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The polarization characteristics of ultrathin CsPbBr3 nanowires are investigated. Especially, for the height of cross-
section of nanowires between 2 nm and 25 nm, the normalized intensity and polarization ratio p of CsPbBr3 nanowires with
triangular, square and hexagonal cross-section shapes are compared. The results show that, along with the increase of the
height of cross-section, the polarization ratios of these three nanowires decrease until 7 = 15 nm, and increase afterwards.
Also, along with the increase of the cross-section area up to 100 nm?, the polarization ratios of these three nanowires
increase too. In general, for the same height or area, the polarization ratio p of these nanowires follows Phexagon > Psquare >
Ptriangle- Therefore, the nanowire with the hexagonal cross-section should be chosen, where for a cross-section height of
2 nm and a length-height ratio of 20 : 1, the maximal polarization ratio is 0.951 at the longitudinal center of the NW. Further,
for the hexagonal NW with a cross-section height of 10 nm, the hexagonal NW with a length-height ratio of 45 : 1 exhibits
the maximal polarization ratio at the longitudinal center of the NW. These simulation results predict the feasible size and
shape of CsPbBr3 nanowire devices with high polarization ratios.
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1. Introduction

All-inorganic metallic halide perovskites such as CsPbX3
(X = Cl, Br, I) have attracted great attention due to their
superior optical properties,!?! e.g., great charge transport
properties, >4 high quantum yield!>-%! and acceptable stabil-
ity in comparison to organic perovskites.!”! Thanks to these
advantages, nanocrystals (NCs),[®°1 nanorods (NRs)!%!1]
and nanowires (NWs) based on this material have been
Among them, CsPbBrz NWs
have easy-to-design dimensions and well-defined structural

designed and prepared.

anisotropy. Theoretically, optical devices with a high struc-
tural anisotropy exhibit excellent anisotropic photoelectric
properties.!'?l Therefore, CsPbBr; NWs can also exhibit
strong polarization-dependent light emission, absorption, and
photoconductivity.['3! In addition, CsPbBr; NW arrays with
small lateral dimension (e.g., below 20 nm) and well-aligned
structure would be very promising for optoelectronic and dis-
play applications due to their significant polarization sensitiv-
ity.

In recent years, considerable efforts have been made to
fabricate all-inorganic CsPbBr3 perovskite NWs.l415] The
solvothermal method is the most common one used to syn-
thesize 1D perovskite NWs. 116,171 Baged on this method, NWs
with uniform morphology can be prepared by adjusting the

ratio of raw materials and experimental process parameters.
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However, the defect state and carrier recombination on the
surface destroy the stability of NWs. Also, it is still prob-
lematic to fabricate perovskite NWs in the form of arrays,
which is critical for the practical devices with a large area.
These prevent their industrial application. The CVD method
has been applied to fabricate the perovskite NW arrays. ]
The so-fabricated perovskite NW arrays showed good polar-
ization characteristics for a cross-section height of 15 nm.
However, the perovskite NW arrays still tend to decompose
in air. Besides, there have been some realizations of vertical
perovskite NW arrays inside anodized aluminum oxide (AAQO)
templates.[!8-291 Using the AAO template can effectively pre-
vent the lateral diffusion of water and oxygen molecules, and
thus improve the stability of NWs. However, the geometries
of NWs are limited to the pores of AAO template, whose di-
mension is usually in a range of tens nm and vertical. Thus, it
is difficult to fabricate the horizontal and ultrathin perovskite
NW arrays. In addition, the AAO cannot bring the photoelec-
tric gain to the prepared NWs. 20

Recently, a novel strategy has been proposed to synthe-
size perovskite materials with the help of porous MOFs, [21:2%]
In this strategy, the ionic compositions of perovskite are firstly
encapsulated in the MOF pores; then, the metal sites of MOF
can adsorb ionic compositions of perovskite at specific po-
sitions and restrict the growth of ionic compositions of per-
ovskite along the pore direction through the steric hindrance
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effect of the pore; finally, the perovskite quantum dots are
synthesized while being confined in the MOF pores. In this
way, the MOF pores provide effective surface passivation for
perovskite quantum dots, thus reducing the surface defects of
the generated perovskite quantum dots. In addition, compared
with perovskite materials, MOFs have good chemical, ther-
mal and water stability.[>>->3] Thus, such perovskite quantum
dot@MOF composites can exhibit not only excellent fluores-
cence quantum efficiency but also improved stability. > In
fact, such a strategy has been successfully adopted to fabricate
other quantum dot@MOF and dye@MOF composites.!26-27]
Furthermore, lots of MOFs have highly ordered channels, e.g.,
MOFEF-5, MOF-TED, MOF-74, etc. The ordered channels of
these MOFs can orientate the quantum dots, dyes and poly-
mers via the electrostatic adsorption and steric effect,!?+28]
when they are encapsulated in the MOF channels. These com-
posites have shown quite impressive polarized luminescence
characteristics.[2%391 Therefore, it can be inferred that, if the
CsPbBrs NWs are synthesized in the MOF channels, they can
exhibit not only the highly polarized luminescence but also
the improved stability by mitigating the influence of water and
oxygen. In addition, the periodically structure of the MOF
channels can further construct the ordered CsPbBr; NW array.
However, due to the morphology diversity of the MOF chan-
nels, the appropriate structure parameters and morphology of
CsPbBrs NWs with good polarization characteristics are not
clear.

In this work, ultrathin CsPbBr; NWs with hexagonal,
square and triangular cross-section shapes are modelled, and
their polarization characteristics are analyzed via the simula-
tion with the finite difference time domain (FDTD) method.
Under an excitation light, the normalized intensities of the
light coupled into respective NWs are calculated, when the
polarization direction of the excitation light is in parallel with
or perpendicular to the longitudinal direction of NWs. The po-
larization ratios of the NWs are calculated by comparing the
normalized intensities coupled into the NWs for the excitation
light at two orthogonal states of polarization. The polariza-
tion characteristics of these morphologically different NWs
are compared for the same height or area of cross-section.
Also, the influence of the length-height ratio of the NW on
its polarization characteristics is analyzed.

2. Structure and simulation
2.1. The structure of CsPbBr; NW

Because MOFs with different channel shapes such as
triangular,*! square[*? and hexagonal>}! have been reported,
the cross-section shapes of CsPbBr; NWs are chosen to be tri-
angular, square and hexagonal for comparison. The structure
of the CsPbBr3 NW is schematically shown in Fig. 1. The

height of the cross-section is 7', the area of the cross-section is
S and the length of the NW is L. The length-height ratio (LHR)
is defined as the ratio between the length and height of the NW.
The refractive index of CsPbBr; NWs is set as 2.36.11533] A
polarized continuous wave (CW) light at 405 nm is used as the
excitation light.

Polarlzed light
405 nm, CW

53

CsPbBr3 nanowires

Fig. 1. CsPbBrz NW with triangular, square and hexagonal cross-
section shapes, where the height and length of NWs are T and L re-
spectively. The NWS are excited from the top with a polarized CW
light at the wavelength of 405 nm.

2.2. Characterization method

As pointed in Ref. [34], the emission anisotropy of the
light out of low-dimensional semiconductor nanostructures is
mainly caused by the dielectric confinement of optical elec-
tric field in these structures, namely, the dielectric mismatch
In fact,
the quantity of the emission light is mostly decided by the

between high dielectric NWs and surrounding air.

quantity of the excitation light coupled into such structures.
Therefore, to obtain optimal morphology parameters with bet-
ter anisotropic photoelectric properties, the anisotropy of the
excitation light coupled into ultrathin CsPbBr; NWs with dif-
ferent cross-section shapes and sizes are investigated.

To characterize the anisotropy of the excitation light cou-
pled into the CsPbBr; NWs, the normalized intensity of exci-
tation field coupled into the NWs and the polarization ratio of
the NWs are introduced. The normalized intensity I coupled
into the NWs defined on the cross-section plane (x—y plane
shown in Fig. 1) can be expressed as

/ E|E{dxdy
S

[ B
/ EoE;dxdy
S

ey

where Ej is the electric field distributed on the x—y plane with-
out the NWs, Ej is the electric field coupled into the NWs on
the same plane, and the integral region S is the cross-section
of CsPbBrs NWs.
be calculated by comparing the normalized intensities coupled

The polarization ratio p of the NWs can

into the NW for the excitation light at two orthogonal states of
polarization, 13!
4=
I +1, ’

@
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where /| and I, are the normalized intensities coupled into the
NWs when the polarization direction of the excitation light is
in parallel with and perpendicular to the longitudinal direction
of NWs, respectively.

3. Results and discussion
3.1. CsPbBr; NWs with same height

The electric field distribution on the cross-section plane
are firstly simulated for the CsPbBrz NWs with different cross-
section shapes but a same height 7 = 10 nm, shown in Fig. 2,
where the angle 6 between the polarization direction of the
excitation light and the longitudinal direction of NWs is 0°
(Eoe, upper panel) or 90° (Egg-, bottom panel), respectively. It

should be noticed that the minimal height of 2 nm is chosen in
view of the reported value of 2.2 nm for CsPbBr; NWs.[14] Tt
can be seen that the excitation fields coupled into the NWs are
lower than the incident excitation fields, especially when the
polarization direction of the excitation light is perpendicular to
the longitudinal direction of NWs (8 = 90°). The difference
between the electric fields inside and outside the NWs is small
for all of three different cross-section shapes when the polar-
ization direction of the incident excitation light is in parallel
with the longitudinal direction of NWs (6 = 0°), as shown in
Fig. 2(a). In comparison, for 8 = 90° shown in Fig. 2(b), the
electric field is very different inside and outside the NWs, and
only a little excitation light is coupled into the NWs for all
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Fig. 2. (a) and (b) The electric field distributions on the cross-section plane of CsPbBr; NWs with the triangular, square and hexagonal
cross-section, when the angle 6 between the polarization direction of the excitation light and the longitudinal direction of NWs are 0° and 90°.
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Fig. 3. Normalized intensities on three cross-sections versus the height of NWs. Panels (a) and (b) are the cases of the polarization direction of
the excitation light is in parallel with and perpendicular to the longitudinal direction of NWs.

The coupling efficiency of an excitation light into NWs
can be quantitatively expressed with the normalized intensity.
Figure 3 shows the normalized intensities coupled into the
NWs versus the height of cross-section of the CsPbBr; NWs
with different cross-section shapes. It can be seen that for three
different NWs the normalized intensities at & = 0° are higher

than those at 8 = 90°. It can also be seen that for two polar-
ization directions of the excitation light, the normalized inten-
sities on three cross-sections of the NWs increase with the in-
crease of the height 7. This is because the cross-section area of
NW increases with the increase of the height 7', and more ex-
citation light is coupled into the NW accordingly. For 6 = 0°,
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the coupling efficiency namely the normalized intensities on
three cross-sections of the NWs are almost same at smaller
height values and show a little difference at larger height val-
ues, as shown in Fig. 3(a). On the other hand, the coupling ef-
ficiency is obvious different in the case of 6 = 90°. As shown
in Fig. 3(b), the normalized intensities increase rapidly when
T < 15 nm, and increase slowly when 7" > 15 nm. Especially,
the normalized intensity on the triangular cross-section is the
highest among these three cases at 8 = 90°. It is because the
electric field at the bottom of the triangular cross-section is
stronger than those of other two cases, as shown in Fig. 2(b).
In fact, it can be seen that the NW with triangular cross-section
has a lower structural anisotropy. Concretely, the bottom edge
of the triangular cross-section is longer and narrower than that
of other two cross-sections, and the electric field of the x—y
plane in the former case is less affected by the dielectric con-
finement effect. Thus, more excitation light can be coupled
inside the bottom of the triangular cross-section.

Figure 4 depicts the polarization ratio of CsPbBr; NWs
with different cross-section shapes versus the height of cross-
section. It can be seen that along with the increase of the
height the polarization ratios of these three NWs decrease un-
til 7 = 15 nm, and increase afterwards. The reason for that
is the much faster increase of the normalized intensities for
6 = 90° with the increase of the height 7" until 15 nm, as shown
in Fig. 3(b), while the normalized intensities increase slowly
after T = 15 nm. Among these three cross-section shapes,
the NWs with the square and hexagonal cross-section shapes
have higher polarization ratios than the triangular one. This
is mainly due to the fact that the normalized intensity on the
triangular cross-section is relative higher than those on other
two cross-sections when 6 = 90°, while the normalized inten-
sities on three cross-sections are almost large when 6 = 0°.
In addition, the NW with the hexagonal cross-section has a
little higher polarization ratio. It might be attributed to the lit-
tle smaller area of the hexagonal cross-section with the same
height. In addition, when the height 7 = 15 nm and 25 nm, the
experimentally measured polarization ratios of the CsPbBr3
NWs with the triangular cross-section from Ref. [15] are de-
picted as the dashed ranges in Fig. 4. It should be noticed that
the measured polarization ratios are larger than the simulated
values of the triangular NW, but smaller than the simulated
values of the square or hexagonal NW. This would reflect the

truth that the cross-section of the NW prepared experimentally
was not an ideal triangle, and more or less tended to square or
hexagon. Therefore, the comparison with the experiment re-
sults validates the simulation results of this work.
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Fig. 4. Polarization ratio of CsPbBrs NWs for different heights of the
cross-section, where the length-height ratio is 20 : 1. At the height of
15 nm and 25 nm, the dashed ranges scale out the experimentally mea-
sured polarization ratios of CsPbBr; NWs with the triangular cross-
section from Ref. [15].

3.2. CsPbBr; NWs with same area

To further investigate the polarization characteristics be-
tween the NWs with different cross-section shapes, the nor-
malized intensities on the cross-section plane and the cor-
responding polarization ratios of these NWs with the same
cross-section area S are compared, as shown in Fig. 5. It can be
seen that for two polarization directions of the excitation light,
the normalized intensities on three cross-sections of the NWs
increase with the increase of the cross-section area S. Also,
up to a cross-section area S = 100 nm?, the polarization ra-
tios of these three NWs increase with the decrease of the area.
Again, for 6 = 90° shown in Fig. 5(b), the normalized inten-
sity, namely, the coupling efficiency on the triangular cross-
section is larger than those on other two cross-sections with the
same cross-section area, while for 6 = 0° shown in Fig. 5(a)
the normalized intensities on these three cross-sections with
the same cross-section area are almost large. This leads to the
result that the polarization ratio of the NW with the triangular
cross-section is lower than those of other two cases, as shown
in Fig. 5(c). Another detail in Fig. 5(c) is that the polarization
ratio of the NW with the hexagonal cross-section is in general
larger than those of other two cases.
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Fig. 5. Normalized intensities on three cross-sections versus the cross-section area of NWs. Panels (a) and (b) are the cases of the polarization
direction of the excitation light is in parallel with and perpendicular to the longitudinal direction of NWs. (c) Polarization ratio of CsPbBr3

NWs for different cross-section areas. The length-height ratio is 20:1.
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3.3. Hexagonal NWs with different length-height ratio

In this section, the normalized intensities on the cross-
section plane and the corresponding polarization ratio of the
hexagonal NW for different length-height ratios (LHRs) are
calculated and shown in Fig. 6, where the height of cross-
section is 10 nm. It should be noticed that the normalized in-
tensities are calculated for the cross-section at the central point
(z=0) of NW. It can be seen that for 6 = 0°, the normalized in-
tensity of the cross-section increases with the increase of LHR
until LHR = 30:1, then decreases afterwards. For 6 = 90°, the
normalized intensity of the cross-section decreases with the
increase of LHR until LHR =45:1, then increases afterwards.
These variations lead to a maximal polarization ratio of the
hexagonal NW when LHR =45:1.
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Fig. 6. Normalized intensities coupled on the cross-section at the cen-
tral point (z = 0) of the hexagonal NW for different length-height ratios
(LHR), and the corresponding polarization ratio, where the height of
cross-section is 10 nm.
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To understand the variation of the normalized intensi-
ties and the polarization ratio, the distributions of the electric
field along the longitudinal direction of the NW with different
LHRs are shown in Fig. 7. It should be noticed that the lon-
gitudinal section plane is the x—z plane in the middle height of
the NW. It can be clearly seen that the electric fields along the
x-axis are different for different LHRs. It is due to the interfer-
ence construction along the longitudinal direction inside the
NWs, which is mainly induced by the reflection of the electric
field at the end facets of NWs. At the end facets, the E, com-
ponent is continuous and the E, component is discontinuous
due the dielectric difference between the CsPbX3 material and
the air. For 6 = 0°, the amplitude of E, component is much
larger than that of E, component. Therefore, considerable re-
flections occur at both end facets, resulting in a considerable
interference along the longitudinal direction of NW. In particu-
lar, when the LHR of NW is 30:1, the constructive interference
occurs at z = 0, resulting in a maximal electric field and nor-
malized intensity on the cross-section. In addition, it can be
seen that when the LHR of NW is 60:1, the constructive inter-
ferences occur at z = 200 nm. In comparison, for 6 = 90°,
E, is the main component of the electric field, but is weak due
to the weak coupling. Therefore, although there are certain
reflections on both end facets, the interference construction in
the NW is weak, where the electric field reaches the minimum
when the LHR =45:1.

LHR 60:1 500 LHR 80:1

300F

1008 100F

—100F

Fig. 7. Distribution of the electric field on the longitudinal section plane of NW with different LHRs when the angle 6 between the polarization
direction of the excitation light and the longitudinal direction of NWs are (a) 0° and (b) 90°, where the LHR is (I) 20:1, (II) 30:1, (III) 45:1,
(IV) 60:1, and (V) 80:1. The dashed frame indicates the longitudinal section of NW in the middle of the height.
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4. Conclusion and perspectives

This work presents a simulation study of the polariza-
tion characteristics of ultrathin CsPbBrz NW with triangular,
square and hexagonal cross-section shapes. The simulation re-
sults show that, along with the increase of the height of cross-
section from 2 nm to 25 nm, the polarization ratios of these
three nanowires decrease until 7 = 15 nm, and increase af-
terwards. Also, along with the increase of the cross-section
area up to 100 nm?, the polarization ratios of these three NWs
increase too. In general, for the same height or area, the polar-
ization ratios of these NWs follow phexagon > Psquare > Prriangle-
Therefore, the NW with the hexagonal cross-section should be
chosen, where for a cross-section height of 2 nm and a length-
height ratio of 20:1, the maximal polarization ratio is 0.951.
Further, the polarization characteristic of the hexagonal NW
with a cross-section height of 10 nm and different LHRs is
compared. The result shows that when the LHR is 45:1, the
hexagonal NW exhibits the maximal polarization ratio at the
longitudinal center of the NW.

It should be commented that the choice of a hexagonal
cross-section of NW is reasonable. As reported in Ref. [23],
the IRMOF-74 with 1D hexagonal channel has been real-
ized and the pore apertures can be expanded from 1.4 nm to
9.8 nm by adjusting the ligand. Besides, reported in Ref. [21],
the procedure encapsulating the perovskite quantum dots in
MOF via a two-step reaction has blazed a path to construct
perovskite NWs in the MOF channels, where the solvother-
mal method is applicable for both perovskite and MOF. It
should be noticed that, to be applied to optical devices such
as light emitters and photoelectric converters, the CsPbBr;
NWCMOF should be prepared into composite films. In ad-
dition, for other bandgap semiconductor materials, their po-
larization characteristics could be influenced by the follow-
ing factors: (1) the dielectric confinement of bandgap semi-
conductors; (2) the geometric features of bandgap semicon-
ductors, including cross-section shape, cross-section height,
cross-section area and length-height ratio; and (3) the prepara-
tion methods of bandgap semiconductors. Their specific polar-
ization characteristics need detailed analysis and discussion,
which are out of scope of this work.

Above discussions demonstrate the possibility to con-
struct ultrathin CsPbBrz NW in the hexagonal channel of
mesoporous MOF and the feasibility of strong polarization
characteristics of CsPbBr; NWCMOF composite film, al-
though the encapsulation of CsPbBrz NW array into the MOF
channels is still in embryo, which will be our focus for the next
work.
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