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Abstract: All-inorganic perovskite CsPbBr; is considered as
a promising photoelectric material due to its high envi-
ronmental stability and excellent photoelectric properties.
Constructing low-dimension hybrid structures by combin-
ing CsPbBr; with semiconductor materials have recently
attracted particular attention because they may bring new
functionalities or generate synergistic effects in optoelec-
tronic devices. Herein, the high-quality 1D CdSe nanobelt
(NB)/CsPbBr; microwire (MW) photodetectors are designed
first time, which exhibit excellent performance as integrat-
ing I,,/I ratio of 5.02 X 10% responsivity of 1.63 X 10% A/W,
external quantum efficiency of 3.8 X 10°% and detectivity
up to 5.33 X 10" Jones. These properties are all improved at
least one order of magnitude compared to those of single
CsPbBr; photodetectors. Moreover, the response range is
broadened from the 300-570 nm (the single CsPbBr; device)

*Corresponding author: Qiuhong Tan and Qianjin Wang, College of
Physics and Electronic Information, Yunnan Normal University, Yunnan
Kunming 650500, China; Yunnan Provincial Key Laboratory for Photoelec-
tric Information Technology, Yunnan Normal University, Yunnan Kunming
650500, China; and Key Laboratory of Advanced Technique & Preparation
for Renewable Energy Materials, Ministry of Education, Yunnan Nor-
mal University, Kunming 650500, China, E-mail: tangiuhong1@126.com
(Q. Tan) and gjwang@xtu.edu.cn (Q. Wang). https://orcid.org/0000-0003-
1474-0918 (Q. Wang)

LiRen and Kunpeng Gao, College of Physics and Electronic Information,
Yunnan Normal University, Yunnan Kunming 650500, China

Peizhi Yang, Key Laboratory of Advanced Technique & Preparation for
Renewable Energy Materials, Ministry of Education, Yunnan Normal Uni-
versity, Kunming 650500, China

Yingkai Liu, College of Physics and Electronic Information, Yunnan Nor-
mal University, Yunnan Kunming 650500, China; Yunnan Provincial Key
Laboratory for Photoelectric Information Technology, Yunnan Normal Uni-
versity, Yunnan Kunming 650500, China; and Key Laboratory of Advanced
Technique & Preparation for Renewable Energy Materials, Ministry of
Education, Yunnan Normal University, Kunming 650500, China. https://
orcid.org/0000-0003-0041-1793

to 300—740 nm (the hybrid photodetector). Then, the first-
principles calculations are carried out to reveal the phys-
ical mechanism from the atomic scale. The remarkably
improved optoelectronic properties are attributed to the
high crystalline quality as well as unique band alignment
of hybrid structure that facilitate the effective separation
and transport of photogenerated carriers. These works indi-
cate that 1D CdSe/CsPbBr; hybrid devices have promis-
ing applications in building high-performance and broader
spectral response photodetectors and other optoelectronic
devices.

Keywords: all-inorganic perovskite; CdSe nanobelt; hybrid
device; photoelectric characteristics.

1 Introduction

In recent decades, halide perovskite materials have been
widely studied in optoelectronic devices due to their excel-
lent photoelectric performance, including high absorption
coefficient, low exciton binding energy and long carrier dif-
fusion length, etc. [1]. To date, different shapes of perovskite
photodetectors have been widely developed, such as thin
film, bulk single crystal, and micro/nanowire photodetec-
tors [2-12]. These photodetectors have made great strides
in improving their performance and can outperform tradi-
tional semiconductor devices. Due to the inherent internal
instability of the A-site organic cation, organic—inorganic
hybrid perovskite is particularly unstable under moisture,
oxygen, light, and high temperatures [13-15]. In contrast, the
formation of all-inorganic perovskite by replacing organic
cations with inorganic cations at the A-site not only over-
comes the stability problem, but also does not deteriorate
the transport performance, and thus maintains the effi-
ciency of device [16]. This makes all-inorganic perovskite
materials become an important supplement and substitute
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for organic—inorganic hybrid perovskite materials in new
optoelectronic devices [17-19].

All-inorganic perovskite CsPbBr; is a direct bandgap
semiconductor, which possesses low trap state density, high
carrier mobility, long electron hole diffusion length, high
quantum yield, strong light absorption, high luminous effi-
ciency, and other excellent optical properties [20]. Cur-
rently, the photodetector devices based on CsPbBr; have
been widely reported [21, 22]. However, the worse perfor-
mance of all-inorganic perovskite photodetectors compared
to that of organic-inorganic hybrid perovskites hinders
their practical application and forces researchers to develop
more ways to improve the performance of all-inorganic
perovskite photodetectors. By combining perovskite with
other functional materials to prepare composite structure
has proved to be an effective approach for improving the
device performance. Recently, the photodetector based on
CsPbBr; perovskite integrated with two-dimensional mate-
rials have been fabricated and the improved performance
hasbeenreported [23-28]. However, only partial key param-
eters of photodetector are improved, and more key param-
eters simultaneously improved are challenging as well as
necessary for commercial application of the device. There-
fore, more efforts are urgently needed to further improve
the performance of CsPbBr;-based photodetector. 1D semi-
conducting micro/nano structures, which have fewer grain
boundaries and lower defect density as well as their unique
electrical and optical properties, are considered as a promis-
ing candidate as fundamental building blocks for opto-
electronic device [29-32]. Inspired by this, fabricate 1D/1D
hybrid structure is expected to provide a new route for
improving the performance of photodetector. CdSe NBs
have attracted increasing attention due to their excellent
carrier mobility with a bandgap of 1.74 eV [33], and is an
ideal perfect material combined with 1D CsPbBr; to fab-
ricate 1D/1D hybrid structure photodetectors. So far, the
CdSe NB/CsPbBr; MW 1D hybrid structures have not been
reported yet.

In this work, the high-performance photodetector
based on CdSe NB/CsPbBr; MW 1D hybrid structures were
constructed for the first time through the solution method
combined with chemical vapor deposition (CVD) method.
The results show that the CdSe NB/CsPbBr; MW 1D hybrid
structure photodetector not only has an increased spectral
response range but also has a significantly improved perfor-
mance compared to the single CsPbBr; photodetector. The
first-principles calculations indicated that the large inter-
face potential barrier as well as band offset and interface
band gap states are responsible for the improved perfor-
mance of the hybrid structure.
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2 Experimental section

2.1 Materials

Xi’an Bao Laite Optoelectronics Technology Co., Ltd. provided CsBr
powders with a purity of 99.99 percent and PbBr, powders with a purity
of 99.99 percent. Tianjin Zhiyuan Chemical Reagent Co., Ltd. provided
the dimethyl sulfoxide (DMSO: anhydrous solvent grade). Dow Corning
provided the PDMS prepolymers and curing chemicals. All of the goods
listed above were utilized without further purification.

2.2 Preparation of CsPbBr; and CdSe NBs

CsPbBr; MWs were prepared by in-plane self-assembly method. Firstly,
equimolar CsBr and PbBr, were dissolved in DMSO solution and stirred
in an oil bath at 65 °C for 6 h. Then it was cooled to room temper-
ature, filtered through a 0.45 m needle filter, and then pipette 10 pL
drops of the precursor solution onto the cleaned silica substrate (vac-
uum plasma treatment for 10 min before use). Secondly, the precursor
solution was covered with smooth and flat PDMS template and dried
overnight on a 45 °C hot table. Finally, CsPbBr; MWs were obtained
after removing the covered PDMS template, the preparation flow chart
is shown in Figure S1 (Supporting Information). CdSe NBs was synthe-
sized by the experimental method reported by our previous works [2].

2.3 Preparation of CdSe/CsPbBr; photodetectors

Firstly, the CsPbBr; MWs were grown on the Si substrate. Then,
the CdSe dispersion (dispersed in ethanol solution) was aspirated
using a pipette dropped on the CsPbBr; MWs substrate and dried.
Finally, the Au (80 nm) electrode was evaporated on the CdSe
NB/CsPbBr; MW hybrid material by the electron beam evapora-
tion system, and the CdSe NB/CsPbBr; MW hybrid device was pre-
pared. The process flow of CdSe NB/CsPhBr; MW device is shown in
Figure S2 (Supporting Information).

2.4 Theoretical calculation method

All the calculations were carried out within the framework of the
DFT-LCAO method as implemented in QuantumATK S-2021.06-SP2 soft-
ware package. The convergence criterion for the total energy and
force were 1075 eV and 0.005 eV/A per atom, respectively. The cut off
energy was set to 105 Hartree in all our calculations. The optimized
constants are a = 8.3 A, b=855A and ¢ = 11.99 A for CsPbBr; and
a=b =443 A and ¢ = 7.21 A for CdSe, respectively. The lattice
mismatch for the heterostructure are about 1.82% and 3.89% in a and b
axial directions, respectively. A 3 X 4 X 79 k-point grid was adopted for
the device model. The length of the center region of the device model is
about 106.8 A, which consists of 204 atoms. The HSE hybrid functional
was used for calculating the band alignment of the heterostructure
more accurately. The periodic, periodic and Dirichlet boundary condi-
tions are used in the x, y, and z directions, respectively.

3 Results and discussion

Figure 1(a) is optical images of the fabricated CsPbBr; MWs,
which show regular long line shapes with different widths.
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Figure 1: Microstructure images of CsPbBr; MWs. (a) Optical microscopy image of CsPbBr; MWs. Inset: SEM of single CsPbBr; MW. (b) HRTEM image
of CsPbBr; MW. Inset: SAED pattern. (c) 3D AFM diagrams of single CsPbBr; MW.

Figure S3a (Supporting Information) shows the energy dis-
persive X-ray spectroscopy (EDS) of single CsPbBr; MW.
It can be seen that the atomic ratios of Cs, Pb, and Br
are about 1:1:3, which is corresponding to the stoichiomet-
ric ratio of CsPbBr,. Figure S3b—f (Supporting Information)
displays a scanning electron microscope (SEM) image of a
single CsPbBr; MW and its corresponding Cs, Pb, and Br
elements mapping. It is clearly seen that the CsPbBr; MW
have a smooth surface and the uniform element distribu-
tion, indicating that CsPbBr, crystal has good crystallization
quality and fewer defects, which is beneficial to improve
the stability and optoelectronic properties of CsPhBr; MW
[34]. The high-resolution transmission electron microscopy
(HRTEM) image and selected area electron diffraction
(SAED) pattern of CsPbBr; MW as presented in Figure 1(b).
The clear lattice fringes with an interplane distance of
0.58 nm is corresponding to the (100) plane of CsPbBr;
which indicated that the prepared CsPbBrs MW is single
crystal. Three-dimensional atomic force microscopy (3D
AFM) in Figure 1(c) shows that the thickness of CsPbBry MW
is about 2.9 um. The 3D AFM image also demonstrated
that the CsPbBry MW has a super-smooth and flat surface,

500 nm

which is conducive to maintain good contact with CdSe
NB and resulting in the separation and transfer process
of photogenerated carriers more unobstructed between
them.

Figure 2(a) is the SEM image of prepared CdSe NBs by
CVD method. It can be seen that each CdSe NB is uniform
in width as well as thickness, and their surfaces and edges
are smooth. The enlarged image of a single CdSe NB in
Figure 2(a) inset indicated that the thickness of prepared
CdSe NB is ~70 nm. The HRTEM image shows clear lattice
fringes, and the spacing between adjacent crystal planes is
0.33 nm, which corresponding to (101) crystal planes of CdSe.
The crystal quality of prepared CdSe NBs was further char-
acterized by SAED patterns, as shown in Figure 2(b) inset.
The clear and regular diffraction spots in the SAED map
further indicate that the grown CdSe NBs are high quality
single-crystalline.

Figure S4 shows the EDS of CdSe NBs dispersed on the
silicon substrate. It is obviously that the atomic ratio of Cd
and Se is equivalent to the stoichiometric ratio of CdSe.
The appearance of silicon peak demonstrated that the pre-
pared CdSe NBs are quite thin, which is consistent with
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Figure 2: Microstructure images of CdSe NBs. (a) SEM and thickness (inset) and (b) HRTEM images and SAED patterns (inset) of CdSe NBs.
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the previous SEM result in Figure 2(a). The EDS mapping
shows that the spatially uniform elemental distribution of
Cd and Se in the dispersed CdSe NBs. This also demon-
strated that the prepared CdSe NBs were transferred per-
fectly without destroying their structure and morphology,
which is beneficial to exert their intrinsic excellent opto-
electronic properties after forming hybrid structure with
CsPbBr; MW.

The crystal structures of CsPhBr; MWs and CdSe NBs
were further analyzed by X-ray diffraction (XRD), as shown
in Figure 3. The blue diffraction peak in Figure 3 is the
XRD data of CdSe NBs. The 26 peaks located at 24.02°,
25.68°, 27.24°, 35.30°, 42.10°, 46.08°, 49.84°, and 55.98° corre-
spond to (100), (002), (101), (102), (110), (103), (112), and (202)
crystal planes, respectively, in good agreement with the
standard card JCPDS NO:08-0459. The diffraction peaks
in the figure are clear and without miscellaneous peaks,
indicating that the prepared CdSe NBs have pure crystal
phase and good crystallinity. There are two sharp and nar-
row characteristic peaks at 260 = 15.2° and 260 = 30.68°
of CsPbBr; MWs, indicating that the prepared MWs have
good crystallinity, which is consistent with previous reports
[35, 36]. In addition, the two characteristic peaks correspond
to the (100) and (200) crystal planes of CsPbBr;, respectively,
indicating that the typical layered structure of CsPbBry
[37, 38].

Figure S5 of the Supporting Information shows UV-vis
absorption spectra of CsPbBr; MWs and CdSe NBs, respec-
tively. It is obvious that CsPhBr; MWs have strong absorp-
tion between 300-550 nm while CdSe NB has spectral
absorption between 500-750 nm, which is helpful to fully
utilize the sunlight and broad the response spectral range.
According to Tauc equation: [39] (ahv)? = Cthv — Eg),
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Figure 3: XRD of CdSe NBs (blue) and CsPbBr; MWs (pink).
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where a, hv, C, and E, represent absorption coefficient,
light energy, proportionality constant, and optical band
gap, respectively. By linear extrapolation, the band gaps of
CsPbBr; MWs and CdSe NBs are calculated to be 2.32 eV
and 1.74 eV, respectively, which are consistent with those
reported in previous literature [33, 40, 41].

The spectral response of CdSe NB/CsPbBrs MW
hybrid structures was also investigated. Figure 4(a)
shows UV-vis absorption spectra of CsPbBr; MW and
CdSe NB/CsPbBr; MW hybrid structure in the range of
300-800 nm. Apparently, the hybrid structure exhibits
enhanced absorption compared with the pure CsPbBr,
MWs in the ultraviolet to visible region, indicating its
high light-harvesting capabilities. Two absorption onset
values of the CdSe NB/CsPbBr; MW hybrid structure are
located at 530 nm and 710 nm, respectively. In contrast,
the hybrid structures have enhanced absorption spectra
not only at 300-550 nm but also at 550-800 nm, which
can be regarded as the co-absorption of CdSe NB and
CsPbBr; MW. The enhanced light absorption is beneficial
to the application of CdSe NB/CsPbBr; MW hybrid devices.
To better understand the optimal spectra of CsPbBr; MW
and CdSe NB/CsPbBr; MW hybrid structure, the spectral
response curves of CsPbBr; MW and CdSe NB/CsPbBr; MW
hybrid structures were measured in the 300—-800 nm range,
respectively, as shown in Figure 4(b). It is clearly seen that
CdSe NB/CsPbBr; MW hybrid structure have increased
photoresponsivity in the range of 300-740 nm and two
photoresponsivity peaks appear at 530 nm and 710 nm,
which is in good agreement with the results of UV-vis of
the hybrid structure in Figure 4(a). Compared to single
CsPbBr;,, the photoresponsivity of the hybrid devices are
improved by two orders of magnitude at the two peaks.
Therefore, the photoelectric performance of the hybrid
devices will be investigated systematically at 530 nm and
710 nm as representatives.

The CdSe NB/CsPbBr; MW 1D hybrid devices were later
built and the optoelectronic characteristics were measured
under dark and 530 nm illumination conditions. The opto-
electronic characteristics of pure CsPhBry MW devices were
also investigated for comparison. Figure 5(a)-(d) are the
schematic illustrations and the corresponding SEM images
of pure CsPbBr; MW and CdSe NB/CsPbBr; MW hybrid
structure devices, respectively. From Figure 5(d), the profile
of the CsPbBr; MW underneath can be clearly seen from
the CdSe NB side indicating that the CdSe NB is very thin,
which can ensure a good light transmission and realize
the co-absorption of light. Figure 5(e) and (f) plots the I-V
curves of the pure CsPbBr; MW and the CsPbBr; MW/CdSe
NB devices under dark and 530 nm illumination with the
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Figure 4: The spectral response of CdSe NB/CsPbBr; MW hybrid structures. (a) UV-vis absorption spectra and (b) spectral responsivity of the CsPbBr;

MWs and CsPbBr; MW/CdSe NB hybrid structure, respectively.

power density of 1.6 mW/cm?, where the effective areas of
the devices were 4.5 X 107% cm? and 8 x 1075 cm?, respec-
tively. At 3V bias, the photocurrent and dark current of
the CsPbBrs MW/CdSe NB hybrid devices (pure CsPhBr; MW
devices) are 11.7 pA (13.7 nA) and 233 pA (124 pA),
respectively, where the I /I« ratio of the hybrid device
(5.02 x 10%) is improved by at least one order of mag-
nitude than that of single CsPbBr; MW photodetectors
(1.107 x 10%). In comparison, it can be seen clearly that
there is a pronounced zero-drift (~1 eV) for the dark current
of pure CsPbBr; MW device, which arises from the mobile
ion-drift induced current in CsPbBry [42, 43]. More interest-
ingly, the zero-drift nearly disappeared as it combined with
CdSe NB to form hybrid structure. The following theoretical
calculations show that the phenomenon is attributed to the
interface band gap states, which promotes the tunneling of
electrons between CsPbBr; and CdSe interface under dark
condition and results in a slight increase in dark current
from 12.4 to 233 pA. The increased dark current overwhelms
the mobile ion-drift induced current in the hybrid structure
and results in the zero-drift disappeared.

Figure 6(a) and (b) shows the current—voltage (I-V)
curves of CsPbBr; MW and CdSe NB/CsPbBr; MW devices
tested at 530 nm irradiation with different power densities.
It was found that the photocurrent increases with the
increase of power density, indicating that the efficiency of
photocarrier is proportional to the number of absorbed
photons. The relation between current and optical
power density of CsPbBr; MW and CdSe NB/CsPbBrs MW
devices are plotted and fitted by the following formula:
I, = aP? where Iy, @, and P represent photocurrent,
proportionality constant, and incident light intensity,
respectively. The index 6 determines the photocurrent
response of the device to the light intensity, and 8 = 1

indicates the ideal value that the photocurrent is
proportional to the light intensity. The best 6 fitting
values of CsPbBr; MWs and CdSe NB/CsPbBr; MW devices
are 0.94 and 0.95 (see Figure 6(c) and (d)), respectively,
which are slightly less than the ideal value 1, indicating
that CsPbBr; MW and CdSe NB/CsPbBr; MW devices have
excellent optical switching ability and fewer defects.

In order to quantitatively evaluate the performance
of CsPbBr; MWs and CdSe NB/CsPbBr; MW photodetectors,
the responsivity (R,), external quantum efficiency (EQE)
and specific detectivity (D*) were calculated by the follow-
ing formulas: [38, 44-47] R, = ’;;d, EQE = hcR,/qA and

D* =R, zqild
dark current respectively, P, is the power density of the
incident light, A is the effective area of device, h is Planck’s
constant, cis the speed of light, q is the fundamental charge,
and A is the wavelength of the incident light. According to
the above formulas, the relationship between the R, EQE,
and the optical power density of pure CsPbBrs MW and
CdSe NB/CsPbBr; MW photodetectors under the 3 V bias of
530 nm illumination were calculated, respectively, as shown
in Figure 6(e) and (f). The results show that the maximum
values of R, EQE and D* of pure CsPhBr; MW photodetec-
tor are 2.7 A/W, 632%, and 2.9 x 10'° Jones, respectively.
By comparison, it was found that the maximum values of
R (1.63 x 10° A/W), EQE (3.8 X 10°%) and D* (5.33 X 10%
Jones) of CdSe NB/CsPbBr; MW hybrid photodetector are all
improved by at least two orders of magnitude compared to
the single CsPbBr; photodetector, respectively. In addition,
the photoelectric performance of CdSe NB/CsPbBr; MW
hybrid photodetectors was tested at 710 nm illumination,
as shown in Figure S6. The results show that the values of
0, R, and EQE of the hybrid device have the same magnitude

where I, and I are the photocurrent and
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Figure 5: Schematic illustrations of (a) pure CsPbBr; MW and (b) CdSe NB/CsPbBr; MW hybrid structure devices. The SEM images of (c) pure
CsPbBr; MW and (d) CdSe NB/CsPbBr; MW hybrid structure devices. I-V curves of (e) pure CsPbBr; MW and (f) CsPbBr; MW/CdSe NB devices under

dark and 530 nm illumination.

compared with those tested at 530 nm illumination. Obvi-
ously, the photoelectric performance of the photodetector
based on CdSe NB/CsPbBr; MW hybrid structure dramati-
cally increased compared to the single CsPbBr; MW pho-
todetector. It is observed that the R and EQE values decrease
significantly with increasing light intensity, indicating the
presence of non-negligible compound losses in the hybrid
photodetector caused by interface band gap states.

Figure 7(a) shows the I-T curves measured by con-
tinuous on-off at bias voltages of 1, 3, 5, and 7V under
530 nm illumination. It can be seen that the current of
the CdSe NB/CsPbBr; MW device gradually increases with

the increase of bias voltage. The time-resolved current
change under periodic illumination clearly shows the
repeatable and reversible optical sensing behavior of CdSe
NB/CsPbBr; MW hybrid material. Response speed is one of
the most important parameters to describe photodetectors.
Figure 7(b) shows the rise and the decay edge of the device
tested by an oscilloscope, from which the rise time (from
10% to 90% of the maximum current) and decay time (from
90% to 10% of the maximum current) were calculated to
be 16 ms and 34 ms, respectively. The values have slightly
increased relative to those of the pure CsPbBr; MW device
(10/8.3 ms, see Figure S7) but still close to the same order
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Figure 6: Performance of CdSe NB/CsPbBr; MW photodetector. (a) and (b) The I-V curves, (c) and (d) the photocurrent, (e) and (f) the responsivity
and EQE of pure CsPbBr; MW and CdSe NB/CsPbBr; MW hybrid devices with increasing light intensity under 530 nm laser and 3 V bias conditions.

of magnitude, indicating the photodetector still keep a good
on/off switching performance.

For better comparison, the reported optoelectronic
properties of CsPbBr;-based optoelectronic devices are sum-
marized, as shown in Table 1. The optoelectronic perfor-
mance of fabricated pure CsPbBr; MW photodetector is
comparable with that of reported literatures [48]. When
the CsPbBr; MW hybridized with CdSe NB, the opto-
electronic performance of the hybrid device is signifi-
cantly improved, and most key parameters of the hybrid
device were improved by at least one order of magnitude
compared with those of the single CsPbBr; MW device.
Meanwhile, the CdSe NB/CsPbBr; MW hybrid devices is

competitive compared with most other CsPbBrs-based
hybrid devices because of the better optoelectronic perfor-
mance as well as the wider spectral response range from 300
to 740 nm.

In order to reveal the physical mechanism of the
improved optoelectronic performance, the band alignment
at the interface between CsPbBr; and CdSe were investi-
gated based on the first-principles atomistic simulations. To
construct more realistic models of the interface, the two-
probe device model [50] at equilibrium (i.e., zero-bias volt-
age) was used to describe the infinite, nonperiodic interface.
Figure 8 shows the calculated projected local density of
states (PLDOS) of the CsPbBr,;/CdSe heterostructure by using
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Figure 7: I-T characteristic curves of CdSe NB/CsPbBr; MW photodetector. (a) Photocurrent versus time plot of CdSe NB/CsPbBr; MW hybrid device
under incident light of 530 nm with bias voltages of 1V,3V, 5V, and 7V, respectively. (b) Rising and falling edges in a single cycle at a bias voltage
of 3V.

Table 1: Comparison of performance parameters of CsPbBr;-based photodetector device.

Device structure Bias voltage [V] EQE [%] R[A/W] D* [Jones] I /1, ratio Rise/decay time [ms] Ref.
CsPbBr;/Zn0 10 - 4.25 - 1.1x 104 0.21/0.24 [26]
CsPbBr;/CNT 10 7488 311 - - 0.016/0.38 [27]
MoS,/CsPbBr; 10 302 4.4 2.5x 10" 104 0.72/1.01 [25]
CsPbBr;/Graphene 0.2 6% 108 2% 104 8.6 X100 - 3.1%10%/2.42 x 104 [28]
CsPbBr;/WS, 2 1.58 x 10* 57.2 1.36 x 10™ 10983 2/2 [24]
CsPbBr;/GaN 10 420 1.78 6.5x 10" <100 1.35 X 10%/2.7 X 10° [23]
CsPbBr;/PbS 5 - 15 2.65 x 10" - 102/96 [49]
CsPbBr; MWs 3 7540 20 9.38 x 10" 5.38 x 10° 0.25/0.29 [48]
CsPbBr; MW 3 632 27 2.9x10' 1.11x 103 10/8.3 This work
CsPbBr; MWs/CdSe 3 3.8x10° 1.63 x 103 5.33 X 10" 5.02 x 10* 16/34 This work

(a) SiIPaEaTarRENE
3 ' : : 1.0x10°
(b) '
2 7.35x10*
______________ 5.1x10* ;‘
S 1 BeV) 19000 , 3.27%104
L <
— 7 4 N
? 0 E;=1.69¢V Ee 1.84x10 8
FS Band Gap States 8.2x10% =
-1 2.0x10°%
2 0.0
0 20 40 60 80 100

Z(A)

Figure 8: Crystal structure and band arrangement of CsPbBr;/CdSe heterostructure. (a) Structure and cell used in the calculation of the CsPbBr;/CdSe
heterostructure. (b) Band diagram showing the spatial resolved PLDOS across the CsPbBr,/CdSe heterostructure.

QuantumATK package [51]. The calculated band gaps of are two band alignment parameters in heterostructure, one
CsPbBr; and CdSe are 2.34 eV and 1.69 eV, respectively, which  is the interface potential barrier (&,), which is defined
are in good agreement with the experimental results. There as the distance between the CsPbBr; conduction band
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minimum (CBM) at the interface and in its bulk region.
Another band alignment parameter is the conduction
(valence) band offset AE, (AE,) that we define as the dis-
tance between the CBM (valence-band maximum, VBM) in
the bulk CsPbBr, region and that of the CdSe region. It can
be seen that there is a large @,, which can suppress the
dark current in the CsPbBry/CdSe heterostructure in dark
condition. The large band offset (AE,) promoted the sepa-
ration and transfer of photoexcited electrons and holes in
heterostructure. Under light illumination, a larger number
of the photoexcited electrons accumulated in the interface
region and lowers the effective barrier height, which makes
the electron transfer from CB of CsPbBr; to CB of CdSe
more easily. In addition, the valence band offset AE, is
quite small, which lead to the holes can transfer from VB of
CdSe to VB of CsPbBr; more easily, resulting in the effective
separation of electrons and holes. Besides, there is a band
gap states at the interface, which arises from the interfacial
unsaturated Br and Se atoms by further theoretical calcula-
tions. The band gap states also promote the transition and
tunneling of some electrons at the interface from VBM of
CsPbBr; to CBM of CdSe, resulting in the increased pho-
tocurrent compared with the isolated CsPbhBr; MW device.
It should be noted that the interface band gap states also
have an effect on the dark current. It was found that the
dark current of the CsPbBr,/CdSe hybrid device was slightly
increased compared to the single CsPbBr; MW device but
still remains a small value. Obviously, the promotion effect
of interface band gap states on dark current is greater than
the inhibition effect of interface potential barrier @, on
dark current in our hybrid device.

4 Conclusions

The high quality 1D CdSe NB/CsPbBr; MW hybrid struc-
ture photodetectors are successfully fabricated. Compared
with the pure CsPbBr; MW photodetector, the spectral
response range of CdSe NB/CsPbBr; MW hybrid photodetec-
tor is significantly broadened from the original 300-570 nm
to 300-740 nm. More importantly, the performances of
CdSe NB/CsPbBr; MW hybrid device have been signifi-
cantly improved, with I, /I« ratio, R, EQE and D* val-
ues up to 5.02 x 104, 1.63 x 10® A/W, 3.8 x 10°%, and
5.33 X 10' Jones, respectively. The improved performance of
CdSe NB/CsPbBr; MW hybrid photodetector is attributed to
three key aspects: (1) the excellent intrinsic optoelectronic
properties of CsPbBr; and CdSe as well as their unique
1D morphology, (2) the prepared 1D CdSe NB/CsPbBr; MW
hybrid structures have fewer grain boundaries and defects
because of their high crystalline quality, which is conducive
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to the separation and transport of photogenerated carri-
ers, and (3) the perfect band alignment between CdSe and
CsPbBr; forms of a unique charge transfer mechanism,
in which CdSe acts as an electron transport layer. This
work provides an approach for building high-performance
detectors.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: This work was supported by the National
Natural Science Foundation of China (Nos. 11864046, and
11764046), the Basic Research Program of Yunnan Province
(Nos. 202001AT070064 and 202101AT070124), Spring City
Plan: the High-level Talent Promotion and Training Project
of Kunming (2022SCP005).

Conflict of interest statement: The authors declare no con-
flicts of interest regarding this article.

References

[11 M.I. Saidaminov, M. A. Haque, J. Aimutlag, et al., “Inorganic lead
halide perovskite single crystals: phase-selective low-temperature
growth, carrier transport properties, and self-powered
photodetection,” Adv. Opt. Mater., vol. 5, p. 1600704,

2017.

[2] W.P.Ren,Q.H.Tan,Q.]J. Wang, and . Liu, “Hybrid organolead
halide perovskite microwire arrays/single CdSe nanobelt for a
high-performance photodetector,” Chem. Eng. ., vol. 406,

p. 126779, 2021.

[3]1 Z.Yang, Q. Xu, X. D. Wang, et al., “Large and ultrastable
all-inorganic CsPbBr; monocrystalline films: low-temperature
growth and application for high-performance photodetectors,”
Adv. Mater., vol. 30, p. 1802110, 2018.

[4] J.Z.Song, Q. Z. Cui, ). H. Li, et al., “Ultralarge all-inorganic
perovskite bulk single crystal for high-performance visible-infrared
dual-modal photodetectors,” Adv. Opt. Mater., vol. 5, p. 1700157,
2017.

[5] M. Shoaib, X. H. Zhang, X. X. Wang, et al., “Directional growth of
ultralong CsPbBr; perovskite nanowires for high-performance
photodetectors,” .. Am. Chem. Soc., vol. 139, pp. 15592 —15595,
2017.

[6] Y.Li, Z F.Shi, L. Z. Lei, et al., “Controllable vapor-phase growth of
inorganic perovskite microwire networks for high-efficiency and
temperature-stable photodetectors,” ACS Photonics, vol. 5,
pp. 2524—-2532, 2018.

[71 C.L.Li, H. L Wang, F. Wang, et al., “Ultrafast and broadband
photodetectors based on a perovskite/organic bulk heterojunction
for large-dynamic-range imaging,” Light: Sci. Appl., vol. 9, p. 31,
2020.

[8] Y.Zhao, C.L.Li,). Z. Jiang, B. Wang, and L. Shen, “Sensitive and
stable tin-lead hybrid perovskite photodetectors enabled by
double-sided surface passivation for infrared upconversion
detection,” Small, vol. 16, p. 2001534, 2020.



1356 = L.Ren etal.: 1D nano/microwire hybrid structure for high-performance photodetectors

[9

(0]

(M1

2]

[13]

4]

(3]

[16]

(7

(8]

9]

[20]

[21]

[22]

[23]

[24]

[23]

[26]

H.P.Wang, S. Y. Li, X. Y. Liu, Z. Shi, X. Fang, and J. He,
“Low-dimensional metal halide perovskite photodetectors,” Adv.
Mater., vol. 33, p. 2003309, 2021.

C. Xie, C. K. Liu, H. L. Loi, and F. Yan, “Perovskite-based
phototransistors and hybrid photodetectors,” Adv. Funct. Mater.,
vol. 30, p. 1903907, 2020.

C.Y. Wu, W. Peng, T. Fang, et al., “Asymmetric contact-induced
self-driven perovskite-microwire-array photodetectors,” Adv.
Electron. Mater., vol. 5, p. 1900135, 2019.

Z.X. Zhang, Z. Long-Hui, X. W. Tong, et al., “Ultrafast, self-driven,
and air-stable photodetectors based on multilayer
PtSe,/perovskite heterojunctions,” J. Phys. Chem. Lett., vol. 9,

pp. 1185—1194, 2018.

Q. X. Fu, X. L. Tang, B. Huang, et al., “Recent progress on the
long-term stability of perovskite solar cells,” Adv. Sci., vol. 5,

p. 1700387, 2018.

W. Nie, J. C. Blancon, A. J. Neukirch, et al., “Light-activated
photocurrent degradation and self-healing in perovskite solar
cells,” Nat. Commun., vol. 7, p. 11574, 2016.

G. Divitini, S. Cacovich, F. Matteocci, L. Cina, A. Di Carlo, and

C. Ducati, “In situ observation of heat-induced degradation of
perovskite solar cells,” Nat. Energy, vol. 1, p. 15012, 2016.

M. Kulbak, S. Gupta, N. Kedem, et al., “Cesium enhances long-term
stability of lead bromide perovskite-based solar cells,” J. Phys.
Chem. Lett., vol. 7, pp. 167—172, 2016.

Q. D. Tai, K. C. Tang, and F. Yan, “Recent progress of inorganic
perovskite solar cells,” Energy Environ. Sci., vol. 12, pp. 2375—2405,
2019.

J. M. Yang, Q. M. Hong, Z. C. Yuan, et al., “Unraveling photostability
of mixed cation perovskite films in extreme environment,” Adv.
Opt. Mater., vol. 6, p. 1800262, 2018.

Q. Zhao, G. R. Li, ). Song, Y. Zhao, Y. Qiang, and X. P. Gao,
“Improving the photovoltaic performance of perovskite solar cells
with acetate,” Sci. Rep., vol. 6, p. 38670, 2016.

G. R. Yettapu, D. Talukdar, S. Sarkar, et al., “Terahertz conductivity
within colloidal CsPbBr; perovskite nanocrystals: remarkably high
carrier mobilities and large diffusion lengths,” Nano Lett., vol. 16,
pp. 4838—4848, 2016.

Z.X. Peng, D. D.Yang, B. Z.Yin, et al., “Self-assembled ultrafine
CsPbBr; perovskite nanowires for polarized light detection,” Sci.
China Mater., vol. 64, pp. 2261—2271, 2021.

X. D. Mo, X. Li, G. Z. Dai, et al., “All-inorganic perovskite CsPbBr;
microstructures growth via chemical vapor deposition for
high-performance photodetectors,” Nanoscale, vol. 11,

pp. 21386—21393, 2019.

L. X. Su, Y. Zhang, and }. Xie, “An all-inorganic CsPbBr;/GaN
hetero-structure for a near UV to green band photodetector,”

J. Mater. Chem. C, vol. 10, pp. 1349—1356, 2022.

Q. Xu, Z. Yang, D. F. Peng, et al., “WS,/CsPbBr; van der Waals
heterostructure planar photodetectors with ultrahigh on/off ratio
and piezo-phototronic effect-induced strain-gated characteristics,”
Nano Energy, vol. 65, p. 104001, 2019.

X. F. Song, X. H. Liu, D. J. Yu, et al., “Boosting two-dimensional
MoS,/CsPbBr; photodetectors via enhanced light absorbance and
interfacial carrier separation,” ACS Appl. Mater. Interfaces, vol. 10,
pp. 2801—2809, 2018.

H. Liu, X. W. Zhang, L. Q. Zhang, et al., “A high-performance
photodetector based on an inorganic perovskite-ZnO
heterostructure,” J. Mater. Chem. C, vol. 5, pp. 6115—6122, 2017.

[27]

[28]

[29]

[30]

31

32]

[33]

[34]

[33]

[36]

[37]

[38]

DE GRUYTER

X. M. Li, D.J. Yu,]. Chen, et al., “Constructing fast carrier tracks into
flexible perovskite photodetectors to greatly improve
responsivity,” ACS Nano, vol. 11, pp. 2015—2023, 2017.

J. H. Chen, Q. Jing, F. Xu, Z. d. Lu, and Y. g. Lu, “High-sensitivity
optical-fiber-compatible photodetector with an integrated
CsPbBr;-graphene hybrid structure,” Optica, vol. 4, pp. 835—838,
2017.

S.X.Li, Y. S. Xu, C. L. Li, et al., “Perovskite single-crystal
microwire-array photodetectors with performance stability beyond
1year,” Adv. Mater., vol. 32, p. 2001998, 2020.

Y. Tong, B.J. Bohn, E. Bladt, et al., “From precursor powders to
CsPbX; perovskite nanowires: one-pot synthesis, growth
mechanism, and oriented self-assembly,” Angew. Chem., Int. Ed.,
vol. 56, pp. 13887—13892, 2017.

Z. Lou and G. Z. Shen, “Flexible photodetectors based on 1D
inorganic nanostructures,” Adv. Sci., vol. 3, p. 1500287, 2016.

D. D. Zhang, S. W. Eaton, Y. Yu, L. Dou, and P. Yang,
“Solution-phase synthesis of cesium lead halide perovskite
nanowires,” /. Am. Chem. Soc., vol. 137, pp. 9230—9233,

2015.

R. Venugopal, P. L. Lin, C. C. Liu, and Y. T. Chen, “Surface-enhanced
Raman scattering and polarized photoluminescence from
catalytically grown CdSe nanobelts and sheets,” .. Am. Chem. Soc.,
vol. 127, pp. 11262 —11268, 2005.

Z.Yang, J. F. Lu, M. H. ZhuGe, et al., “Controllable growth of aligned
monocrystalline CsPbB; microwire arrays for piezoelectric-induced
dynamic modulation of single-mode lasing,” Adv. Mater., vol. 31,

p. 1900647, 2019.

W. Zheng, X. F. Xiong, R. C. Lin, Z. Zhang, C. Xu, and F. Huang,
“Balanced photodetection in one-step liquid-phase-synthesized
CsPbBr; micro-/nanoflake single crystals,” ACS Appl. Mater.
Interfaces, vol. 10, pp. 1865—1870, 2018.

X. H. Liu, D. J. Yu, F. Cao, et al., “Low-voltage photodetectors with
high responsivity based on solution-processed micrometer-scale
all-inorganic perovskite nanoplatelets,” Small, vol. 13, p. 1700364,
2017.

S.L.Wang, Z. F. Zhu, Y. H. Zou, et al., “A low-dimension structure
strategy for flexible photodetectors based on perovskite
nanosheets/Zn0 nanowires with broadband photoresponse,” Sci.
China Mater., vol. 63, pp. 100—109, 2020.

T.Yang, Y. P. Zheng, Z. T. Du, et al., “Superior photodetectors
based on all-inorganic perovskite CsPbl; nanorods with ultrafast
response and high stability,” ACS Nano, vol. 12, pp. 16111617,
2018.

[39] J. Taug, R. Grigorovici, and A. Vancu, “Optical properties and

[40]

[41]

[42]

[43]

electronic structure of amorphous germanium,” Phys. Status Solidi
(B), vol. 15, pp. 627 —637, 1966.

Y. H.Dong, Y. Gu,Y.S. Zou, et al., “Improving all-inorganic
perovskite photodetectors by preferred orientation and plasmonic
effect,” Small, vol. 12, pp. 5622 —5632, 2016.

Z.F. Feng, Q. B. Zhang, L. L. Lin, H. Guo, J. Zhou, and Z. Lin,
“<0001>-Preferential growth of CdSe nanowires on conducting
glass: template-free electrodeposition and application in
photovoltaics,” Chem. Mater., vol. 22, pp. 2705—2710, 2010.

L. P.Dong, T. Q. Pang, J. G. Yu, et al., “Performance-enhanced
solar-blind photodetector based on a CH;NH;Pbl;/beta-Ga, 05
hybrid structure,” J. Mater. Chem. C, vol. 7, pp. 14205—14211, 2019.
Y. T. Liu, R. X. Jia, Y. C. Wang, et al., “Inhibition of zero drift in
perovskite-based photodetector devices via



DE GRUYTER

[44]

[45]

[46]

[47]

[48]

[6,6]-Phenyl-C61-butyric acid methyl ester doping,” ACS Appl. Mater.
Interfaces, vol. 9, pp. 15638 —15643, 2017.

W. Zheng, F. Huang, R. S. Zheng, and H. Wu, “Low-dimensional
structure vacuum-ultraviolet-sensitive (lambda < 200 nm)
photodetector with fast-response speed based on high-quality AIN
micro/nanowire,” Adv. Mater., vol. 27, p. 3921, 2015.

Z.P. Lian, Q. F. Yan, Q. R. Ly, et al., “High-performance planar-type
photodetector on (100) facet of MAPbI; single crystal,” Sci. Rep.,
vol. 5, p. 16563, 2015.

X. Liu, L. L. Gu, Q. P. Zhang, J. Wu, Y. Long, and Z. Fan, “All-printable
band-edge modulated ZnO nanowire photodetectors with
ultra-high detectivity,” Nat. Commun., vol. 5, p. 4007, 2014.

S. X. Li, H. Xia, X. C. Sun, Y. An, H. Zhu, and H. Sun, “Curved
photodetectors based on perovskite microwire arrays via in situ
conformal nanoimprinting,” Adv. Funct. Mater., vol. 32, p. 2202277,
2022.

Y.Q.Yang, F. L. Gao, Q. Liu, et al., “Long and ultrastable
all-inorganic single-crystal CsPbBr; microwires: one-step solution

[49]

[50]

1]

L. Ren et al.: 1D nano/microwire hybrid structure for high-performance photodetectors = 1357

in-plane self-assembly at low temperature and application for
high-performance photodetectors,” J. Phys. Chem. Lett., vol. 11,
pp. 7224—7231, 2020.

X. L. Y. Wang, P. Liu, J. Xia, and X. Meng, “Epitaxial growth of
CsPbBr;/PbS single-crystal film heterostructures for
photodetection,” J. Semiconduct., vol. 42, p. 112001, 2021.

D. Stradi, U. Martinez, A. Blom, M. Brandbyge, and K. Stokbro,
“General atomistic approach for modeling metal-semiconductor
interfaces using density functional theory and nonequilibrium
Green’s function,” Phys. Rev. B, vol. 93, p. 155302, 2016.

S. Smidstrup, T. Markussen, P. Vancraeyveld, et al., “QuantumATK:
an integrated platform of electronic and atomic-scale modelling
tools,” J. Phys.: Condens. Matter, vol. 32, p. 015901, 2020.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2023-0106).


https://doi.org/10.1515/nanoph-2023-0106

	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2  Preparation of CsPbBr3 and CdSe NBs
	2.3  Preparation of CdSe/CsPbBr3 photodetectors
	2.4 Theoretical calculation method

	3 Results and discussion
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


