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ABSTRACT: While halide perovskite electronics are rapidly
developing, they are greatly limited by the inferior charge
transport and poor stability. In this work, eﬀective surface
charge transfer doping of vapor−liquid−solid (VLS)-grown
single-crystalline cesium lead bromide perovskite (CsPbBr3)
nanowires (NWs) via molybdenum trioxide (MoO3) surface
functionalization is achieved. Once fabricated into NW devices,
due to the eﬃcient interfacial charge transfer and reduced
impurity scattering, a 15× increase in the ﬁeld-eﬀect hole
mobility (μh) from 1.5 to 23.3 cm2/(V s) is accomplished after
depositing the 10 nm thick MoO3 shell. This enhanced mobility
is already better than any mobility value reported for perovskite
ﬁeld-eﬀect transistors (FETs) to date. The photodetection performance of these CsPbBr3/MoO3 core−shell NWs is also
investigated to yield a superior responsivity (R) up to 2.36 × 103 A/W and an external quantum eﬃciency (EQE) of over 5.48
× 105% toward the 532 nm regime. Importantly, the MoO3 shell can provide excellent surface passivation to the CsPbBr3 NW
core that minimizes the diﬀusion of detrimental water and oxygen molecules, improving the air stability of CsPbBr3/MoO3
core−shell NW devices. All these ﬁndings evidently demonstrate the surface doping as an enabling technology to realize highmobility and air-stable low-dimensional halide perovskite devices.
KEYWORDS: surface charge transfer doping, passivation, perovskites, nanowires, transistors

I

Generally, the rich surface chemistry and large surface-tovolume ratio of halide perovskite nanostructures would dictate
their electrical properties with a signiﬁcant surface dependence.10−12 For instance, there was a pioneer study demonstrating the surface charge transfer doping between hydrogenterminated diamond (H-diamond) and fullerene (C60)
molecules.13 Since then, various surface doping schemes have
been explored to eﬀectively manipulate the electrical properties
of several semiconductor nanostructures, ranging from nanocrystals14 and nanowires (NWs)15 all the way to twodimensional nanomaterials.16 Among these approaches, there

n recent years, because of the potentially high carrier
mobility and low defect trap density, single-crystalline
halide perovskites and their nanostructures have attracted
intensive interest for utilization beyond photovoltaic energy
conversion.1−3 Combined with the superior optical absorption
characteristics, changeable direct bandgap, excellent electroluminescence and tunable ambipolar properties, these perovskites can even be extended to applications in next-generation
integrated optoelectronics, such as phototransistors,4 lightemitting transistors5 and ambipolar transistors,6 etc. However,
despite the progressive improvements made through various
strategies, the achieved ﬁgures-of-merits (e.g., ﬁeld-eﬀect
mobility) of halide perovskite ﬁeld-eﬀect transistors (FETs)
to date are still far from the theoretically predicted values.7−9
Their poor environmental stability have also substantially
impeded the further practical utilization. In this regard, it is
urgently required to enhance the charge transport characteristics as well as air stability of halide perovskite electronics.
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Figure 1. (a) SEM image of vertical CsPbBr3 NWs grown on Si/SiO2 substrates. (b) TEM image, (c) HRTEM image, and (inset of c) SAED
pattern of a typical VLS-grown CsPbBr3 NW using Sn as catalysts. (d) TEM image, (e, f) HRTEM images, and (inset of e) SAED pattern of a
representative CsPbBr3/MoO3 core−shell NW. (g) Scanning TEM image of a typical CsPbBr3/MoO3 core−shell NW and corresponding
EDS mappings of Mo, Cs, Pb, and Br.

surface charge transfer doping strategy. Based on the
photoemission spectroscopy analysis, it is apparent that the
CsPbBr3 NWs are strongly p-type doped by just depositing the
molybdenum trioxide (MoO3) shell layer due to the interfacial
electron transfer from CsPbBr3 NW core to MoO3 shell. After
MoO3 decoration and device fabrication, the hole mobility of
the CsPbBr3/MoO3 core−shell NW device is signiﬁcantly
enhanced to 23.3 cm2/(V s), together with a superior
responsivity (R) up to 2.36 × 103 A/W and an external
quantum eﬃciency (EQE) of over 5.48 × 105% toward
photodetection in the visible region. Importantly, this MoO3
shell passivation can eﬀectively suppress the environmental
degradation of perovskite core as revealed by detailed electron
microscopy investigations; as a result, the excellent air stability
of CsPbBr3/MoO3 core−shell NW FETs is achieved. All these
results evidently indicate that it is promising to employ the
surface charge transfer doping to improve both electrical
performance and environmental stability of future nanostructured halide perovskite devices.

is always a large misalignment of Fermi levels (EF) between
surface dopants and underlying semiconductors, which gives
the extraction (or injection) of electrons from (or into)
semiconductors to form an electron-deﬁcient (or electronrich) surface layer on the nanostructures.17 This can
subsequently boost up the device performance of FETs as
the device operation relies heavily on the density of charge
carriers available in the semiconductor channel. As compared
with the conventional substitutional doping, the surface doping
is not restricted by the self-compensation eﬀect, low solubility
of dopants and formation of deep-level defects associated with
host lattice damage; therefore, the electrical properties of
device channels and even their conductivity types can be
eﬀectively controlled. Importantly, as a noninvasive doping
method, surface doping does not introduce any impurity into
the host crystal lattice, thereby completely eliminating the
charge carrier scattering by ionized dopants for the enhanced
carrier mobility. Nevertheless, to the best of our knowledge,
there is still no report on the controlled and reliable surface
doping of halide perovskite electronic devices at the nanoscale.
Here, we report the realization of high-mobility cesium lead
bromide perovskite (CsPbBr3) NW devices via a simple
12750
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Figure 2. (a) Schematic illustration of the surface charge transfer doping on CsPbBr3/MoO3 core−shell NWs. (b) UPS spectra of CsPbBr3
NWs decorated with various thickness of MoO3 at the secondary electron cutoﬀ region. (c) Work function evolution of CsPbBr3 NWs with
the increasing MoO3 thickness. (d) Equilibrium energy-level diagram at the CsPbBr3/MoO3 interface. XPS spectra of (e) Pb 4f and (f) Cs 3d
peaks of CsPbBr3/MoO3 core−shell NWs as a function of MoO3 thickness.

RESULTS AND DISCUSSION
To start with, pristine CsPbBr3 NWs are vertically grown on
Si/SiO2 substrates (50 nm thick thermally grown oxide) by
using a Sn-catalyzed vapor−liquid−solid (VLS) growth
process (Figures 1a and S1).18 In the case of VLS growth,
transient liquid Sn seeds (with a melting temperature of 232
°C, which is below the process temperature of 310 °C) are
introduced to facilitate the nucleation kinetics and crystal
growth for the precise control on morphology, crystal phase,
and surface condition of perovskite NWs obtained on
amorphous substrates. As depicted in the transmission electron
microscopy (TEM) image in Figure 1b, the catalytic Sn seed is
clearly witnessed at the tip of CsPbBr3 NW, which designates
the VLS growth process here. The diameter of grown NWs is
observed to be around 150 nm that is consistent with the
dimension of Sn nanoparticles employed as catalytic seeds.
Owing to the inherent advantages over vapor−solid (VS)
growth, the VLS-grown CsPbBr3 NW exhibits a smooth NW
surface without any uncontrolled radial growth along the NW
sidewall (Figure S2). As illustrated in the high-resolution TEM
image in Figure 1c, there are continuous lattice fringes with a
spacing of 4.1 Å corresponding to the (110) plane of cubic
CsPbBr3 crystal, which indicates the single-crystalline nature of
CsPbBr3 NWs fabricated by the VLS process. Also, there is not
any distinctive amorphous outer layer formed on the NW
surface, conﬁrming the crystallinity of CsPbBr3 NWs and
eliminating the possible inﬂuence of the intrinsic outer layer in
subsequent surface investigations. The selected-area electron
diﬀraction (SAED) pattern exhibits a 4-fold symmetry with a
perfect cubic crystal structure (inset of Figure 1c), which
further validates the single crystalline structure. Based on the

SAED patterns collected from multiple NWs, all CsPbBr3 NWs
are grown along the [100] direction. This is mainly due to the
fact that the surface free energy of (100) planes is found to be
lower than that of other planes of cubic perovskites.19,20 All
these material characterizations suggest that the VLS-grown
CsPbBr 3 NWs possess a clear surface and excellent
crystallinity, which gives us an ideal opportunity to study
their intrinsic material properties21 and hence potentially to
explore their high-performance device applications.22
In this study, MoO3 is utilized as a surface dopant because of
its extremely high work function (WF) of 6.8 eV,23,24 ease of
low-temperature deposition in vacuum, and excellent chemical
stability as compared with other surface dopants (e.g., organic
molecules,16 gas molecules,25 and alkali metals26). In order to
deposit the MoO 3 shells on CsPbBr 3 NWs, thermal
evaporation is employed with a typical deposition speed of
0.5 Å/s. Speciﬁcally, based on the Mo 3d peak analysis in X-ray
photoelectron spectroscopy (XPS), the Mo6+ peaks (corresponding to stoichiometric MoO3) are dominant in the
deposited oxide layer, together with small portions of Mo5+
peaks occupying around 3% in atomic concentration (Figure
S3). Such slightly nonstoichiometric oxide compounds are
usually obtained in physical vapor deposition due to the loss of
constituent oxygen atoms. In previous experimental and
theoretical works,27,28 it is understood that nonstoichiometric
oxides, such as Mo2O5 and MoO2, can also act as acceptors to
withdraw electrons from the underlying semiconductors with a
slightly reduced doping eﬃciency than that of the stoichiometric MoO3. Hence, to simplify the discussion, only the
stoichiometric structure of MoO3 is focused here. As presented
in the HRTEM images in Figure 1d and e, the fabricated
CsPbBr3/MoO3 NW exhibits a uniform core−shell structure,
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Figure 3. (a) Bottom-gate FET device structure employed in this work. (b) SEM image of the typical device channel. (c) Forward (solid
lines) and backward (dashed lines) transfer curves of CsPbBr3/MoO3 NW FETs with various MoO3 thicknesses under a source-drain voltage
of 5 V. (d) On current, (e) threshold voltage, and (f) ﬁeld-eﬀect mobility evolutions of CsPbBr3/MoO3 NW FETs with increasing MoO3
thickness. Device output current as a function of time under the chopped light illumination (1 mW/cm2) with a source-drain voltage of 5 V
and a zero gate voltage, using the (g) linear y-axis and (h) logarithmic y-axis. (i) Time-resolved photoresponse of the CsPbBr3/MoO3 NW
device measurement with a photoresponse measurement circuit.

structure of the underlying CsPbBr3 core as well as the
amorphous feature of the outer MoO3 shell (Figure 1e inset).
In addition, there is an atomically sharp interface existing
between the CsPbBr3 core and MoO3 shell, which indicates
that no noticeable interfacial chemical reactivity or mutual
dissolution occurred at the CsPbBr3/MoO3 interface (Figure
1f), further highlighting the excellent chemical stability of
MoO3 and the intact NW core−shell structure. After that,
energy-dispersive X-ray spectroscopy (EDS) mapping was also
performed to directly evaluate the core−shell NW structure,
where Mo is found to be uniformly distributed throughout the
entire NW surface while Cs, Pb, and Br are concentrated near
the NW core with an ideal Cs/Pb/Br composition ratio of
1:1:3 (Figure S7). From the detailed EDS studies, uniform
elemental distribution of Mo (∼11 atomic%) was veriﬁed on
diﬀerent positions along the length of the CsPbBr3/MoO3
core−shell NW (Figure S8), indicating the uniform coverage
of MoO3 shells on the CsPbBr3 NW cores. The stability
enhancement and electrical property improvement associated

consisting of a crystalline CsPbBr3 core and a 7 nm thick
amorphous MoO3 shell (more TEM images can be found in
Figure S4). For the crystalline CsPbBr3 core, there are lattice
fringes with a spacing of 4.1 Å (Figure 1f), which agrees the
(110) plane of the cubic CsPbBr3 crystal. This ﬁnding is
consistent with the (110) plane observed in pristine CsPbBr3
NWs before MoO3 deposition, which reveals that the ex situ
MoO3 deposition does not alter the crystalline characteristics
of underlying CsPbBr3 cores. The thermally evaporated MoO3
shells are found to be amorphous, in which this amorphous
oxide layer usually has a dense ﬁlm quality, expecting to block
the environmental degradation and thus stabilize the material
properties of CsPbBr3 NWs (Figure S5).24 At the same time,
according to the powder X-ray diﬀraction (XRD) analysis,
there are only diﬀraction peaks of cubic CsPbBr3 (JCPDS No.
854-0752, Pm3̅m(221)) observed, while no diﬀraction peak
can be indexed to MoO3 because of its amorphous nature
(Figure S6). The SAED pattern collected from the CsPbBr3/
MoO3 core−shell NW also conﬁrms the stable crystalline
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Table 1. Key FET Performance Parameters of CsPbBr3/MoO3 Core−Shell NW FETs with Increasing MoO3 Thickness
MoO3 thickness [nm]
0
1
3
5
7
10

Ion [nA]

Vth [V]

Ion/Ioff

62
191
352
464
615
790

−4.4
3.6
7.6
13.0
16.6
>30

×
×
×
×
×

1.1
1.0
1.9
5.2
0.6

3

10
103
103
103
103

SS [V/decade]

μh [cm2/(V s)]

2.7
1.9
2.0
1.8
2.1

1.5
4.4
9.7
13.3
19.4
23.3

nh [cm−3]
5.92
6.05
7.18
7.75
8.13
>9.55

×
×
×
×
×
×

1018
1018
1018
1018
1018
1018

toward the lower energy values. To be speciﬁc, after 3 nm thick
MoO3 decoration, the maximum shifts of Pb 4f and Cs 3d
peaks are measured to be ∼0.9 and 1.0 eV, accordingly. The
clear downshifts of these peaks are consistent with an upward
band bending expected after interfacial transfer doping. As
shown in the schematic of energy level diagram in Figure S10,
the accumulation of delocalized holes sets up a space charge
region at the CsPbBr3 side of the CsPbBr3/MoO3 interface,
resulting in an upward band bending. Overall, the XPS study
also conﬁrms the p-type doping of CsPbBr3 via MoO3 surface
decoration. Based on the proposed mechanism, other
transition metal oxides, including WO3, CrO3, ReO3, and
V2O5, that have the high WFs of 6.7, 6.8, 6.8, and 7.0 eV,
respectively,27,29,30 can also be applied as electron-withdrawing
surface dopants in a way analogous to MoO3 (detailed energy
level values are summarized in Table S1), in which all these are
highly desirable to be explored in the near future.
To directly shed light on the carrier transport properties,
bottom-gate FETs are constructed by using individual
CsPbBr3/MoO3 core−shell NWs as the device channel (Figure
3a). A contact transfer method is ﬁrst utilized to conﬁgure
CsPbBr3/MoO3 core−shell NWs onto device substrates with
the SiO2 dielectric layer (Figure S11).32 Then, the Au source/
drain (SD) electrode deposition is performed by thermal
evaporation with the assistance of a shadow mask (Figure 3b).
First, the contact resistance between SD electrodes and
channel layers was estimated by using a simple transmission
line method (Figure S12), where a relatively small contact
resistance (∼2 MΩ) is obtained, suggesting only a small
voltage drop existed on the contact. This ensures that the
parameters estimated from the transfer curves here can
represent the reliable device performance of the NW devices.
Figure 3c demonstrates the dual-sweep transfer curves of
fabricated CsPbBr3/MoO3 core−shell NW devices with
increasing MoO 3 thickness from 0 to 10 nm. The
corresponding FET performance parameters are summarized
in Table 1 and will be discussed in details below. It is obvious
that the pristine CsPbBr3 NW device exhibits an ambipolar
transfer characteristic with an on/oﬀ current ratio of ∼103,
which is possibly due to the balanced eﬀective mass of holes
and electrons of CsPbBr3 NWs being similar to those in
previous reports on perovskite-based ambipolar transistors.5,33−35 With MoO3 deposition, the transfer characteristics
of FET devices yield a dominant p-type behavior with
increasing conductance for the decreasing gate voltage (Vg).
The representative p-type output curves are shown in Figure
S13, simply implying that the injected holes via surface doping
dominate the carrier transport in the device channel. In detail,
the transfer curve of the pristine CsPbBr3 NW device without
any MoO3 decoration presents an on current (Ion) of 62 nA at
a negative Vg of −60 V. As the thickness of MoO3 increases to
10 nm, the Ion gradually increases to 790 nA under the same
bias (Figure 3d). The I−V measurements with a zero gate bias

with the core−shell NW structure will be thoroughly discussed
in later sections.
In principle, the MoO3 shell that possesses high WF is
capable of withdrawing electrons from the low-WF CsPbBr3
core, leading to the accumulation of positive charges in the
CsPbBr3 core.27,29 As a result, the EF of CsPbBr3 would shift
toward the valence band edge after surface modiﬁcation with
MoO3, along with the large enhancement of WF. Ultraviolet
photoemission spectroscopy (UPS) is then utilized as a
powerful technique to directly assess the energy levels at the
surface as well as at the core−shell interface of obtained NWs.
In detail, thickness-dependent UPS measurements of
CsPbBr3/MoO3 core−shell NWs with varied MoO3 shell
thickness are performed to evaluate the interfacial charge
transfer between the core and shell layers (Figure 2a). Due to
the detection limit of UPS, the moderate thickness of a MoO3
layer up to 3 nm is studied here. With the increasing coverage
of the MoO3 layer on CsPbBr3 NWs, the secondary electron
cutoﬀ would gradually move toward the lower binding energy
(Figure 2b), which indicates a shift of EF within the gap toward
the valence band maximum (VBM) of CsPbBr3 accordingly.
By linearly extrapolating the secondary electron cutoﬀ region,
the WFs of CsPbBr3 are measured to signiﬁcantly increase
from 4.8 eV for pristine CsPbBr3 all the way to 5.9 eV with
decoration of 3 nm thick MoO3 (Figure 2c). In this case, the
doping eﬃciency of depositing an ultra-thin MoO3 layer is
expected to be the highest, whereas this eﬃciency would drop
rapidly as the MoO3 coverage increases. Such a saturation
phenomenon of the charge transfer process has also been
widely reported in experimental and theoretical works in other
material systems.23,24,27,29,30 Overall, the increasing WF of
CsPbBr3 with enhanced MoO3 coverage is a direct indication
of the interfacial electron transfer from the CsPbBr3 core to the
MoO3 shell.
Furthermore, the surface doping of CsPbBr3 NWs can also
be most easily understood in terms of energy band diagrams.
As depicted in Figure 2d, when the physical contact is formed
between MoO3 shell and CsPbBr3 NW core, the large WF
diﬀerence between MoO3 (∼6.8 eV) and CsPbBr3 (∼4.8 eV)
would drive the spontaneous electron transfer from CsPbBr3 to
MoO3.23 Meanwhile, the accumulation of delocalized holes in
CsPbBr3 results in the upward energy level bending from the
bulk to the surface. This phenomenon was experimentally
investigated and further conﬁrmed through XPS analysis in this
work (Figure 2e and f). All the XPS peaks are calibrated by
using the containment carbon (C 1s) reference at 284.8 eV
(Figure S9). For pristine CsPbBr3 NWs, the peaks located at
∼142.7 and ∼137.8 eV can be attributed to the Pb 4f5/2 and Pb
4f7/2 core levels, respectively (Figure 2e), while the paired
peaks located at ∼724.0 and ∼738.0 eV can be ascribed to the
Cs 3d5/2 and Cs 3d3/2 core levels, respectively (Figure 2f).31
With the increasing MoO3 thickness, the positions of the
paired Pb 4f peaks as well as paired Cs 3d peaks gradually shift
12753
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Table 2. Performance Summary of FETs Based on Halide Perovskites
material

crystallinity

morphology

temperature

mobility [cm2/(Vs)]

(PEA)2SnI4
MAPb(I/Cl)3
MAPbI3
MAPbI3
(PEA)2SnI4
MAPbI3
MAPbI3
(Cs/MA/FA)Pb(Br/I)3
MAPbI3
MAPbI3
MAPbBr3
MAPbCl3
CsPbI3
CsPbBr3
CsPbCl3
CsPbBr3
CsPbBr3@MoO3

polycrystalline
polycrystalline
polycrystalline
crystal
polycrystalline
crystal
crystal
polycrystalline
crystal
crystal
crystal
crystal
crystal
crystal
crystal
crystal
crystal

thin ﬁlm
thin ﬁlm
thin ﬁlm
microplate
thin ﬁlm
thin ﬁlm
microplate
thin ﬁlm
microplate
thin ﬁlm
thin ﬁlm
thin ﬁlm
nanowire
nanowire
nanowire
nanowire
nanowire

RT
RT
78 K
77 K
RT
78 K
77 K
RT
77 K
RT
RT
RT
RT
RT
RT
RT
RT

μh = 0.5
μh = 1.24, μe = 1.01
μh = 2.1 × 10−2, μe = 7.2 × 10−2
μe = 1
μh = 15
μh = 2.1
μe < 0.8
μh = 2.1, μe = 2.5
μe = 4
μh = 4.7, μe = 2.6
μh = 3.6
μh = 3.8
μh = 3.05
μh = 2.17
μh = 1.06
μh = 1.5
μh = 23.3

year

ref

1999
2015
2015
2015
2016
2016
2016
2017
2017
2018
2018
2018
2019
2019
2019
this work
this work

40
33
5
38
41
34
2
42
6
35
35
35
18
18
18

when EF moves below the VBM of CsPbBr3. As a result, the
eﬀect of surface charge transfer doping is proven to be strong
enough to fully convert the conductivity of CsPbBr3 NWs from
ambipolar to dominant p-type and even to all the way to
metallic behavior.
Moreover, the ﬁeld-eﬀect hole mobility (μh) of these devices
can be determined using the equation μh = L2gm/(CgVd),37
where gm denotes transconductance that is deﬁned as dId/dVg.
As a common feature of perovskite devices, there is a
noticeable hysteresis observed in the dual-sweep transfer
curves of our devices. Many mechanisms associated with
trapping/detrapping, ion migrations, ferroelectric polarization,
and so forth have been proposed to explain this hysteresis
phenomena.2,5,38 In any case, the existence of hysteresis would
introduce uncertainty errors in the mobility determination.
The forward gate sweep underestimates the μh value, while the
backward gate sweep imposes a signiﬁcant overestimation on
μh.38 To properly evaluate the carrier mobility, we extracted
the μh values based on the forward-sweep transfer characteristics; this way, the μh values extracted in this work would
represent a reliable lower bound value. For example, the μh of
the CsPbBr3/5 nm MoO3 NW is determined to be 13.3 and
18.6 cm2/(V s) for the forward and backward gate sweeps,
respectively. We used the lower bound value of 13.3 cm2/(V s)
in our analysis. As displayed in Figure 3f, the μh values steadily
increase for the increasing MoO3 thickness from 0 to 10 nm. In
particular, these CsPbBr3/MoO3 core−shell NW devices
present an almost 15× enhancement of μh from 1.5 cm2/(V
s) for the pristine CsPbBr3 NW all the way to 23.3 cm2/(V s)
after a 10 nm thick MoO3 coating, suggesting the improved
hole transport in the CsPbBr3 NW channel. Importantly, this
enhanced μh value is already higher than any mobility value
reported for perovskite FETs to date (Table 2). The signiﬁcant
mobility enhancement of surface-doped core−shell NW
devices can be attributed to three main reasons: (1) The
spontaneous interfacial charge transfer largely increases the
free hole concentration in CsPbBr3, eﬀectively ﬁlling the trap
sites as well as screening the trapped charges. This is beneﬁcial
to the improved carrier transport in semiconductor channels
under bias, as the operation of the FET device is mainly
limited by the trapped charge scattering in device channels.39
(2) In contrast to conventional substitutional doping, surface

were also performed on CsPbBr3/MoO3 NW devices. The
output current shows a consistent trend with the increasing
MoO3 thickness (Figure S14). Moreover, thin ﬁlm transistors
using a 50 nm thick MoO3 layer as device channel do not
exhibit decent FET performance but show relatively high
resistance (i.e., low current in Figure S15), which rules out the
possibility that MoO3 shells act as conducting pathways in
CsPbBr3/MoO3 core−shell NW transistors. Therefore, the
signiﬁcant increase of Ion suggests a signiﬁcant p-type doping
eﬀect on the MoO3-decorated CsPbBr3 NW induced by the
interfacial electron transfer from CsPbBr3 to MoO3.17
Simultaneously, the p-type doping eﬀect can also be
indicated by the device threshold voltage (Vth) shift toward
positive voltages with the increasing MoO3 thickness (Figure
3e). For example, for CsPbBr3 NWs with the MoO3 shell
thickness ranging from 0, 1, 3, 5, to 7 nm, their device Vth
values are found to be −4.4, 3.6, 7.6, 13.0, and 16.6 V,
respectively, together with distinct on/oﬀ current ratios of all
around 103. However, for the case of the 10 nm MoO3
decorated CsPbBr3 NW device, it exhibits a metal-like
conductivity; therefore, it cannot be completely turned oﬀ
such that its Vth value is undetermined for the measured gate
bias range (Vg) range. Such “always on” device operation can
be attributed to the excess hole concentration of the MoO3decorated CsPbBr3 NWs that cannot be fully depleted by the
gate bias. Technically, for a p-type semiconductor channel, the
Vth values are always dictated by the available free hole
concentration (nh) of the device. This hole concentration can
be determined with the analytical expression of nh = 4Cg(Vg −
Vth)/πqd2L,36 where d is the NW radius, L is the channel
length, and Cg is the gate capacitance. Cg is obtained from the
ﬁnite element method by using COMSOL MultiPhysics
tailored for a cylinder-on-plane model (Figure S16). For a
typical CsPbBr3/MoO3 NW with a diameter of 160 nm and a
channel length of 10 μm, the gate capacitance is determined to
be ∼0.183 fF when using a 270 nm thick SiO2 layer as the gate
dielectric. As depicted in Figure S17, the nh values are observed
to clearly increase from 5.92 × 1018 to >9.55 × 1018 cm−3 with
the deposition of MoO3 gradually increasing from 0 to 10 nm.
It is commonly accepted that the increased nh value induced by
surface doping here is accountable for the downshift of EF and
consequently yields the semiconductor-to-metal transition
12754
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Figure 4. (a) Proposed degradation mechanism of CsPbBr3 NWs and (b) stability enhancement mechanism of CsPbBr3/MoO3 core−shell
NWs at ambient conditions. Forward and backward transfer curves of the (c) CsPbBr3/MoO3 NW and (d) pristine CsPbBr3 NW with
diﬀerent durations of storage. (e) Mobility of the CsPbBr3/MoO3 NW and CsPbBr3 NW FETs with increasing duration of storage.

this phenomenon is possibly associated with the minimized
ionized impurity (acceptor) scattering as a result of the spatial
separation of the dopants from the carriers, which gives rise to
the increasing hole mobility for CsPbBr3/MoO3 core−shell
NWs at low temperatures.44 More detailed investigations are
still needed to elucidate the atomic scale mechanisms and
theoretical limits of carrier mobilities in perovskite core−shell
NW devices in the future.
After the successful demonstration of enhanced FET
performance through surface doping, the photodetection
performance of CsPbBr3/MoO3 core−shell NW devices was
also investigated. The photodetection measurements were
carried out using a 532 nm light source with a constant
incident power density (P) of 1 mW/cm2 under ambient
conditions. It is profound that the photocurrent of the CsPbBr3
device is greatly increased by 8× (from 5 to 40 nA) after
decorating with the 5 nm thick MoO3 shell layer (Figure 3g).
This is mainly because the MoO3 decoration can eﬀectively
increase the nh value of CsPbBr3 devices without introducing
any impurity scattering centers; hence, the mobility as well as
photocurrent collection are signiﬁcantly improved. Anyway, all
devices exhibit excellent reliability in repeated on/oﬀ switching
measurements at a chopping frequency of 0.2 Hz (Figure 3h).
On the other hand, responsivity (R) and external quantum
eﬃciency (EQE) are other key parameters to quantify the
device performance of photodetectors. They are deﬁned as R =
Ilight/(PA) and EQE = (Ilight/e)/(PA/hν), where A, e, and hν
are the eﬀective irradiated area, electronic charge, and energy
of an incident photon, respectively. It is worth mentioning that
the simple MoO3 decoration on CsPbBr3 NW devices can
improve their R values from 3.33 × 102 to 2.36 × 103 A/W and
EQE from 7.78 × 104% to 5.48 × 105%, accordingly, which
outperform most of the reported low-dimensional perovskite
photodetectors (Table S2). Also, the fast optical response is
critical for optoelectronic devices, where the response is highly
dependent on the eﬃcient charge transport and collection of

doping would not introduce any impurity atoms into the host
crystal lattice, thereby reducing the carrier scattering centers.24
Due to the spatial separation of the dopants from the carriers,
the corresponding ionized impurity (acceptor) scattering is
completely minimized, which gives the superior hole mobility
for CsPbBr3/MoO3 core−shell NWs. (3) With the rational
design of core−shell NW conﬁguration, the defect-free single
crystalline nature of the VLS-grown CsPbBr3 NW core as well
as the chemically stable MoO3 shell would guarantee improved
intrinsic device performance without any performance
degradation induced by external environmental factors.
To further investigate the fundamental charge transport
properties of individual perovskite core−shell NWs, temperature dependent electrical measurements of the NW devices
were carried out and compiled in Figure S18. In speciﬁc, there
are two diﬀerent temperature regimes identiﬁed from the
distinct slopes in the mobility (μ) versus temperature plots,
which are analyzed by ﬁtting a typical power law behavior of μ
∼ T−γ. In the high-temperature regime (150 K < T < 298 K),
the exponent γ values are found to be roughly the same for
both CsPbBr3/5 nm MoO3 NW and CsPbBr3 NW devices,
which means that there are similar thermally activated carrier
transport processes in these NW devices. In fact, consistent
phenomena have also been reported in a similar temperature
regime, where the charge transport in lead halide perovskites is
dominated by the ion migration, polarization disorder of A-site
cations and phonon scattering.43,44 In the low-temperature
regime (78 K < T < 150 K), the CsPbBr3 NW device shows a
nearly saturated mobility while the CsPbBr3/5 nm MoO3 NW
device demonstrates increasing mobility with decreasing
temperatures. This observation suggests that ion migration,
polarization disorder, and phonon scattering have insigniﬁcant
inﬂuence on the carrier transport, where other processes (e.g.,
ionized impurity scattering) become dominant limiting factors
in this low-temperature regime. From a viewpoint of the
surface charge transfer doping process developed in this work,
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Figure 5. SEM images of (a−d) the CsPbBr3/MoO3 core−shell NW and (e−h) the pristine CsPbBr3 NW with diﬀerent durations of storage.
Scale bars are 1 μm. Confocal PL mapping of (i−l) the CsPbBr3/MoO3 core−shell NW and (m−p) the pristine CsPbBr3 NW with diﬀerent
durations of storage. Scale bars are 2 μm. Insets in (i)−(p) show the corresponding optical images.

460 to 400 nA) and μh (from 13.3 to 10.6 cm2/(V s)) are
observed for the CsPbBr3/MoO3 core−shell NW FET. In
contrast, the transistor performance of the pristine CsPbBr3
NW device is almost completely degraded after storing in the
same conditions for 7 days (Figure 4d). The normalized μh of
NW devices for diﬀerent durations of storage under 65%
relative humidity are presented in Figure 4e. The CsPbBr3/
MoO3 core−shell NW devices show excellent long-term air
stability, maintaining more than 80% of their initial mobility
after 7 days, whereas the control devices based on pristine
CsPbBr3 NWs show severe performance deterioration. This
stability test highlights the surface passivation of CsPbBr3 NWs
with MoO3 shells being extremely crucial for the long-term
device stability against ambient conditions.
To further assess the morphology evolution of pristine
CsPbBr3 NWs and CsPbBr3/MoO3 core−shell NWs under air
exposure, detailed SEM studies were carried out on these two
kinds of NW samples with diﬀerent storing times. As opposed
to the structural integrity of CsPbBr3/MoO3 core−shell NWs
under long-time air exposure (Figure 5a−d), the pristine
CsPbBr3 NWs were found to experience severe morphological
deterioration with time. For example, after storing the pristine
CsPbBr3 NWs in air for 10 days, the NW surface was
roughened (Figure 5f), which represents emerging structural
degradation. After prolonging the storing time to 20 days
under the same condition, pronounced structural collapse of

devices. Figure 3i shows the temporal photoresponse of the
CsPbBr3/MoO3 core−shell NW device at a chopping
frequency of ∼800 Hz. To bypass the smallest signal interval
time (>ms) collected by the semiconductor parameter analyzer
(Agilent 4155C), we design a photoresponse measurement
circuit (Figure S19). Speciﬁcally, the light-induced current
signals are ﬁrst converted into voltage signals by a current
ampliﬁer, and then a digital oscilloscope is used to directly
examined these dense voltage signals. The response times (i.e.,
rise time and fall time, tr and tf), determined as the time for the
photocurrent to vary from 10% to 90% of the peak voltage
signal and vice versa, are found to be 230 and 280 μs,
respectively. All these results clearly demonstrate an excellent
performance enhancement for surface-functionalized perovskite NW photodetectors.
Surface functionalization using MoO3 shells not only can be
used to improve the electrical performance of low-dimensional
halide perovskites but also has great potential to suppress the
material degradation against ambient conditions (Figure 4a
and b). To this end, the air stability of CsPbBr3/MoO3 core−
shell NW FETs is thoroughly investigated by storing the
devices under humid atmosphere (with a controlled relative
humidity of 65% at room temperature). The representative
transfer curves of diﬀerent devices with diﬀerent durations of
storage are shown in Figure 4c (more transfer curves shown in
Figure S20). After storing for 7 days, slightly reduced Ion (from
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Figure 6. (a) TEM and (b, c) HRTEM images of the CsPbBr3/MoO3 core−shell NW after 30 days of air exposure. (Inset of a) TEM image of
the CsPbBr3/MoO3 core−shell NW before air exposure test. (d) TEM and (e−h) HRTEM images of the pristine CsPbBr3 NW after 30 days
of air exposure. (Inset of d) TEM image of the pristine CsPbBr3 NW before air exposure test. (i) Diameter distribution of PbBr2
nanoparticles that generated on the pristine CsPbBr3 NW after 30 days of air exposure.

conditions (Figure 5m−p). With the extended storing time,
the PL mappings of CsPbBr3 NWs were found to be partly
darkened (Figure 5n and o, after 10 and 20 days) and then
fragmented (Figure 5p, after 30 days). Overall, the PL mapping
changes are perfectly consistent with the morphology evolution
of NWs with diﬀerent storage duration, again highlighting the
passivation function of MoO3 shells to CsPbBr3 NW cores.
In this case, in order to study the structural degradation of
NWs under environmental exposure, electron microscopy is
employed to capture important nanoscale changes in their
morphology and crystal structure. For pristine CsPbBr3 NWs,
after storing in ambient conditions for 30 days, the surface
roughening phenomenon is evidently witnessed in the TEM
image (Figure 6d). Also, dark contrast regions with an average
diameter of ∼3 nm appear on the NW surface (Figure 6e and
f). These morphological changes directly indicate that the
surface degradation and phase separation occurred during
ambient exposure. The corresponding HRTEM images in
Figure 6g and h further reveal that these dark contrast regions
correspond to the (211) lattice spacing of PbBr2 (JCPDS No.

the NW was observed as illustrated in Figure 5g. With the
storing time extended to 30 days, the CsPbBr3 NW became
partly broken into short segments (Figure 5h). This
distinctively diﬀerent morphology evolution between pristine
CsPbBr3 NWs and CsPbBr3/MoO3 core−shell NWs obviously
shows that the MoO3 shell passivation is an eﬀective strategy
to improve the ambient stability of perovskites by forming
kinetic barriers against the diﬀusion of moisture and/or
atmospheric oxygen.
Apart from the SEM studies with diﬀerent storing times,
confocal photoluminescence (PL) mapping, a kind of nondestructive characterization technique, was also performed to
evaluate the perovskite material decomposition. With the
protection of the MoO3 shell, complete and uniform PL signals
can be found on the entire CsPbBr3/MoO3 core−shell NW
body even after placing it in air for 30 days (Figure 5i−l). To
some extent, this can as well prove the coverage uniformity of
the MoO3 shell. On the contrary, the pristine CsPbBr3 NWs
without any MoO3 passivation exhibit substantially diﬀerent
PL mapping evolution with time under the same storage
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mixed together with a molar ratio of 2:1 and then annealed at 430 °C
for 30 min before placing them into the tube furnace. In a typical twozone chemical vapor deposition (CVD) system, the heating
temperature of the CsPbBr3 source powder was 440 °C, while the
growth substrates were placed into a low-temperature zone with the
temperature setting of 310 °C. During the VLS growth process, mixed
argon (80 sccm)/hydrogen (15 sccm) gas was used as the carrier gas,
and the growth pressure was set to 1.2 Torr. After a growth duration
of 180 min, CsPbBr3 NWs with a length of 20−30 μm were obtained
on the growth substrate. After NW growth, the samples were
immediately moved to a thermal evaporation equipment, to avoid
contamination as much as possible. To deposit MoO3 shells, thermal
evaporation under high vacuum with a nominal deposition rate of 0.5
Å/s was utilized, where the thickness of the MoO3 layer is directly
proportional to the deposition time.
Material Characterization. Scanning electron microscopy (SEM,
Philips XL30) and transmission electron microscopy (TEM, Philips
CM-20) were used to examine the morphologies of NWs. The crystal
structures were determined by high-resolution TEM (HRTEM, JEOL
2100F) and with a Philips powder diﬀractometer. An energy
dispersive X-ray (EDS) detector attached to JEOL 2100F was used
to perform elemental mappings. To realize the elemental and
chemical analysis of samples, ultraviolet photoelectron spectroscopy
(UPS) as well as X-ray photoelectron spectroscopy (XPS) were
employed by using a Thermo ESCALAB 250Xi system.
Device Fabrication and Characterization. Field-eﬀect transistors with bottom-gate top-contact structure were fabricated on p+Si/SiO2 substrates (270 nm thick thermally grown oxide). To make
CsPbBr3 NWs lie down on the substrate, a contact transfer method
was used to separate the NWs from the growth substrates. After that,
a shadow mask with channel lengths of 10 μm was used to deﬁne the
source and drain regions, and then 50 nm thick Au electrodes were
deposited by thermal evaporation. FET device characterizations were
performed in the dark using an Agilent 4155C semiconductor
analyzer and a standard electrical probe station in atmosphere. To
calculate ﬁeld-eﬀect mobility, the threshold voltage was extracted
from the slope and x-axis intercept of the transfer curves, while the
gate capacitance was obtained from COMSOL software using a
cylinder-on-plane model. For photodetection measurements, a 532
nm laser diode was used as the light source, while a power meter
(PM400, Thorlabs) was used to measure the incident light power.

31-0679, Pnam(62)). The weak PbBr2 diﬀraction peak is also
found in the XRD pattern of pristine CsPbBr3 NWs after
storage in air for 30 days (Figure S21). In fact, there is no
evidence of CsBr crystals found in HRTEM images as well as
XRD patterns. This observation is possibly associated with the
diﬀerent chemical bonding between Cs cations and Br anions
as compared with that between Pb cations and Br anions. For
example, based on a theoretical study about halide perovskites,
the main type of bond between Cs and Br is ionic bonds, while
it is mainly covalent bonds between Pb and Br.45 This way, due
to the chemical bond theory together with the diﬀerent
formation energy of PbBr2 and CsBr, we speculate that the
environmental factors trigger the structural degradation,
collapsing the framework structure and accelerating the
decomposition of CsPbBr3 into nanocrystalline PbBr2 and
amorphous CsBr.46−48 The decomposition and recrystallization of CsPbBr3 into its starting material of PbBr2 is anticipated
to be driven by the organization of the system into an
energetically favorable state through environmental factor
induced elemental diﬀusion.48−50 As a result, the morphological deterioration and presence of the PbBr2 decomposition
product under ambient exposure would have a fatal impact on
the device performance. Impressively, for the CsPbBr3/MoO3
core−shell NWs, there is no observable morphological change
found under the same storage conditions due to the complete
surface passivation of the MoO3 shell (Figure 6a and b). In
particular, as shown in the HRTEM image in Figure 6c, the
CsPbBr3/MoO3 core−shell NW keeps its clear lattice fringes
that correspond to the cubic CsPbBr3 crystal. There are no
PbBr2 nanoclusters observed on the core−shell NW surface,
which is in perfect agreement with the XRD result (Figure
S22). Thus, the intact morphology as well as the stabilized
crystal structure guarantee the enhanced environmental
stability of FET devices and thereby their outstanding device
performance.

CONCLUSIONS
In summary, eﬀective surface charge transfer doping of VLSgrown single-crystalline CsPbBr3 NWs via surface functionalization with MoO3 shell is reported. Utilizing this surface
doping scheme, the interfacial hole injection into CsPbBr3 NW
cores would provide a high-eﬃciency modiﬁcation to their
electrical properties, manipulating the conductivity from
ambipolar to dominant p-type and even all the way to metallic
characteristics. In addition, given by the ultra-high nh and
reducing ionized impurity scattering, the hole mobility of
CsPbBr3 NW FETs is signiﬁcantly enhanced to 23.3 cm2/(V s)
after 10 nm thick MoO3 modiﬁcation, indicating a highly
improved hole transport of CsPbBr3/MoO3 core−shell NWs.
Importantly, the enhanced environmental stability of devices
against ambient conditions is also demonstrated as a result of
the excellent passivation provided by the MoO3 shell. All these
ﬁndings can clearly indicate the surface charge transfer doping
as an enabling technology to realize high-performance and airstable perovskite nanomaterials based electronics and optoelectronics.
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