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Abstract: The development of large-scale,  high-quality ferroelectric  semiconductor  nanowire

arrays  with  interesting  light-emitting  properties  can  address  limitations  in  traditional  wide-

bandgap ferroelectrics, thus serving as building blocks for innovative device architectures and

next-generation  high-density  optoelectronics.  Here,  we  investigate  the  optical  properties  of

ferroelectric  CsGeX3 (X =  Br,  I)  halide  perovskite  nanowires  that  are  epitaxially  grown on

muscovite mica substrates by vapor phase deposition. Detailed structural characterizations reveal

an  incommensurate  heteroepitaxial  relationship  with  the  mica  substrate.  Furthermore,

photoluminescence that can be tuned from yellow-green to red emissions by varying the halide

composition  demonstrates  that  these  nanowire  networks  can  serve  as  platforms  for  future

optoelectronic applications. In addition, the room-temperature ferroelectricity and ferroelectric

domain structures of these nanowires are characterized using second harmonic generation (SHG)

polarimetry.  The combination of room-temperature ferroelectricity with photoluminescence in

these nanowire arrays unlocks new avenues for designing novel multifunctional materials.

Perovskites  have emerged as a  compelling  class  of material  candidates  that  exhibit  versatile

applications in electronics,  photonics and optoelectronics.1–4 One of their  appeals lies in their

high tunability and ability to realize the coexistence of two or more crucial functionalities within

a  single  perovskite  material.5,6 Ferroelectricity,  wherein  the  material  exhibits  a  spontaneous

electric polarization that is tunable by external electric fields, is one such important functionality

and has long garnered tremendous interest for nanoelectronics and non-volatile memory devices

applications.7–11 Conventional  ferroelectrics,  including  the  perovskite  oxides,  are  typically

insulators with low carrier mobility, wide band gaps (3-5 eV) and no luminescence, thus limiting
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their applications in various optoelectronic technologies.12–14 Therefore, the prospect of designing

a  material  capable  of  serving  as  both  a  ferroelectrics  and  a  semiconductor  with

photoluminescence (PL) and unique optical properties can overcome the inherent constraints of

traditional  ferroelectrics  and  hold  promise  for  advancing  multifunctional  nanodevice

applications,  such as electric  field control  of  luminescence properties  and contactless  optical

reading of the ferroelectric state.15 

Among the perovskites, CsGeX3 (X = Cl, Br, I) draws special attention as it is the only class of

inorganic  halide  perovskites  with  a  non-centrosymmetric  crystal  structure,16,17 giving  rise  to

ferroelectric properties first experimentally evidenced in our prior report.18 The ferroelectricity of

CsGeX3 is attributed to the stereochemical activity of the 4s2 lone pair in Ge(II), thus promoting

atomic displacement of the metal cation in the <111>pc (pc: pseudo-cubic) direction to form

electric dipoles and breaking the centrosymmetry of the crystal structure. Furthermore, CsGeX3

exhibits  suitable  bandgaps  in  the  visible  region  (1.6  to  3.3  eV),18 setting  it  apart  from the

extensively  studied  wide-bandgap  insulating  oxide  ferroelectrics.  Thus,  combining

ferroelectricity  with  visible  light-absorbing  and  light-emitting  properties  of  a  photoactive

semiconductor  material  creates  opportunities  to  realize  additional  functionalities,  with  light

utilized  to  harness  unconventional  physical  phenomena.  In  addition,  the  ability  to  design

ferroelectric semiconductors in low-dimensional forms can further introduce unique light-matter

and electronic interactions,19–22 thereby facilitating the crucial development of cutting-edge next-

generation  microelectronics  and  novel  device  architectures.19,22–26 Particularly,  ferroelectric
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semiconductor nanowires have the potential to unlock a wide range of applications in areas such

as data storage memories,27,28 nanoscale photonics,29 and energy harvesting devices.30 

In  this  work,  we  investigate  the  successful  large-scale  epitaxial  growth  of  single-crystalline

CsGeX3 (X = Br, I) perovskite one-dimensional nanowires on muscovite mica substrates. The

nanowire  arrays  exhibit  precise  alignment  along  the  six  isoperiodic  directions  of  the  mica

substrates. The crystallographic orientation and epitaxial relationship of the nanowires with the

mica substrate are characterized. We also demonstrate their optical capabilities and potential as a

semiconductor  for  optoelectronic  devices  by  showcasing  yellow-green  and  red  emission  for

CsGeBr3 and CsGeI3 nanowires, respectively. Second harmonic generation (SHG) polarimetry is

further used as an indirect probe of the room-temperature ferroelectricity in these nanowires.

This  study  represents  a  significant  strive  towards  large-scale  preparation  of  well-aligned

ferroelectric  semiconductor  nanowire arrays that  are multifunctional  and highly desirable for

next-generation high-density optoelectronic devices and nanoelectronics. 

The epitaxial growth of CsGeX3 (X = Br, I) nanowires on muscovite mica was carried

out via a one-step chemical vapor transport (CVT) process (see Supplementary Methods for

more details regarding the experimental growth setup and conditions). Energy-dispersive X-ray

spectroscopic (EDX) measurements on these epitaxial nanowires confirmed the atomic ratio of

Cs:Ge:X  (X  =  Br,  I)  to  be  approximately  1:1:3  (Figures  S1  and  S2).  Scanning  electron

microscopy (SEM) and atomic force microscopy (AFM) images show that these nanowires have

an equilateral triangular cross-section (Figures 1A and 1B). The nanowires have large aspect
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ratios, with widths ranging from hundreds of nanometers to several microns and lengths from

hundreds of microns to millimeters (Figures S3 and S4). It is noteworthy that the nanowires

exhibit strong alignment in their growth directions, revealing a distinct six-fold symmetry that is

evident from the consistent 60o or 120o angles between pairs of interconnected wires. The aligned

growth  directions  of  these  nanowire  networks  suggest  a  strong  matching  with  the  pseudo-

hexagonal six-fold symmetry of the mica (001) surface. Figure 1C displays the symmetrical X-

ray diffraction pattern of CsGeBr3 nanowires grown on muscovite mica. The mica substrate can

be indexed to a monoclinic lattice and exhibits equally spaced diffraction peaks at 17.9o, 26.9o,

36.1o, and 45.5o, which corresponds to the exposed (00l) planes (a = 5.211 Å, b = 9.040 Å, c =

20.021 Å,   =   = 90o,   = 95.76o).  Meanwhile,  the CsGeBr3 nanowires display prominent

diffraction peaks at 22.06o, 22.54o, 44.99o, and 46.03o, corresponding to the (110), (101́), (220),

and (202́) planes of the rhombohedral CsGeBr3, respectively (space group:  R3m,  a =  b =  c =

5.635  Å,   =   =   =  88.74o).  The  dominance  of  these  peaks  suggest  that  the  [110]rh,  or

equivalently,  the  [110]pc direction  of  the  nanowires  is  the  out-of-plane  direction  that  is

perpendicular to the mica (001) plane. Raman spectra of CsGeBr3 nanowires grown on mica

exhibit distinct peaks at 91 cm-1, 138 cm-1, 163 cm-1, and 210 cm-1  which respectively correspond

to the A1 (TO+LO), E, A1 (TO), and A1 (LO) vibrational modes of the 3m symmetry reported in previous

studies,31 indicating that the epitaxial nanowires still maintain a local non-centrosymmetric unit

cell (Figure S5). 
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Figure  1.  Characterization  of  CsGeBr3 nanowires  epitaxially  grown on muscovite  mica

substrate. (A)  SEM images of CsGeBr3 nanowires grown on mica. Scale bar: 100  m. Inset

scale bar:  20  m.  (B) Representative AFM image and height  profile (inset)  of an individual

CsGeBr3 nanowire. Scale bar: 1  m.  (C) Symmetrical X-ray diffraction pattern of a region of

CsGeBr3 nanowires grown on muscovite  mica (yellow,  middle),  and muscovite  mica  (black,

top). Bottom gray graph represents the reference pattern for CsGeBr3 R3m structure (Inorganic

Crystal Structure Database #62558).  (D) X-ray CsGeBr3{200}pc (pc: pseudo-cubic)

pole figure revealing epitaxial relationship between mica and CsGeBr3 nanowires. (E) Schematic

illustration  of  the  CsGeBr3 nanowire growth  orientation  and  the  epitaxial

relationship on mica.  Bottom left  inset  represents  the  side  view  of  the

reconstructed  atomic  arrangement  of  the  CsGeBr3 nanowire  (yellow:  Cs,
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purple: Ge, brown: Br) on the (001) plane of mica (green: K, dark blue: Si,

light blue: Al, red: O, pink: H). Right inset represents the top view of such

arrangement and  the  proposed  incommensurate  epitaxial  relationship

derived from the pole figure in Figure 1D (Al, O, H atoms hidden from view).

The van der Waals epitaxial growth of CsPbX3 halide perovskites nanostructures on mica has

been well studied, 20,25,32–37 but to date there is currently no in-depth report characterizing the

epitaxial growth of CsGeX3. This mode of epitaxy is facilitated by the unique properties of the

mica  substrate,  whose  chemically  inert  nature  alleviates  the  need  for  strict  lattice  matching

conditions.25,32–36 Muscovite mica is a layered structure consisted of positively charged K+ ions

inserted  between  adjacent  negatively  charged  tetrahedral  aluminosilicate  sheets.  These

neighboring layers are connected by weak van der Waals forces, which enables an easy cleavage

parallel to the {001} basal plane and results in an atomically flat surface devoid of dangling

bonds.32,33,38 To simplify the communication of our results, we opted to use pseudo-cubic (pc)

notation  (a =  b =  c =  5.635  Å,   =   =   =  90o)  of  CsGeBr3  hereafter,  instead  of  the

rhombohedral  unit  cell  representation.  To  determine  the  crystallographic  orientation  of  the

CsGeBr3 nanowires in relation to the muscovite mica substrate,  two X-ray pole figures were

obtained at 2 = 32.06o and 31.86o for mica {116} and CsGeBr3 {200}pc, respectively (Figure

1D).  In these measurements,  the diffracted intensity  of a Bragg reflection was obtained as a

function of the tilt angle, ψ, and the rotation angle, φ, with respect to the sample surface normal

while the -2 angles were fixed. As evident from the presence of six equidistant poles at a tilt

angle ψ = 34.65o and  ∆φ = 60o,  mica exhibits  three equivalent  twin domains that rotate 60o
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relatively from each other, wherein one domain produces two {116} poles separated by 180o

(e.g.: one domain producing two poles at φ = 17o and φ = 197o). Similarly, we also observed 12

{200}pc CsGeBr3 poles  at  a  tilt  angle  ψ = 45.62o.  CsGeBr3 can  align  in  two symmetrically

equivalent orientations rotated by 90o on mica, which would result in a set of two poles separated

at  an  azimuthal  interval  of  180o.  Therefore,  we have three  symmetrically  equivalent  sets  of

CsGeBr3 twin domains separated at an azimuthal interval of 60o, each set aligning with each of

the  three  twin domains  from mica.  Each 60o  CsGeBr3 twin  domain  is  further  split  into  two

symmetrically equivalent CsGeBr3 orientations that are rotated by 10o on the mica substrate. A

schematic illustration for the twin domain configurations of both the nanowires and mica as well

as  their  detailed  alignment  can be found in  Figure S6.  From the  pole figures,  the nanowire

growth axis was determined to be along the [001]pc direction. We proposed an incommensurate

epitaxial  relationship  between  the  as-grown  CsGeBr3 nanowires  and  the  mica  substrate:

CsGeBr3[001]pc // mica[100] and CsGeBr3[1 1́0]pc // mica[010] along the two perpendicular in-

plane directions (Figure 1E). In this model,  one periodicity of CsGeBr3[001]pc approximately

matches  with  one  periodicity  of  mica[100],  with  a  lattice  mismatch  factor  f of  8.1%  (

f =
d overlayer

d substrate
−1),  whereas  8  periodicities  of  CsGeBr3[1 1́0]pc approximately  matches  with  7

periodicities of mica[010], with an f value of 0.74%. While van der Waals epitaxy prevails as a

more typical description in literature for muscovite mica substrates, 20,25,32–37 the contribution of

ionic interaction also emerges as significant, especially at the interface with an ionic material like

metal halide perovskites.34 In the case of CsPbBr3, an analogous halide perovskite, a strong ionic

interfacial interaction between the K+ layer from mica and the I- from the PbI2 layer of (001)pc

oriented CsPbBr3 nanoplates has been predicted from DFT simulations.34 We anticipate a similar
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atomic interaction at the interface in this work (Figure 1E, bottom left inset). As demonstrated by

Franceschi et al.,58 mica easily cleaves at the K+ layers, where the surface K+ ions are divided in

half on each surface and arranged in straight alternating rows or zigzag rows with short-ranged

order (Figure 1E, right inset, showing a particular configuration of such K+ ion arrangement at

the  cleaved  mica  interface).  Therefore,  a  strong  ionic  interaction  at  the  perovskite-substrate

interface is also likely between the K+ layer from mica and the Br- termination of the CsGeBr3

nanowires.  

Figure 2. Optical characterizations of CsGeX3 (X = Br, I) nanowires grown on muscovite

mica. (A) Confocal  photoluminescence  (PL)  image  of  CsGeBr3 nanowires  (λex=  405 nm,

emission channel: 450 nm - 650 nm). Scale bar: 50  m. (B) Confocal PL image of CsGeI3
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nanowires  (λex= 405 nm,  emission channel:  660 nm -  730 nm).  Scale bar: 50  m.  (C)

Steady-state  PL spectra  (λex=  375 nm)  of  CsGeBr3 (green,  bottom)  and CsGeI3 (red,  top)

nanowires grown on mica at room temperature. (D) PL lifetime image of CsGeBr3 nanowires (

λex= 488 nm,  emission channel:  530 nm -  630 nm). Scale bar: 25  m.  (E) PL lifetime

image of CsGeI3 nanowires (λex= 488 nm, emission channel: 680 nm - 720 nm). Scale bar:

25 m. (F) Time-resolved PL decay curves (dots) and their monoexponential decay fitting curves

(solid lines) for CsGeBr3 nanowires (green) and CsGeI3 nanowires (red). 

The optical properties of metal halide perovskites have been extensively studied owing to their

versatile applications including solar cells, lighting and displays.39–42 One current research avenue

is  to  find  alternative  lead-free  halide  perovskite  materials  that  are  non-toxic  yet  capable  of

demonstrating exceptional optical properties. In this context, we examined the room-temperature

optical emission behaviors of the as-grown CsGeX3 nanowires on mica. Under excitation of a

405-nm continuous-wave laser, uniform emissions along both CsGeBr3 and CsGeI3 nanowires

were observed, as shown by the confocal PL images in Figure 2A and 2B. Figure 2C shows the

normalized  PL  spectra  of  a  region  of  CsGeBr3 (top)  and  CsGeI3 nanowires  (bottom),

respectively. Broad wavelength tunability can be observed by replacement of the halide anion.

The CsGeBr3 nanowires exhibit a broad emission band centered around 591 nm (2.10 eV) with

full-width half-maximum (FWHM) of approximately 120 nm, while the CsGeI3 nanowires show

emission at 712 nm (1.74 eV) with FWHM of 50 nm. These emission peaks are directly related

to the minimum band gap energy of both CsGeBr3 and CsGeI3  previously reported,18,43 and are

also comparable with PL spectra taken by us on bulk CsGeX3 crystals (Figure S7) and reported
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elsewhere.43,44 To date, the number of experimental reports on Ge-containing halide perovskites

are limited,44,45 and the optical properties of CsGeX3 nanowires are unexplored. The broad PL

emissions  observed  in  our  CsGeBr3 nanowires  and  bulk  crystals  are  common  in  Ge-based

halides,44,46–49 thus  making them promising  candidates  for  broadband emitting  materials.  The

stereochemically active ns2 lone pair in metal cations has been hypothesized to play an important

role in the broadband emission often observed in halide perovskites with off-centering distorted

octahedra.50–53 As the lone pair activity increases, the inorganic lattice becomes softer and more

vulnerable to interact with excitons.50 This would facilitate strong electron-phonon coupling that

leads  to  exciton  self-trapping  and  the  formation  of  broadband  emission.50,51 The  room-

temperature  PL  emissions  for  CsGeI3 nanowires  is  less  broad  and  more  representative  of

bandgap emission. We also used fluorescence lifetime mapping to probe the carrier dynamics in

the nanowires (Figures 2D and 2E).  Quantitative fitting to the PL decay curves resulted in a

carrier recombination lifetime ranging from 250 ps for CsGeBr3 to 105 ps for CsGeI3 (Figure

2F).  The lifetime on the order of picosecond timescale has been similarly observed in other

vapor-phase grown perovskite nanowires,20 and can be attributed to surface state recombination.

The  CsGeBr3 nanowires  exhibit  faster  lifetimes  at  regular  intervals  along  the  wires,  likely

attributed to the strain-induced defects occurring at these points. These defects—indeed fractures

and cracks—arise as a way to release strain formed due to the temperature change during the

cooling phase of the growth process and the large difference in the thermal expansion coefficients

between the  perovskite  layer  and the mica  substrate.36 These defects  are  less  pronounced in

CsGeI3,  possibly  due  to  slight  variations  in  the  thermal  expansion  coefficient,  the  lattice

“softness,”  and the  alignment  of  lattice  parameters  with  mica.  PL performance  in  Ge-based
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perovskites has been typically overlooked, since they are generally weak emitters compared to

the analogous Pb-based perovskites.43,44 The PL of  CsGeX3 nanowires, while detectable,  falls

below  the  detection  limit  of  standard  commercial  photoluminescence  quantum  yield  setups

commonly utilized for denser samples and films; consequently, future optimization efforts would

be required to viably exploit this system for practical device applications. It is worth noting that

CsGeCl3 nanowires, having a UV bandgap of 3.3 eV (375 nm),18 can also be epitaxially grown on

mica  with  our  CVT  method.  The  optical  properties  of  these  nanowires  can  be  readily

investigated with  appropriate  UV optics.  The above optical  characterizations demonstrate the

optical  capabilities  and high crystallinity  of the ultralong perovskite NWs, which aids in the

realization of high-performance optoelectronic devices. 
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Figure  3.  Temperature-dependent  second  harmonic  generation  (SHG)  measurement  to

characterize  the  ferroelectric  phase  transition  in  CsGeBr3 nanowires.  (A)  Schematic
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diagram of the optical setup used for SHG polarimetric measurements, wherein a 900-nm

fundamental beam is sent through a waveplate to control the polarizations

and used to excite the frequency-doubled signal from the nanowires in a

reflection geometry. We assume normal incidence of the fundamental light

propagating along the z-axis and polarization rotating in the xy-plane in the

lab coordinate system. The polarization angle φ is defined as the azimuthal

angle of the fundamental light polarization measured from the  x-axis.  (B)

Ferroelectric to paraelectric phase transition  in  CsGeBr3 upon heating past

511 K. (C) Temperature-dependent SHG intensity maps of a representative CsGeBr3 nanowire.

Scale bar: 3 m.

The integration of both photoluminescence and ferroelectricity can enrich a novel

class  of  multifunctional  materials  useful  for  optical  switching  and

optoelectronic  applications.  The  ferroelectricity  of  CsGeX3 has been known  to

arise from the lone pair stereochemical activity in Ge(II) that promotes the atomic displacement

of  the  metal  cation,  thus  causing  off-centering  behavior  in the <111>pc direction  and

giving rise to spontaneous polarization up to 10-20 µC/cm-2.18,54 Our previous report has

demonstrated the electrical switchability of ferroelectric polarizations in the

CsGeBr3/CsGeI3 regardless  of  their  nanoscale dimentionalities;18 however,

the ferroelectric phase transition as well as the domain structures have not

been investigated in  the epitaxial  one-dimensional  nanowire  system.  To
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that  end,  we  used  optical  second  harmonic  generation  (SHG)

measurements,  including  temperature-dependent  SHG  and  SHG

polarimetry, to further investigate the ferroelectric phase transition of CsGeBr3 nanowires as

well as characterize their polarization orientations. As the dominant SHG interaction mechanism

exists  only  in  materials  that  lack  inversion  symmetry,  SHG is  a  sensitive  probe  of  broken

inversion symmetry.55–57 As ferroelectrics, by definition, possess a spontaneous polarization (Ps)

within their crystal structure, and hence lack inversion symmetry, SHG can be used as a non-

invasive nonlinear optical approach to probe ferroelectricity, including imaging the ferroelectric

microdomain structures and measuring phase transitions.55 The experimental setup of SHG is

schematically  shown  in  Figure  3A,  where  the  sample  orientation  can  be  aligned  with  the

laboratory coordinate axes and the polarization of the fundamental light can be controlled using

polarizers and waveplates. CsGeBr3 is expected to exhibit a low-symmetry rhombohedral phase

(R3m)  below  511  K  and  transform  into  a  high-symmetry  cubic  phase  (Pm3́m)  above  that

temperature (Figure 3B).18 In the low-symmetry rhombohedral phase, the Ge2+ ion is displaced

along the body diagonal of the pseudo-cubic structure (<111>pc),54 thus generating spontaneous

polarizations  in  this  direction.  In  order  to  characterize  the  ferroelectric-paraelectric  phase

transition of these nanowires, we first carried out temperature-dependent SHG measurements

within  a  single  nanowire.  Figure  3C shows  the  SHG  intensity  mappings  when  heating  the

nanowire at different temperatures in an inert environment. The SHG intensity decreases with

temperature  and  gradually  vanishes at  a  critical  temperature  (Tc)  of

approximately 511  K,  signifying  the onset  of  the  ferroelectric-to-paraelectric

phase transition and that the spontaneous polarization is approaching zero. Overall, the
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mapping of the disappearance of the SHG signal also indicates that the

phase  transition  is  relatively  homogeneous  over  a  single-crystalline

nanowire.  Temperature-dependence SHG intensities on different nanowires can be captured

(Figure  S8-9),  showing  different  phase  transition  profiles  and  slight  increase  in  Curie

temperatures (Tc) with respect to the bulk Tc in some instances. In addition, the transition is

partially reversible, as indicated by the partial recovery of SHG signals upon cooling down the

nanowires to room temperature (Figure S9). This observed partial recovery of ferroelectricity

may potentially stem from differences in the rate of cubic-to-rhombohedral structural transition

across different segments of the nanowires, and the emergence of structural disorders and defects

during thermal cycling, owing to the soft lattice of halide perovskites.  
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Figure  4.  Polarization-dependent  SHG  measurement  and  spatial  mapping  of  CsGeBr3

nanowire.  (A)  Schematic  representation of eight <111>pc spontaneous polarization directions
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(purple arrows) within a unit cell of CsGeBr3  nanowire grown along the [001]pc direction.  (B)

SHG intensity maps measured at room temperature at four different polarization angles, φ

= 0°,  45°,  90°,  135° (indicated  double  white  arrows)  of  a  representative  CsGeBr3 nanowire

oriented  such  that  the  [001]pc growth  axis  of  the  nanowire  is  parallel  to  the  x-axis  in  the

laboratory  coordinate  system.  Scale  bar:  5  m.  (C) and  (D) Polar  plots  of  SHG  intensity

measured at room temperature as a function of incident beam polarization of the nanowire

in (B) at spots 1 and 2.   

Since the SHG response is highly sensitive to polarization states of the incident light with respect

to  electric  polarization  directions  within  ferroelectric  domains,  polarization-dependent  SHG

signals  can  be  used  to  probe  local  domain  structures  and  their  correlated  spontaneous

polarization  variances.55 The CsGeBr3 crystal  is  expected  to  have eight  distinct  ferroelectric

polarizations along eight <111>pc directions,18 as shown by the labeled arrows in the nanowire

geometry in Figure 4A (the sample coordinate axes are defined as X = [100]pc, Y = [010]pc, and Z

= [001]pc  directions of the nanowire,  respectively).  Since the sample coordinate axes and the

crystal physics axes relative to the lab frame can directly affect the measured SHG data,  we

orient the nanowire such that the growth axis of the nanowire (i.e, the [001]pc direction in the

sample coordinate system) is parallel to the  x-axis in the laboratory coordinate system (Figure

S10).  Figure  4B displays  SHG  intensity  scanning  maps  for  such  nanowire  at  four  fixed

polarization angles,  φ = 0°, 45°, 90°, and 135° (the polarization angle φ is defined as

the azimuthal angle of the fundamental light polarization measured from

the  x-axis in  the  laboratory  coordinate  system).  Under  this  nanowire alignment,  the  SHG
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intensity contrast between domains switches for φ = 90° and φ = 180° and remains unchanged

for φ = 45° and φ = 135°. This result is consistent with the calculated SHG intensity at various

incident  polarization  angles  based  on  a  second-order  non-linear  polarization  model  for  our

nanowire  geometry  and  alignment  (SI  Methods).18,31,55 SHG  polar  plots,  wherein the  SHG

intensity  at  a  particular  spot  on  the  nanowire  is  plotted  as  a  function  of  incident beam

polarization, are shown in Figures 4C and 4D. The polar plots show a double-lobe shape

pointing either along φ = 0°/180° or φ = 90°/270° (i.e, along the [001]pc or the [110]pc directions

of the nanowire). This indicates that the nanowires have a multi-domain structure and that the net

in-plane polarizations in most of these domains are aligning with directions either parallel or

perpendicular to the nanowire growth orientation, stemming from the projections  of the eight

<111>pc spontaneous  polarizations  onto  the  [001]pc and  [110]pc directions.  A rotation  of  the

nanowire by 90° to align its growth axis to the y-axis in the laboratory coordinate system alters

the  orientation  of  the  polarization  with  respect  to  the  incident  fundamental  light,  thereby

changing the relative SHG intensities of the four polarizations angles. In this nanowire geometry

configuration, the SHG intensity contrast between domains also similarly switches for  φ = 90°

and φ = 180°, whereas there is no observable contrast for  φ = 45° and φ = 135° (Figure S11).

Rotating the nanowire such that its growth axis is 45° or 135° from the x-axis results in the SHG

intensity domains switching between φ = 45° and φ = 135°, while remaining constant for φ = 90°

and  φ =  180°  (Figure  S12).  These  results  further  confirm that  the  in-plane  components  of

spontaneous polarizations are either parallel or perpendicular to the nanowire growth orientation.

The investigation of domain structures along with their polarization orientations in ferroelectric
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nanowires  may  enable  future  studies  and  applications  in  nanowire-based  high-density

information storage and memory devices. 

In summary, we investigate the large-scale epitaxial growth of CsGeX3 nanowire arrays on single

crystal muscovite mica substrates via vapor phase deposition. Detailed structural characterization

to verify the orientation and epitaxial  relationship of the nanowires with respect  to the mica

substrates confirmed that van der Waals epitaxial growth can be a generalized strategy to realize

highly aligned halide perovskite nanostructures. The tunable yellow-green and red emission for

CsGeBr3 and  CsGeI3 nanowires  demonstrate  the  great  potential  of  these  structures  as

semiconductors for optoelectronic devices. Second harmonic generation (SHG) microscopy and

polarimetry  are  used  to  probe  the  ferroelectricity  phase  transition  and  in-plane  polarization

orientations of these room-temperature ferroelectric nanowires. This study shows that CsGeX3

nanowires  can  be  a  promising  material  candidate  for  the  advancements  of  light-driven

multifunctional nanoscale ferroelectric devices.

Supplemental Information

The Supporting Information  (PDF File) is  available free of charge on the ACS Publications

website.

 Experimental  methods,  additional  experimental  data  (e.g.,  SEM/EDS,

Raman spectroscopy,  PL,  SHG),  and  schematic  illustrations  of  the

nanowire alignment on the substrate and axes orientation and polarization

directions in SHG measurements.
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