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Integration of heterogenous materials produces compelling physical phenomena and increased perfor-
mance of optoelectronic devices. In this work, we integrate CsPbBr3 microplate with WSy monolayer
to investigate the interfacial carrier transfer mechanism in the heterojunction. The quenching of photo-
luminescence (PL) emission from CsPbBrsg and WSs after heterostructure formation indicates efficient
charge transfer in the junction. Low-temperature PL spectra reveal that the decreasing PL of WS,
arises from the vanishing of biexcitons. Photodetection based on the WSy /CsPbBrs heterostructure
is demonstrated. The higher performance from the junction further certifies the occurrence of charge

transfer in the heterojunction.
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1 Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) can be considered the semiconducting counter-
part of graphene in the 2D limit. The growing interest
in these 2D TMD systems is because these materials ex-
hibit an intrinsic band gap and that the gap energy can
be modified via physical or chemical processes [1-3]. Es-
pecially, the interesting indirect to direct band-gap tran-
sition renders monolayer TMDs as a significantly attrac-
tive material for a host of emerging optical and photo-
electrical devices [4-11]. Integration of 2D TMDs with
other materials such as rhodamine 6G [12], PbS quan-
tum dots [13], single-walled carbon nanotubes [14], etc.
to form heterostructures leads to the modification of the
light-matter interactions in the material system. This
would facilitate interesting phenomena in fundamental
research as well as in practical applications.

Like TMDs, organolead halide perovskites are promis-
ing optoelectronic materials because of their large ab-
sorption coefficient, long free carrier diffusion length,
and long lifetime. However, their instability restricts ap-
plications of organolead halide perovskites. The emer-

*Special Topic: Graphene and other Two-Dimensional Materials
(Eds. Daria Andreeva, Wencai Ren, Guangcun Shan & Kostya
Novoselov).

gence of all-inorganic cesium lead halides with the for-
mula CsPbX;3 (where X = halogen) overcomes this draw-
back [15]. In addition, CsPbXj exhibits a large variety
of band structures with variation of stoichiometry, size,
and dimension of materials [16]. Therefore, the integra-
tion of 2D TMDs with CsPbX3 provides a platform to
investigate the specific light—matter interactions and en-
ergy/charge transfer mechanisms in optoelectronics such
as photodetectors. For this purpose, CsPbX3 has been
integrated with MoSy and graphene to improve light ab-
sorption and electron—hole pair separation, thereby the
photoresponsivity of the photodetectors [17, 18]. In addi-
tion, the charge/energy transfer process in WSy /CsPbX3
heterostructures has been studied and the enhancement
of photoluminescence (PL) emission from a WSs mono-
layer has been observed [19, 20].

Herein, to obtain deeper insight into the light-matter
interactions in photodetectors based on TMDs/CsPbX3
heterostructure, we integrate CsPbBr3 microplates with
a WS, monolayer to form a WSy monolayer/CsPbBr;
microplate heterostructure. The compelling interfacial
carrier dynamics is investigated by using PL spectra ex-
cited by lasers with different wavelengths. PL. quenching
is observed from both the CsPbBr3 microplate and the
WSs monolayer after formation of the heterostructure.
Low-temperature PL spectra indicate that the charge
transfer process rather than energy transfer occurs in
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the heterostructure. The results agree well with the en-
hanced photodetection from the heterojunction.

aligned and transferred onto the top of the CsPbBr3 mi-
croplate under an optical microscope.

2 Experimental methods

CsPbBrs microplates were synthesized via a chemical va-
por deposition (CVD) process in a tube furnace. A piece
of fresh-clave muscovite mica was used as a substrate.
A powder of CsBr and PbBrs contained in a ceramic
boat was mixed at a molar ratio of 1:1 and was inserted
into the heating zone of the furnace. The tube cham-
ber was pumped down to a base pressure of 2 x 1073
mbar, and then high-purity Ar with a flow rate of 30
standard cubic centimeters per minute was introduced
into the tube chamber. The system was ramped to 575
°C and maintained for 10 min. The pressure was sta-
bilized at 80 mbar during the growth process. After
that, the furnace was naturally cooled to room tempera-
ture. A WS, monolayer was mechanically exfoliated from
the WSy crystal via an adhesive-tape-assisted approach.
The WS monolayer/CsPbBr3 microplate heterostruc-
ture was prepared via a precise alignment and transfer
process. First, CsPbBr3 microplates were exfoliated from
mica and transferred onto a piece of Si/SiOs substrate
through the adhesive-tape-assisted approach. Then the
WS2 monolayer prepared onto polydimethylsiloxane was

(@)

3 Results and discussion

Figure 1(a) illustrates an optical microscope (OM) im-
age of the CsPbBrs microplates grown on mica sub-
strate. Different colored microplates with well-defined
square shapes are observed. The square shapes are deter-
mined by the intrinsic cubic structure of CsPbBrj formed
at high temperature. van der Waals epitaxial growth
makes exfoliation and transfer of the microplates via the
adhesive-tape method possible. The different colors aris-
ing from different thicknesses of the microplates depend
on the diffraction between the bottom and top surface
of the plate. An atomic force microscopy (AFM) image
of a typical microplate shows its thickness to be ~ 180
nm [Fig. 1(b)]. CsPbBrj is a direct band-gap semicon-
ductor. The as-grown microplate shows a strong absorp-
tion peak at ~ 515.5 nm [Fig. 3(c)]. The band edge
states of CsPbBrs are dominated by the hybridization
states between the Br anion and the Pb cation orbitals
of the inorganic PbBrg octahedron. The Tauc plot [in-
sert of Fig. 3(c)] indicates that the band gap of the mi-
croplate is ~ 2.35 eV. A strong and narrow PL emis-
sion peak is observed at ~ 523 nm [2.37 €V, full width
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Fig. 1 (a) Optical image of the CsPbBrs microplates grown on mica. (b) AFM image of a typical CsPbBrs microplate.
Inset shows the height profile of the microplate. (c¢) Absorption (black line) and PL (red line) spectra of the CsPbBrs
microplates. Inset shows the Tauc plot of the absorbance spectrum. (d) Fluorescence image of the CsPbBrs microplates.
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at half maximum (FWHM) ~ 15.3 nm; Fig. 3(c)]. The
Stokes shift is calculated to be ~ 0.02 eV. The value
of the FWHM is smaller than many of the II-VI group
compound semiconductor nanostructures [21] and even
smaller than those of CsPbBr3 quantum dots or nanopar-
ticles [22]. This indicates the high excitonic property of
the as-grown microcrystals because the broadening of the
PL linewidth is mainly from defects, surface disorders,
and so forth [23-26]. The good optical property is also
demonstrated by the fluorescent microscope (FM) image
of the microplates [Fig. 1(d)]. Bright green emission is
shown and the color information is consistent with the
PL spectrum.

Figure 2(a) shows a piece of the WSy monolayer de-
posited on the Si/SiOy substrate. The height profile of
~ 0.68 nm measured from the AFM image [Fig. 2(b)]
indicates the monolayer feature of the sample. The four
main phonon modes shown in the Raman spectrum in
Fig. 2(c) indicate that the product is indeed a WSs
monolayer because its chemical fingerprint is matched
[27]. Another characteristic of a WSs monolayer is the
strong PL emission [Fig. 2(d)]. With thickness reducing
from the bulk to the monolayer, the band structure of
the WS4 will undergo a direct to indirect band-gap tran-
sition [28].
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The WSs monolayer was then transferred and par-
tially covered the CsPbBrs microplate, as shown by the
OM image [Fig. 3(a)]. The overlapping region presents
weaker fluorescent emission as compared to the bare
CsPbBr; microplate [Fig. 3(b)]. For a more quantita-
tive investigation, PL spectra are collected from the bare
WS2 monolayer, the bare CsPbBr3 microplate, and the
WS3/CsPbBr3 heterojunction, respectively. A 447-nm
laser source was used as excitation light to generate the
PL of the CsPbBr3 microplate. Evidently, the peak po-
sition of CsPbBr3 does not present an obvious shift, but
the intensity shows a significant decrease after the het-
erojunction is formed under the same excitation condi-
tions [Fig. 3(c)]. This is consistent with the observation
from the FM image. Quenching of the PL of CsPbBrs
after formation of heterojunction could arise from effec-
tive charge transfer or energy transfer [29]. In a pre-
vious report, energy transfer between the WSy mono-
layer and the CsPbBr3 quantum dot heterostructure has
been observed [19]. The occurrence of energy transfer
would quench PL of the species with higher energy tran-
sition but enhance PL of the species with lower energy
transition. Namely, it normally occurs in type-I hetero-
junctions. Therefore, a reduction of the PL signal from
Cs1PbBrs quantum dots and an increase of PL signal

®) ¢
nm

- 4
g
2

g 2
g
2 0
o

-2
-4
4 6
Distance (um)

(@

?; |

S

>

g

E

.

=

T T
600 650 700

Wavelength (nm)

Fig. 2 (a) Optical image of a prepared WSz monolayer. (b) AFM image of the formed region in (a). (c) Raman and (d)

PL spectra of the WSz monolayer.
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Fig. 3 (a) Optical and (b) fluorescence images of the WSz /CsPbBrs heterostructure. (¢) PL spectra of the bare CsPbBr3
and WS, /CsPbBrs heterostructure under 447 nm laser excitation at room temperature. (d) PL spectra of the bare WS, and
WS /CsPbBr3 heterostructure. (e) Schematic illustration of the band alignments in the heterostructure. (f) PL spectra of
the bare WS2 and WS, /CsPbBr3 heterostructure under 532 nm laser excitation at 3.3 K.

from WSy were found [19]. However, PL of the WS,
monolayer is reduced instead of increased after formation
of the heterojunction as revealed by our results, suggest-
ing a different quenching mechanism.

To obtain clear insight into the dynamics behavior of
the carriers between the WSs monolayer and CsPbBrj
microplate, we further used a 532-nm laser to excite
the sample and analyzed the spectra. In doing so, only
the WSy monolayer became excited because the pho-
ton energy of the laser was not enough to generate ex-
citons in CsPbBrs. Therefore, the observed excitonic
transition between these two materials is initiated from
the WSy monolayer. Evidently, the PL intensity of the
WS, monolayer is significantly reduced after formation
of the heterojunction as compared to PL from bare WSy
[Fig. 3(d)]. Because of the strong spin-orbit coupling, the
valence band of the WS, monolayer presents a significant
split. The valence band maximum (VBM) at the K point
splits into two bands, denoted as VBM; and VBM,, re-
spectively. The conduction band minimum (CBM) and
VBM of the WSy monolayer have been demonstrated
to be —3.84 €V and —5.82 ¢V (VBM;) and —6.25 eV
(VBMy), respectively [30]. According to the UPS mea-
surements or density functional theory calculations, the
CBM and VBM of CsPbBrj3 are located at ~ —3.30 to
—3.35 eV and ~ —5.70 to —5.75 eV, respectively [17, 31].
Here, the quantum confinement effect is not considered
as the thickness of our CsPbBrs microplate is > 100

138115-4

nm. Therefore, the formed WSy monolayer/CsPbBr;
microplate heterojunction is a typical type-II junction
(whether VBM; or VBM3) with a band offset of ~ 0.5
eV [Fig. 3(e)]. The excited excitons around the junction
region prefer to be broken into free electrons and holes
by the built-in potential. This results in a reduction of
the PL intensity in both the CsPbBr3 microplate and the
WS2 monolayer because the electrons are transferred to
WS, and the holes are located inside CsPbBr3. PL of the
WS4 monolayer was collected from the bare sample and
the heterojunction at low temperature [3.3 K; Fig. 3(f)].
The three narrow peaks from left to right shown in the
spectrum of bare WS, are ascribed to the recombination
of neutral excitons, trions, and biexcitons. This is con-
sistent with results from previous reports [32-34]. Under
thermal equilibrium conditions, the density of biexcitons
exhibits a quadratic relationship with the density of ex-
citons [35]. This facilitates biexciton emission, making it
the dominant peak in the spectrum. When charge trans-
fer occurs in the heterojunction, the density of excitons
significantly decreases. This indicates that the built-in
potential of the heterojunction is sufficient to break the
binding energy of biexcitons. Because the density of biex-
citons varies quadratically with the density of excitons,
under full thermal equilibrium conditions, the decrease of
the biexciton emission will be more significant than the
neutral exciton emission. Therefore, PL emission from
the recombination of biexcitons vanishes with the occur-

Zhen-Zhong Yan, et al., Front. Phys. 13(4), 138115 (2018)
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Fig. 4 (a) Schematic illustration of the WS3/CsPbBrs photodetector. Inset shows the optical image of the device. (b)
I-V characteristics of the output in dark and illumination conditions. (¢) Photoswitching behavior of the bare WS, and
heterostructure device at same conditions. (d) Photoreponse of the heterostructure device when light incident at different

locations of the device as shown in the inset of (a).

rence of charge transfer.

The presence of charge transfer would facilitate WSq
monolayer the efficient electron-collecting layer and
CsPbBrj3 the hole-collecting layer in photodetection de-
vices. In addition, the large absorption coefficient of per-
ovskite would further improve light harvesting. A three-
electrode device is demonstrated in Fig. 4(a). It includes
the WSs channel and the WS, /CsPbBr3 channel. Fig-
ure 4(b) depicts the electrical outputs collected from the
WS;3/CsPbBrj channel in the dark and under light illu-
mination conditions. The slight shift of the characteristic
curve under light illumination indicates the presence of
a photovoltaic effect. This arises from the built-in po-
tential of the heterojunction. The photoresponse on/off
behaviors are collected from the WS, /CsPbBrs channel
and the WSy channel, respectively [Fig. 4(c)]. Evidently,
a rapid on/off switching behavior is exhibited by the
WS, /CsPbBrj3 channel. It also presents a much higher
photocurrent because of the direct contribution of charge
transfer in the heterojunction. We then investigated the
photoresponse from the WSy /CsPbBrs channel when the
laser was focused on different positions, as schematically
illustrated in Fig. 4(a). Notably, the output of the de-
vice shows a maximum photocurrent when the laser ir-
radiated the heterojunction. The fast response and the

Zhen-Zhong Yan, et al., Front. Phys. 13(4), 138115 (2018)

significant enhancement of the photocurrent from the
heterojunction clearly demonstrate the efficient charge
transfer process in the WS;/CsPbBrs channel.

4 Conclusion

In summary, we have investigated the interfacial carrier
transfer process between a CsPbBrs microplate and a
WS3 monolayer. A WS, /CsPbBr; heterostructure was
fabricated based on the mechanical exfoliated and CVD
grown samples. Lasers with different wavelengths have
been employed to excite PL from bare CsPbBrs, WS,
and the heterojunction, respectively. Quenching of the
PL from both the CsPbBrs microplate and the WS,
monolayer after formation of the heterostructure indi-
cates the dominance of the charge transfer process. Pho-
todetection from the heterojunction exhibits better per-
formance than that from the bare WSy or CsPbBrs. The
enhancement arises from the efficient electron—hole pair
separation. This is a direct demonstration of the occur-
rence of charge transfer.
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