charge transfer and the heterojunction formed
between the Ag,S QDs and the perovskite.

2. Results and Discussions

We synthesized the Ag,S-QDiP through the LA-ITC method.
The scheme of the synthesis device is shown in Figure 1a and
in Figure S1 (Supporting Information). A 1064 nm continuous
wave (CW) laser is utilized as the thermal source. The confined
growth space is constituted by the front wall of growth cell and
the tightly fitted silicon (Si)/SiO, substrate. Precursor solution
can be filled into the confined space by capillary effect. Figure 1b
shows the temperature distribution of the reaction cell obtained
by an infrared imaging thermometer. In the equilibrium state,
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the temperature of the laser irradiation center is about 130 °C,
and the temperature drops from the center to the periphery. At
the edge of the reaction cell, the temperature drops to about
40 °C. The MAPbBr; matrix can nucleates accommodating
the Ag,S QDs near the irradiation center. Due to the relatively
concentrated energy and temperature gradient, the Ag,S-QDiP
matrixes can nucleate more easily near the irradiation center.
It takes about 40 min to incubate a 1 mm X 1 mm Ag,S-QDiP
matrix sample. Moreover, compared to the antisolvent-assisted
crystallization method, the ITC method can help the Ag,S QDs
distribute more uniformly into the MAPbBr;.*l By tuning the
ratio between the Ag,S QDs solution and the perovskite pre-
cursor solution, Ag,S-QDiP matrixes with different colors
can be obtained. The color of Ag,S-QDiP transitions changes
from orange of pure MAPbBr; single crystal to brown as the
Ag,S:MAPDBr; incorporation ratio increases (Figure 1c; Figure
S2, Supporting Information). As decreasing the thickness of
the Ag,S-QDiP can effectively reduce the trap densities during
the fabrication of devices,™**! micrometer-sized Ag,S-QDiP
matrixes on the Si/SiO, substrate are obtained through
the space confinement method. Optical image (Figure 1d;
Figure S3, Supporting Information) shows that the as-prepared
Ag,S-QDiP matrixes are smooth on top with the average
thicknesses of 25 um (Figure le; Figure S3, Supporting Infor-
mation). The scanning electron microscopy (SEM) image
(Figure 1f) further confirms the smooth surface morphology
of the synthesized Ag,S-QDiP matrix. Energy dispersive X-ray
spectrometry (EDS) measurements are carried out to measure
the element distribution of selected area, of which the obtained
mapping (Figure S4, Supporting Information) shows that
four elements, including silver (Ag), sulfur (S), lead (Pb),
and bromine (Br), are distributed evenly in the Ag,S-QDiP,
indicating the uniform dispersion of QDs in the as-prepared
samples.

In order to study the influence of adding Ag,S QDs in
the lattice structure of perovskite matrixes, we conducted
the X-ray diffraction (XRD) tests for the pure MAPbBr; and the
Ag,S-QDiP samples with different mass incorporation ratios
(Ag,S:MAPDBr; = 1:1600, 1:1280, and 1:960). The results are
shown in Figure 1g, which indicates that the cubic structure
of MAPDBr; is well preserved after adding Ag,S QDs to a cer-
tain extent, implying that adding Ag,S QDs with a small ratio
does not damage the lattice structure. As shown in Figure S5
(Supporting Information), the as prepared Ag,S QDs appear
as the low temperature phase, namely, o~Ag,S (monoclinic,
JCPDS No. 00-012-0072).5¢%1 In the enlarged XRD pattern
(Figure 1h), which shows the fine patterns of (100), (110), and
(210) peaks, one can find that the peak positions shifted slightly
to the right (i.e., to high diffraction angle) after adding the
Ag,S QDs. The difference of 26 degrees between MAPbBr; and
Ag,S-QDiP is about 0.13 eV for various incorporation ratios.
The shift of the XRD patterns indicates that incorporating Ag,S
QDs into the MAPbBr; crystal can slightly influence the lattice
spacing of the perovskite matrix. The distances of perovskite
crystal planes decrease after introducing Ag,S QDs. When the
incorporation ratio further increases to above 1:160, it is difficult
to obtain well-crystallized matrixes anymore, indicating that a
tolerance limit exists for the content of Ag,S QDs in the perov-
skite matrix.

© 2021 Wiley-VCH GmbH
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Figure 1. a) Schematic diagram of laser-assisted synthesis of Ag,S-QDiP matrixes. b) Image of the temperature distribution of the reaction cell during
the synthesis process (taken by an infrared imaging thermometer). c) The photograph of Ag,S-QDiP bulk mixed with Ag,S QDs in different incorpora-
tion ratios. d) Optical image of Ag,S-QDiP matrixes with an incorporation ratio of 1:1280. e) Distribution diagram of Ag,S-QDiP matrix thickness in
lateral dimension. f) SEM photograph of Ag,S-QDiP matrix. g) XRD patterns of Ag,S-QDiP matrixes in different incorporation ratios. h) Detailed XRD
patterns of (100), (110), and (210) peaks of Ag,S-QDiP matrixes in different incorporation ratios. i) TEM image of Ag,S CQDs. j) HRTEM image of Ag,S

QDs. k) Statistical histogram of Ag,S QDs’ size distribution.
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We then calculated the dot-to-dot spacing (L) in the Ag,S-QDiP
matrixes with different incorporation ratios according to the
equation(®?]

3
L:rx\/fn(ﬂ})ul
3\ Pmarbes,
where r is the average diameter of the added Ag,S QDs,
estimated to be 3.2 nm according to the transmission electron
microscopy (TEM) image and the size distribution statistical
histogram (Figure 1i-k). Pags is the density of Ag,S QDs, and
the value is 72 g cm™.8 Pumarbss is the density of perovskite
single crystal with a value of 3.5 g cm=.33 X is incorporation
ratio. The incorporation ratio used in this paper and the cor-
responding Ag,S QDs dot-to-dot spacing is shown in Figure S6
(Supporting Information), which indicates that the dot-to-dot
spacing decreases with the increase of Ag,S QD incorporation

ratio.

0

We then perform the morphological as well as optical charac-
terization of the synthesized Ag,S-QDiP matrixes and focus on
the influence of the amount of Ag,S QD on its optical proper-
ties. As shown in Figure 2a, the TEM image shows the scattered
dots with darker contrast distributed in the Ag,S-QDiP (1:1280),
which can be attributed to the added Ag,S QDs according to

www.advopticalmat.de

their sizes (=3 nm). Considering that the ultralow-dose
conditions (10 e~ A7%) that we employed for the TEM imaging
have been proved to be safe enough for preserving the struc-
ture of MAPbBr3, the observed scattered dots are unlikely lead
bromide (PbBr,) generated from the electron-beam-induced
degradation of MAPDbBr; matrixes. The high-resolution trans-
mission electron microscopy (HRTEM) image (Figure 2b)
and the corresponding fast Fourier transform (FFT) pattern
(Figure 2c) confirm that the imaged matrix has an intact perov-
skite structure without degradation or phase transformation.
The EDS elemental mapping result further confirms that Ag,S
QDs are embedded in the MAPDbBr; (Figure S4, Supporting
Information).

By controlling the incorporation ratio between MAPDBr;
and Ag,S QDs, the QDs’ concentration and the dot-to-dot
distance can be easily tuned. The evenly distribution of Ag,S QDs
in perovskite lattice indicates that the crystallization process is
thermodynamic stable, and the two materials have fine compat-
ibility. The hardly distinguished interface between Ag,S QDs
and perovskite lattice provides the pathways of efficient charge
transfer between these two components, where the photon-
generated excitons can be separated.

We evaluate the optical properties of the MAPbBr; single
crystal and the Ag,S-QDiPs by measuring their absorption
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Figure 2. a,b) TEM and HRTEM of Ag,S-QDiP (1:1280). Ag,S QDs are circled out by dotted lines in panel (a). c) Indexed FFT pattern of panel (b).
d) Vis—NIR absorption spectra of MAPbBr; and Ag,S-QDiP (1:1280). ) PL spectrum (excitation: 473 nm) and f) TRPL spectrum (excitation: 532 nm) of
MAPbBr; and Ag,S-QDiP of different incorporation ratios (X). The insets are statistical polylines of peak PL intensity and average lifetime, respectively.
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spectra, steady-state photoluminescence (PL) spectra, and time-
resolved photoluminescence (TRPL) spectra. The absorption
spectrum shows the absorption cutoff wavelength broadens
from 550 nm for pure perovskite matrix, which increases to
over 1200 nm for Ag,S-QDiPs with an incorporation ratio of
1:1280, as shown in Figure 2d. This result matches well with
the uniform color shown in Figure 1c, indicating that the
Ag,S QDs are evenly embedded in the perovskite matrixes.
The steady-state PL properties are shown in Figure 2e and in
Figure S7 (Supporting Information). For each sample with
specific incorporation ratio, ten points are selected to reduce
the experimental errors. The PL spectra of pure perovskites
and samples with different incorporation ratios (from 1:1600
to 1:960) are listed in Figure S7 (Supporting Information).
As shown in Figure 2e, both the pure perovskite and Ag,S-
QDiP exhibited a PL peak at 538 nm arising from bandgap
of the perovskite; however, the PL intensity of the Ag,S-QDiP
is much lower than that of the pristine perovskite. Such a
dramatic PL quenching indicates the effective charge transfer
from MAPDbBr; to Ag,S QDs under illumination. More specifi-
cally, the PL quenching phenomenon also shows clear depend-
ence on the incorporation ratio. With the increasing mass
proportion of Ag,S QDs, the PL quenching effect of the perov-
skite-based mixture matrixes increased accordingly. This may
be related to the decrease of the dot-to-dot spacing of Ag,S QDs
in the Ag,S-QDiP, i.e., the shorter spacing can lead to the more
efficient photoinduced charge transfer at the interfaces.

To further study the effect of Ag,S QDs in perovskite
matrixes on their carrier transport properties, we measured
TRPL spectra of the pure MAPDBr; and the Ag,S-QDiP with dif-
ferent incorporation ratios to investigate their carrier lifetimes
(Figure 2f). For each sample, ten points are randomly selected
for the TRPL spectra test, and the data are shown in Figure S8
(Supporting Information). After incorporation of Ag,S QDs, the
average PL lifetime is significantly shortened from 4.52 ns for
pure MAPDbBr; to 2 ns for Ag,S-QDiP (1:960). With the increase
of the mass proportion of Ag,S QDs, the lifetime of the
Ag,S-QDiP is shortened accordingly. The quenching of steady-
state PL and the shortening of the PL lifetime both indicate that
in the Ag,S-QDiP, the photogenerated carriers can be separated
at the interface and then transferred between MAPDBr; and the
Ag,S QDs efficiently. The PL quenching effect and the resulting
PL lifetime attenuation intensify the fastened photoinduced
carrier separation process with the increase of Ag,S QDs
incorporation ratio, that is, the higher ratio of incorporated
Ag,S QDs can result in the lower PL intensity and the smaller
average PL lifetime. These findings on carrier transport kinetics
further evidence the effective transfer between MAPbBr; and
Ag,S QDs in the Ag,S-QDiP, which is beneficial for fabricating
the broadband responsive photodetectors.

We then try to investigate the electronic and optoelectronic
properties of the pure perovskite and Ag,S-QDiP samples.
When the samples are illuminated under 532 nm light (within
the absorption range of MAPDbBr;), MAPbBr; matrix will
work as the light absorber. While working in the NIR region
(under 1064 nm laser source), the active material would be the
embedded Ag,S QDs instead of MAPbBr; matrix. Combining
the large diffusion coefficient, long diffusion length, and high
carrier mobility, the photogenerated carriers generated from
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the Ag,S QDs will transport in the device and be captured
by the electrodes, as shown in Figure 3a. A related charge-
transport model for the Ag,S-QDiP working in the 1064 nm
region is shown in Figure 3b. The incident 1064 nm NIR
light is not enough to excite free electrons in MAPbBr; due
to its large bandgap, and thus the conversion between optical
and electrical signals cannot be achieved. Meanwhile, when
Ag,S QDs working alone as the photoactive material, a large
number of trap states between dots and dots will capture the
photogenerated carriers and lead to recombination. Thus, the
excitons and/or free charges generated by light excitation will
be consumed by the high defect state density. In the designed
Ag,S-QDiP matrix, however, the incident light energy can
generate the electron-hole pairs successfully, and then the
photoinduced electrons can transport in the channel through
the perovskite matrix, exhibiting considerable device perfor-
mance. Effective conversion and detection of light-generated
electrical signal can be achieved eventually.

To study the effect of incorporating Ag,S QDs in MAPbBr;
crystals, we tested the defect density and carrier mobility of
electrons and holes in MAPbBr; and Ag,S-QDiP matrixes
through the space charge limited current (SCLC) method, as
shown in Figure 3c—f. The SCLC data indicate that the trap
density (both electrons and holes) in the pure perovskite crystal
can increase by over two times after mixing with Ag,S QDs.
The electron mobility drops by a third, while the hole mobili-
ties doubled, implying that the incorporation of Ag,S QDs can
tune the major carrier concentration and the charge mobilities
(the extracted defect density and carrier mobility of samples are
summarized in Table 1 for detail). The mobility tuning mech-
anism may be attributed to the increased possibility of defect
scattering. The balanced electron and hole mobility after incor-
porating Ag,S QDs in perovskite matrix will be beneficial for
developing ambiploar electronic devices.

We then employed the pure MAPbBr; single crystal and the
Ag,S-QDiP matrixes (1:1600, 1:1280, and 1:960), which are all
synthesized by the LA-ITC method, to construct the visible and
the vis—NIR broadband photodetectors with the planar metal—
semiconductor-metal structure.

The photoresponse properties of the Ag,S-QDiP-based
photodetectors are measured under the 532 and 1064 nm light
illuminations, respectively, as shown in Figure 4. The detailed
test methods are showed in the “Experimental Section.” The
energy band structures of MAPDBr;- and Ag,S-QDiP-based
devices are shown in Figure 4a—c. The MAPbBr; is the active
material accounts for the photoresponse within the visible
region for both the pure MAPDBr;- and Ag,S-QDiP-based
photodetectors. As shown in Figure 4a,b, the incident photon
energy can generate hole—electron pairs in the active perov-
skite matrixes. Due to the low exciton dissociation energy at
room temperature, the photoinduced electrons on conduction
band (CB) can easily break free from the Coulomb effect and
become the free electrons, which can transport in active channel
and then be captured by the electrodes, forming the photo-
electrical signals. As shown in Figure 4d,e and in Figure S9
(Supporting Information), in the visible region (532 nm), the
current—voltage (I-V) characterization results indicate that the
photodetectors based on the Ag,S-QDiP matrixes, with the incor-
poration ratios of 1:1600 (Figure S9b, Supporting Information)

© 2021 Wiley-VCH GmbH
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Figure 3. Schematic diagram of a) the charge generation and b) transfer of Ag,S-QDiP under 1064 nm laser. SCLC curves of Ag,S-QDiP matrix bulk for
c) electrons and d) holes. SCLC curves of MAPbBr; single crystal bulk for e) electrons and f) holes.

and 1:1280 (Figure 4e; Figure S9c, Supporting Information),
have considerable photoresponse properties comparable with
the pure MAPDbBr;-based photodetector. When the incorpora-
tion ratio increases to 1:960 (Figure S9d, Supporting Informa-
tion), the photoresponse performance of the Ag,S-QDiP-based
devices under a 532 nm light irradiation shows the significant
decrease under various light intensities. This may be attributed
to the high concentration of Ag,S QDs, which affects the crystal
structure and blocks the carrier transport route in MAPDbBr;
to some extent. Figure S10 (Supporting Information) shows
the light intensity—photocurrent fitting curves under a bias
voltage of +3 V in a wide range of light intensities extracted
from Figure S9 (Supporting Information). In a wide light range,
the fitting curve between the photocurrent and the light inten-
sity presents a good linearity, indicating that the recombination
loss of the device is relatively low in this range.l>’!

To compare the device performance between the MAPbBr;-
and the Ag,S-QDiP-based photodetectors in the wide light

band, a 1064 nm CW laser and a white LED are utilized as
the light source to test the MAPDBr;- and Ag,S-QDiP (1:1280)-
based photodetectors, respectively. As shown in Figure 4c, the
Ag,S QDs can work as the photosensitive material in the NIR
region (1064 nm), and the MAPbBr; matrix can perform as the
charge-transporting material. Figure 4f shows the I-V curves
of the Ag,S-QDiP (1:1280)-based photodetector under different
illumination intensities in the NIR range (1064 nm laser). It can
be seen from the I-V curves (Figure S1la, Supporting Infor-
mation) that when working within the NIR band, the energy
of absorbed photon is not enough to excite the electrons in
the MAPDBr; layer. Thus, the MAPDbBr;-based photodetector
does not show any photoresponse performance (Figure S11,
Supporting Information). The photodetector based on Ag,S-
QDiP photoactive layer shows greatly improved photoresponse
characteristics in the NIR range. Due to the narrow bandgap
of Ag,S QDs, the adsorbed photon energy can excite the elec-
tron-hole pairs. The NIR-generated carriers in Ag,S QDs can

Table 1. Electron (hole) trap density and mobility of MAPbBr; and Ag,S-QDiP (1:1280).

Mirap (electron) [Cm-z] Pirap (hole) [Cm'3] Helectron [cmz v 5-1] Hhole [sz v 5-1]
MAPbBr; 3.28 x 10" 1.11%x 10" 36.42 11.88
Ag,S-QDiP (1:1280) 8.28 x 10" 2.54 % 10" 25.86 23.38
Adv. Optical Mater. 2022, 10, 2101535 2101535 (6 of 1) © 2021 Wiley-VCH GmbH
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Figure 4. a,b) Bandgap structure of MAPbBr;- and Ag,S-QDiP (1:1280)-based photodetector under 532 nm laser. c) Bandgap structure of Ag,S-QDiP
(1:1280)-based photodetector under 1064 nm laser. d,e) -V characteristics of MAPbBr;- and Ag,S-QDiP (1:1280)-based photodetectors under 532 nm
laser with various light intensities. f) -V characteristics of the Ag,S-QDiP (1:1280)-based photodetector under 1064 nm laser with various light intensi-
ties. g) Responsivity and detectivity as a function of incident light intensity at bias of =3 V of MAPbBr;- and Ag,S-QDiP (1:1280)-based photodetectors
under 532 nm laser. h) Responsivity and detectivity as a function of incident light intensity at a bias of +3 V of MAPbBr;- and Ag,S-QDiP (1:1280)-based
photodetectors under 532 nm laser. i) Responsivity and detectivity as a function of incident light intensity at a bias of +2 V of Ag,S-QDiP (1:1280)-based
photodetector under 1064 nm laser. The illustrations are device structure schemes.

be transferred to the MAPDBr; crystal lattice and then trans-
port under the applied bias, and the NIR photons can thus
be converted into electrons. Considering the large dot-to-dot
distances between Ag,S QDs within the mixed matrixes
(Figure S6, Supporting Information), the discrete heterojunc-
tions between Ag,S QDs and perovskite can be formed, as
shown in Figure 4c. When a positive bias (2 V) is applied, the
linear relationship between light intensity and photocurrent is
more obvious (Figure S12, Supporting Information).
Interestingly, for the pure MAPbBr;-based photodetector,
the photocurrent value obtained when using a negative bias is
greater than the case when applying a positive bias in a wide
range of light intensities. In the Ag,S-QDiP-based photo-
detector, the situation is just the opposite. The photocurrent
obtained when a positive bias is applied is greater than the
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photocurrent obtained when a negative bias is applied. The
phenomenon indicates that incorporation of Ag,S QDs in
perovskite matrixes can tune the majority carrier concentra-
tion, transport, and extraction of carriers in perovskite matrixes
under the irradiation conditions.

Then, we calculate three key performance parameters,
including photoresponsivity (R), photodetectivity (D*), and
EQE, to evaluate the fabricated photodetectors under the 532
and 1064 nm laser irradiations, respectively.

The parameter R refers to the photocurrent generated under
unit power of the incident light on the effective area, which can
be expressed by the following formulal®®!

_ I]jght - Idark

P-A

R (2)
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where Iz, is the photocurrent, 4,y is the dark current, P is the
incident light power density, and A is the effective illuminated
area of the device.

The parameter D* is the photodetectivity of the fabricated
devices. When the main source of dark current is dominated
by shot noise, the D* value can be determined by the following
equation®ll

. R
- [20] daie 3)

where g is the charge quantity (value = 1.602 x 107%° C), and gz
is the dark current density of the as prepared devices.

The EQE is defined as the ratio of the number of detected
carriers to the number of photogenerated electron-hole pairs,
which can be determined by the formulal®?

EQE=R he )
eA

where h is the Planck constant (6.626 x 10734, ¢ is the speed of

light in vacuum (2.998 x 108 m s7Y), g is the charge quantity, and

Ais incident light wavelength (532 nm/1064 nm).

According to the above formula, we calculate the R, D, and
EQE values for the MAPDBr3- and Ag,S-QDiP (1:1600, 1:1280,
1:960)-based photodetectors when applying a biased voltage
of 3V, as shown in Figure 4gh (the data are summarized in
Table 2).

The device performance shows a clear dependence on the
incorporation ratio of Ag,S QDs. The Ag,S-QDiP-based photo-
detectors with low incorporation ratios (1:1600 and 1:1280)
show the similar performance as the pure MAPbBr;-based
photodetectors under a 532 nm laser. When the incorporation
ratio is 1:960, we found that the R, D*, and EQE values of the
Ag,S-QDiP-based photodetector decreases significantly. In
order to quantitatively analyze the photodetector performance,
we also extracted the R and D* values from I-V curves of
Ag,S-QDiP-based photodetector in the NIR (1064 nm) range
(Figure 4i), and the maximum R, D*, and EQE values are also
listed in Table 2. Briefly, the incorporation of Ag,S QDs can
endow the mixed matrix with obvious enhanced light response
characteristics in the NIR range. The enhanced device perfor-
mance can be attributed to the heterojunctions formed between

Table 2. Performance parameters of MAPbBr;- and Ag,S-QDiP-based
photodetectors with different incorporation ratios under visible light
(532 nm) light source.

R [mA W] D* [Jones] EQE [%]
Visible region (532 nm)
MAPbBr; 2465.40 6.10 x 10" 575.42
Ag,S-QDiP (1:1600) 1510.22 1.07 x 10M 348.61
Ag,S-QDiP (1:1280) 1172.30 6.24 x 10" 273.41
Ag,S-QDiP (1:960) 104.53 2.37 x 10" 22.68
NIR region (1064 nm)
MAPbBr, - - -
Ag,S-QDiP (1:1280) 57.69 1.03 x 10" 4.8
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MAPDBr; and Ag,S QDs, which improves the light absorption
properties and facilitates the efficient charge transfer.

Noticeably, when using white LED as the light source, the
MAPDBr;-based photodetectors show extremely weak photo-
response performance in a wide range of light intensities
(Figure S13a,b, Supporting Information). This can be attributed
to the small proportion of shorter-wavelength (<550 nm) light
from the white LED which can be absorbed by MAPDBr3; thus,
the photocurrent is pretty lower than that of the Ag,S-QDiP
(1:1280)-based photodetector. When the light intensity is below
100 mW cm™2, the photocurrent cannot be distinguished from
the noise. For the Ag,S-QDiP-based photodetectors, the energy
of the light source is concentrated in the absorption band
(<1200 nm) of the Ag,S-QDiP layer, so that the energy can be
utilized to generate photogenerated carriers, which will trans-
port in the photoactive layer and then be collected by the elec-
trode under the bias. The I-V curve of the Ag,S-QDiP-based
photodetector shows the considerable photoresponse perfor-
mance. In addition, in a wide light intensity range, an obvious
linear relationship between light intensity and photocurrent
can be extracted (Figure S13c,d, Supporting Information).
These results indicate that the incorporation of Ag,S QDs can
facilitate the charge transfer via the formed build-in potential in
the discrete heterojunction between Ag,S QDs and MAPbBr;
and enlarge response region of MAPDbBr; to the NIR region.

Photoresponse speed is another key parameter of the photo-
detector, which is extremely important in photoresponse com-
munication systems.®>%4 The response speeds of the Ag,S-QDiP
(1280)-based photodetector under both visible (532 nm) and NIR
(1064 nm) band are evaluated via the time-dependent photore-
sponse curves. As shown in Figure S14a,c (Supporting Informa-
tion), the time-dependent photoresponse curves demonstrate
that the sensitivity to the incident light of both visible and NIR
bands is repeatable and stable. Figure 14b,d (Supporting Infor-
mation) presents the photoswitch signals of the device. It can
be seen that the rise time and decay time of Ag,S-QDiP-based
photodetector are 360 and 200 ms under 532 nm. In the NIR
band, the rise time and decay time are 420 and 360 ms under
1064 nm, respectively. The lengthened response time under NIR
band can be attributed to the limited charge transfer between
the added Ag,S QDs and MAPDbBr; substrate. The response
speed may be improved by applying a vertical device structure,
which will be further optimized in future work.

3. Conclusion

In conclusion, we synthesized Ag,S-QDiP matrixes via using
the laser-assisted inverse temperature crystallization method,
which shows ability to tune the optical and electrical properties
of perovskite crystal. The Ag,S-QDiP-based photodetector exhib-
ited the broadband photoresponse performance, ranging from
visible to the NIR region. Compared to the pure MAPbBr;-based
photodetector, the photodetector showed the obviously increased
photoresponse properties in the NIR region (around 1064 nm),
while maintaining detection performance in the visible range
(532 nm). The enhanced R, D*, and EQE values under a 1064 nm
light illumination can be attributed to the balanced electron and
hole mobilities, and the discrete heterojunction formed between
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Ag,S QDs and MAPDBr; matrix. The balanced electron and
hole mobilities in the mixture matrixes are beneficial to carrier
transmission and collection, which may trigger more researches
on the light emitting, ambipolar electronic devices. Meanwhile,
the discrete heterojunction can enhance the light absorption in
NIR range and facilitate efficient charge transfer. This research
may open up a new door toward developing high-performance
broadband optoelectronic devices, and pave the way to tune the
optical and electronic properties of perovskite-based electronic
and optoelectronic devices.

4. Experimental Section

Chemicals: Methylamine solution (40% aqueous solution, Aladdin),
hydrobromic acid (HBr) (40% aqueous solution, Aladdin), PbBr;, (99%,
Aladdin), N,N-dimethylformamide (DMF) (99%, Aladdin), silver nitrate
(AgNO;, 99.99%, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China), oleic acid (OA, technical grade, 90%, Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China), sublimating sulfur powder (S)
(Fuchen (Tianjin) Chemical Reagent Co., Ltd.). Tri-n-octylpjosphine
(TOP, technical grade, 90%), 1-octadecene (ODE, technical grade, 90%,
Aladdin), methyl alcohol, butyl alcohol, acetone, toluene (99.5%, Beijing
Chemical Industry Group Co., Ltd.), and ethyl alcohol (99.7%, Beijing
Chemical Industry Group Co., Ltd.).

Synthesis of Ag,S Quantum Dots: For synthesizing Ag,S QDs, 0.68 g
of AgNO; was dissolved in 4 mL of TOP to obtain Ag-TOP precursor.
A mixture of 5.4 g of ODA, 6.4 mL of OA, and 12.8 mL of ODE was
combined in a three-necked flask (100 mL), degassed with N, to remove
water and oxygen, and heated to 70 °C with vigorous stirring until the
white powders dissolved. Then 72 mg of S powder was added into
the flack with vigorous stirring until the powder was dissolved. About
4 mL of Ag-TOP precursor was quickly injected at 197 °C. The reaction
was kept at 167 °C for 4-8 min. Then the growth was quenched by
adding 25 mL of butanol, which could also prevent solidification of the
reaction mixture. The QDs were isolated by precipitation with ethanol.
The isolated QDs were redispersed in toluene. Further purification was
implemented to remove excess ligands and impurities. About 30 mL
of methanol was added into the product and thoroughly mixed. The
mixture was centrifuged, and the precipitate was redispersed in toluene.
This step was repeated for three times. Acetone was utilized for further
twice purification processes. The purified Ag,S QDs were dispersed in
toluene with a concentration of 50 mg mL™".

Fabrication of Pure and Ag,S-QDiP Matrix with the LA-ITC Method:
The MABr was synthesized by the previous method by the reaction
of HBr and methylamine solution. Then the product was purified and
recrystallized by absolute ethanol and diethyl ether. Then T M MAPbBr;
precursor solution was obtained by adding 3.67 g of PbBr, and 1.12 g
of MABr into 10 mL of DMF. The substrates and growth cells were
cleaned by ultrasonic washing in deionized water, ethanol, acetone,
and isopropanol for 5 min, respectively. The substrates and growth
cells were hydrophilic treated by UV-O;. The growth cells were treated
with trichlorooctadecyl silane for 130 min under 120 °C in a vacuum
heating box followed by a cleaning process through ultrasonic washing
in acetone and isopropanol and drying with nitrogen. The substrate was
inserted into growth cell closely to the front inner wall. Then 3 mL of
MAPbBr; solution was added into growth cell with various amounts of
Ag,S solution. The 1064 nm CW laser was utilized as the energy source
to provide the temperature for inverse temperature crystallization. The
laser power was set as 3 W. The MAPbBr; and Ag,S-QDiP matrixes
crystallized on the Si/SiO, substrate after about 40-60 min.

Characterization: The TEM images were obtained by an H-800 electron
microscope with a 200 kV acceleration voltage. The HRTEM image was
obtained by a JEM-2100F electron microscope at a voltage of 200 kV.
The thickness of micromatrix was measured by a Keyence laser confocal
microscope, VK-X1000. The SEM image was performed with Hitachi
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S-4800. The X-ray diffraction spectra were utilized to characterize the
crystal structure of MAPbBr; and Ag,S-QDiP based on Bruker D8 Focus.
The UV-vis—NIR absorption spectra of MAPbBr; and Ag,S-QDiP were
carried out by a Cary 5000 spectrophotometer from Agilent Company. PL
spectra were obtained from a HORIBA Scientific Raman spectrometer
with 2.5 mW cm2 laser at 473 nm at room temperature in air. The
TRPL spectra were performed on a home-built confocal microscope
testing system. The laser source was a pulsed supercontinnum
laser (OYSL Photonics, SC-Pro, 150 ps pulse lengths) with a 2 MHz
repetition rate. The selected 532 nm beam was focused on the sample
after an objective lens (numerical aperture = 0.4) with a power of
0.132 uW. A long-pass filter with an edge of 532 nm was used to cut
the pump scattered light from pump laser to detector. The detector
was an SPCM-AQRH single photon-counting module (SPCM-AQRH-15,
Excelitas Technologies). The lifetime module was TimeHarp 260 P.
MAPbBr;- and Ag,S-QDiP-Based Photodetectors: Micromatrix was
grown on a Si wafer covered by the SiO, oxide layer (250 nm) substrate
through the LA-ITC method. Gold (Au) electrodes of 80 nm thick
were directly evaporated by a vacuum thermal evaporation method on
MAPbBr; and Ag,S-QDiP matrixes with a channel of 500 um x 100 um.
|-V curves were measured in the ambient atmosphere at room
temperature with a KEITHLEY 4200A Semiconductor Parametric Analyzer
and a C-100 probe station (TPSi Company). The laser sources were 1064
and 532 nm CW lasers with tunable laser power. The diameter of laser
spot was 2 mm. The exposure time of the device was controlled by an
optical shutter (VS2552TO, UNIBILITZ) with a diameter of 2.5 mm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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