UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Anisotropy-Driven Morphological and Dimensional Control of One-Dimensional van der
Waals Nanocrystals from Vapor-Phase Routes

Permalink
https://escholarship.org/uc/item/3x43293m

ISBN
9798189291227

Author
Lopez, Diana

Publication Date
2026-09-02

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3x43293m
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA,
IRVINE

Anisotropy-Driven Morphological and Dimensional Control of One-Dimensional van der Waals
Nanocrystals from Vapor-Phase Routes

DISSERTATION

submitted in partial satisfaction of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

in Chemistry

by

Diana Lopez

Dissertation Committee:

Associate Professor Maxx Q. Arguilla, Chair
Professor Matthew D. Law

Professor Joseph P. Patterson

2026



Portions of Chapter 2 © 2024 American Chemical Society
All other materials © 2026 Diana Lopez



TABLE OF CONTENTS

Page
TABLE OF CONTENTS ...ttt ettt ettt ettt s e sba e e b e eee i
LIST OF FIGURES ...ttt ettt ettt ettt e b e s e e e saeeens vil
LIST OF TABLES .. ettt sttt ettt st e s e b e nae XXV1
ACKNOWLEDGMENTS ...ttt sttt ettt et e e XXViil
VT A et ettt et e bt e et e st e st e e e it e e sab et e eabe e e eabeesebteesnnees XXX
ABSTRACT OF THE DISSERTATION ......ooiiiiiiiee ettt XXX111

CHAPTER 1: Growth and Morphological Control of High-Aspect-Ratio One-Dimensional

INANOSTIUCTUTES ...ttt et s e et e s et e s et e s e e e neesaneeaneesaneenne 1
1.1 Definition and Significance of One-Dimensional Nanostructures..........cccccceeeeveeennene 1

1.2 Physical Properties and Applications of One-Dimensional Nanostructures at the

ALOIMNIC SCALE .o e e e e e et e e e e e e e e e e e e aeeeeeeeeeaneas 3
1.3 Growth Mechanisms and Methods for Nanowires and Nanoribbons ........cccceeeeeeeeeneee. 7

1.4 Distinct Structure and Significance of Emergent One-Dimensional van der Waals

LALETIALS e et e e e e e e e e e e e e e et e e e e e e e e e e e aaaaeeeeeeeenannaas 12

1.4.1 One-Dimensional and Quasi-One-Dimensional van der Waals Materials...12

1.4.2 Pnictogen Chalcogenides..........cceevvieeriieeiiieeiiie et 14
1.4.3 Ternary Sb-based V-VI-VII Materials ..........ccccceeeviiercieeniieieieeeee e 15
1.4.4 Bismuth Halides .......cccoooiiiiiiiiiiiiiieeee e 15
1.4.5 SnlP and SnBIP ...c.ooiiii e 16
1.4.6 Ternary III-VI-VII Materials ..........ccceevuieeiiieeiiieeieeeieeeee e 16
1.4.7 Nb2Se€9 and VoS0 ....eeuiiiiiiiiiiieiieiieeee ettt 17
1.4.8 Transition Metal Halides .........ccoouiiiiiiiiiiiiiieiceeeee e 17
1.4.9 Transition Metal Trichalcogenides..........ccccuveeviiiriiieeiieeeie e 18
1.5 Research Gap and Scientific Rationale ............cccueeeviiiiiiiiniiiieceeeee e 22

il



1.6 Objectives and Scope of the Present Work .........c.ooevviieiiiiniiiiniieeceeceee e 25

1.6.1 Chapter 2. Bonding-Directed Crystallization of Ultra-Long One-
Dimensional NbS3 van der Waals Nanowires ..........ccocceeevveevieniennienieencennnn. 25
1.6.2 Chapter 3. Bottom-Up Crystallization of Long and Highly Anisotropic
Nanowires Based on a Dimerized 1D van der Waals Transition Metal
TIIRAIIAC ... 26
1.6.3 Chapter 4. Compositional Heterogeneity Drives Nanoscale Ring Formation
in Optically Active One-Dimensional van der Waals Crystals....................... 26
1.6.4 Chapter 5. Deficiency-Induced Concentric Spiral Hillocks in Anisotropic

One-Dimensional van der Waals Crystals.........cccceeviieeriieniieenie e 27
1.7 RELETEICES ..ottt ettt ettt ettt e b e e e e saeas 28

CHAPTER 2: Bonding-Directed Crystallization of Ultra-Long One-Dimensional NbS3 van

der WAalS NANOWITES....cc.eeiiitieiieiieei ettt ettt et sttt e sat e e bt e s it e enbeesbteebeesaeeenne 60
2.1 ADSITACT . ..ttt ettt ettt e naaas 60
2.2 TNETOAUCTION ..ttt ettt ettt et e s at e e bt e st e beesaeeenbeesaeas 60
2.3 EXperimental SECION.......c.eiiiiiiiiiieeiie ettt ettt sae et eesreeeeebeeeensee e 62

2.3.1 Supplementary text: Promoting the lateral growth of NbS3 into nanoribbons

2.3.2 Supplementary text: Distinction between intra- (nanowire) and inter-chain

(Nanoribbon) Growth TOULES .......cccceieiiiieiiiieciie et 62
2.3.3 Reagents and SUDSLIAteS ........eeeeuvieiiiiieiiieeciee et e 63
2.3.4 Growth of NDS3 NANOWITES ...cccueeiiiiiiiiiiieiieiieeeeeie et 63
2.3.5 Growth of ZrS3 NaNOWITES .....cc.eeiiiiiiiiiiieiieiieeitesie et 64
2.3.6 Optical Microscopy and Dark-Field Scattering Spectroscopy ........ccccuve..... 64
2.3.7 Atomic Force MicroScopy (AFM).....cccciieviiieiiieeiieeieeeee e 64
2.3.8 RaMan SPECLIOSCOPY ..vvveeeeruriieeriiiiieeeiiieeeesiitteeeeriteeeesitreeeesereeessnanaeeesennees 65
2.3.9 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

(SEME=EDS) ettt ettt s ns 65
2.3.10 Transmission Electron Microscopy (TEM) and Sample Preparation......... 65

il



2.3.11 Density Functional Theory Calculations of Intra-and inter-chain

Interactions in NbS3 and ZrS3......c.coeviveiiiiiiieeeeeee e 65

2.3.12 X-ray Photoelectron Spectroscopy (XPS) ....ccceeriieeiiieeiieeeieeeee e 66

2.3.13 Experimental Section References.........cccccuveeeiieeeiieeiieeeieeeee e 66

2.4 Results, Discussion, and COncClUSION.........cccvvveiiiiiiiiiiiiiieeieee e 67
P B NS (5] (<) 011 SR 73

CHAPTER 3: Bottom-Up Crystallization of Long and High Anisotropic Nanowires Based

on a Dimerized 1D van der Waals Transition Metal Trihalide ...........cccceeviiiiniiiiniiiiieceee 77
B ADSIIACT . ..ttt et ettt e 77

3.2 INEEOAUCTION ..ottt ettt ettt e b e st et e st e ebeesaees 77

3.3 EXperimental SECION.......c.eeiiiiiiiiieeiieeciie ettt e e ee e e e e e enbeeeennee e 80

3.3.1 Reagents and SUDSLIAteS ........ccecveeriiiieiiiieciie ettt 80

3.3.2 Growth of MOI3 NANOWITES .......ceruiiiiiiiiiiiiiiieeiie et 80

3.3.3 Optical Microscopy, Dark-Field Scattering Spectroscopy, and Optical

Absorbance MeasuremMeNts. .........eeueerieeiieeriieiiieniie ettt 81
3.3.4 RamMan SPECLIOSCOPY ..uvveeeeruriieeriiiiieeriitteeesiteeeeenteeeeesisreeesnsreeessnnsaeeesnnnnes 81
3.3.5 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
(SEME=EDS) ..ttt sttt et ns 82
3.3.6 Transmission Electron Microscopy (TEM) and Sample Preparation........... 82
3.3.7 Powder X-ray diffraction (PXRD) ......cccceeviiieiiiieiieeeeceeeeeeeee e 82
3.3.8 X-ray photoelectron spectroscopy (XPS)......coovveeriieeiiieeiiieeieeeiee e 82
3.3.9 Diffuse reflectance spectroscopy (DRS) Measurements............ccccveeenveennee. 82
3.3.10 Thermogravimetric analysis (TGA) .....cccocvveeviieeriie e 83
3.4 Results and DISCUSSION ....eeuiiiiiiiiiiiiieiieei ettt ettt e 83
3.4 CONCIUSION ...ttt et e b ettt e st e bt e st et e s it e enbeesaeas 90
3.5 RETETEICES ...ttt ettt et sttt e 92

CHAPTER 4: Compositional Heterogeneity Drives Nanoscale Ring Formation in Optically

Active One-Dimensional van der Waals CryStals ..........coovveeiiiieiiiieiiiecieceee e 97

iv



T ADSITACT. ..o e et ——aaae e e et —————————aaereena————— 97

4.2 INEEOAUCTION ...ttt ettt ettt ettt esat e e bt e s beeenbeesaeeenne 98
4.3 EXperimental SECHIOMN.......cccviiiiiiieeiieeeiieeeiteertee et eeetreeetee e et eesaeeesnaeeesnseeenseeennneas 101
4.3.1 MAIIAlS ..o 101
4.3.2 Nanoring SYNENESIS .....eeccvrieriiireriieenieeerieeesieeesreeeareesseeesreeessseeessseesnssens 101
4.3.3 Optical Microscopy and Dark-Field Scattering Spectroscopy. .................. 101
4.3.4 Atomic Force Microscopy (AFM).......cooviiiiiiieiiieeieeeeeeeee e 101
4.3.5 RamMan SPECIIOSCOPY oeuvrrrrerriiiieeeiiiieeeniiieeessiieeeeesiteeeesnnaaeeesenenneeesssseeens 102

4.3.6 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
(SEME=EDS) ..ottt et ettt e esae e 102
4.3.7 High-Resolution Transmission Electron Microscopy (HRTEM)............... 102
4.3.8 Refractive Index Measurements ...........cocueeveeriieniienieenieenieeee e 102
4.3.9 DFT Calculation of Bond Distances and Mechanical Properties............... 103
4.3.10 Finite-Difference Time-Domain (FDTD) Simulations of Nanorings ...... 103
4.3.11 Experimental Section References...........cccccveevvieevieencieeniieeeee e, 105
4.4 Results and DISCUSSION .....eeuiiiitiiiiiiiiieiie ettt st 106
4.5 CONCIUSION ...ttt ettt ettt et esab e e bee st e enbeesaeeereens 118
4.0 RETETEINCES ....uveeniiiiiiieie ettt ettt et ettt e e e b 119

CHAPTER 5: Deficiency-Induced Concentric Spiral Hillocks in Anisotropic One-

Dimensional van der Waals Crystals........c.cocciiieiiiiiiieeiieeeiee ettt 126
ST ADBSIIACE ..t et ettt et et aee e 126

5.2 TNEFOAUCTION ..ottt ettt ettt et e bt e e b st eesaeeene 126

5.3 EXperimental SECHION......c.uieriiieiiieeiiie ettt sree e vee e svee e saree e easeeenneeens 129

5.3.1 Reagents and SUDSLIAteS.........cccveeerieeeiiieeieeceeeeee e e e e ens 129

5.3.2 Growth of ZrS; Crystals. ZrSs crystals were synthesized via chemical vapor

transport (CVT) method .........ccoveviiiiiiiiieiece e 130
5.3.3 Growth of ZrS3.5 CrystalS.....ccccueeeiiiiiiiieeiiecieeee e 130
5.3.4 Optical Absorbance Measurements...........cceeeeuveerereeerieeerireeesireeesveesnneeens 130

\%



5.3.5 Atomic Force MicroSCoOpy (AFM)....ccouviieiuiiiiiiieeiieeceeeeee e 131
5.3.7 Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

(SEME=EDS) ..ottt ettt et 131

5.3.8 Transmission Electron Microscopy (TEM) and Sample Preparation......... 131

5.3.9 Powder X-ray diffraction (PXRD) .....cccceeviiiriiiiniiieeeeee e 132

5.4 Results and DISCUSSION ...cc.eeiiiiiuiiiiieriieeiee ettt ettt st 132

5.5 CONCIUSION ...ttt ettt ettt et at e et e sat e et e bt e eabeesaeeenee 139

5.6 RETETEICES ....cueiiiuiieiiieteee ettt ettt et 140
CHAPTER 6: Conclusions and OULIOOK ...........coouiiiiiiiiinieiiiiieeceee e 147
APPENDIX A: Supplementary Data and Results...........ccceeeriiiiiiiiniiiieieeeieeeee e, 148
A.1 Supplementary Figures and Tables for Chapter 2 .........cccceevvvieecieencieeniie e, 148

A.2 Supplementary Figures and Tables for Chapter 3 .........ccceevvviiviiieniieecieeeee e, 180

A.3 Supplementary Figures and Tables for Chapter 4 .........cccceevvvieviiieecieenee e, 193

A.4 Supplementary Figures and Tables for Chapter S .........cccevvviieeiiieniieeeee e, 222

vi



LIST OF FIGURES

Figure 1.1.1. Schematic illustration of representative bonding dimensionalities and
morphologies of 1D nanostructures. 1D nanostructures can originate from materials with
different bonding dimensionalities, represented by geometric shapes such as a 3D cube, a 2D
plane, and a 1D line (left). Conventional 1D nanostructures include nanorods, nanowires,
nanoribbons (nanobelts), and nanotubes, which are distinguished by their characteristic
aspect ratios and cross-sectional geometries (middle). Beyond these conventional

morphologies, 1D nanostructures can adopt more complex architectures, including zigzag,
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helical, and coiled structures (right). Structures are schematic and not drawn to scale. ................. 2

Figure 1.2.1. Representative functionalities enabled by 1D nanostructures. (A) A silicon
nanowire field-effect transistor (FET) illustrating gate-tunable charge transport and the
integration of 1D nanostructures into nanoelectronic devices (adapted from Ref. 46). (B) A
Sn-doped CdS nanowire exhibiting excitation-power-dependent color tuning (adapted from
Ref. 114). (C) A Pd-decorated ZnO/ZnS core-shell nanowire gas sensor demonstrating
sensitive H>S detection under mechanical deformation, highlighting the suitability of 1D
nanostructures for flexible sensing applications (adapted from Ref. 94). (D) An InGaAs
nanowire demonstrating quantized conductance, a hallmark of electronic quantum
confinement in 1D systems (adapted from Ref. 108). These examples highlight the diverse

electronic, optoelectronic, sensing, and quantum functionalities that emerge from the reduced

dimensionality of 1D NANOSIIUCIUIES. ......c.ueeeiuieeeiiieeiieecteeesiee et e ere e et eetee e s e e s beeesareeesnseeeeneas 5

Figure 1.2.2. Representative functionalities enabled by complex 1D nanostructures. (A)
A GeS nanowire exhibiting a twisted crystal structure and twist-induced modulation of
photoluminescence, as evidenced by variations in wavelength, intensity, and linewidth along
the nanowire axis (adapted from Ref. 67). (B) A ring-shaped CdS nanoribbon laser
demonstrating optical resonance within a closed-loop cavity geometry (adapted from Ref.

120). These examples highlight how twisted crystal structures and curved morphologies can

be exploited to tailor the physical properties of 1D nanostructures. .........ccceeeveeecrveencieeencieeeeeeeenne 6

Figure 1.3.1. Representative solution-phase growth method for nanostructures.

Schematic illustration of the solvothermal synthesis of nickel cobaltite (NiC0204)
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nanostructures, highlighting the role of solvent composition in directing morphology

evolution toward nanoparticles, nanorods, nanowires, or microspheres. Adapted from Ref.

LS ettt et st s e et en e saneeas

Figure 1.3.2. Comparison of typical experimental configurations used for CVD and
CVT. (A) Representative CVD setup, where precursor species are transported by a carrier
gas to a substrate positioned within the growth zone. (B) Conventional CVT setup for bulk
crystal growth, where vapor species are transported by diffusion from the source region (hot
zone, Thot) to the growth region (cold zone, Tcold) under an applied temperature gradient. (C)

Growth parameters unique to CVD and CVT, together with parameters common to both
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Figure 1.3.3. Comparison of bonding dimensionality and exposed dangling-bond sites
in representative 3D, 2D, and 1D materials. (A) Silicon (Si), a 3D material with dangling-
bond sites present on exposed surfaces. (B) MoS», a 2D vdW material with strong in-plane
covalent bonding and dangling-bond sites primarily confined to sheet edges. (C) NbS3, a 1D
vdW material consisting of covalently bonded chains with dangling-bond sites largely
confined to chain termini. Red highlighting indicates exposed dangling-bond sites, while the

lower schematics illustrate the corresponding crystal morphologies and locations of these
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Figure 1.3.4. Illustration comparing conventional and modified CVT. (A) Conventional
CVT typically employs a uniform ampoule and is commonly used for the growth of bulk
crystals. (B) Modified CVT incorporates a necked ampoule and a substrate in the growth

zone to alter vapor transport conditions for the direct growth of low-dimensional

TMANIOSTIUCTUTES. ... eeei e ettt ettt et et e et e e et e et e eta e etaa e eeaa e eaue e etae e etaaeteanaaeneennneenneesnneeenneaenns

Figure 1.4.1. Representative crystal structures of major “true”-1D and quasi-1D vdW
material families. (A) Pnictogen trichalcogenides, (B) V-VI-VII compounds, (C) SnIP, (D)
[1-VI-VII compounds, (E) transition metal halides, and (F) transition metal trichalcogenides.

The upper panels show the isolated 1D structural motifs viewed along the chain axis, while

the lower panels show the corresponding unit Cell..........cccvieriiiieriiiieiiiieieeeeeeeeee e

Figure 1. Crystal structure and characterization of NbS;3-1. (A) Crystal structure of NbS;-

I and projection of parallel ([010] zone axis) and perpendicular ([001] zone axis) to the chain
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direction.?! (B) Graphical representation (top) and actual ampoule post-reaction (bottom)
used to synthesize NbSs-I nanowires. The two regions are labeled as T1 and T». Scale bar, 3
cm. (C) Dark-field optical micrograph of NbSs3-I nanowires on Si/SiO» substrate. Scale bar,
245 um. (D) Corresponding CVT furnace temperature program at the high (T1) and low (T>)
temperature regions used to grow nanowires in C. (E) TEM image of a NbS3-I nanowire from
C with an overlaid [001]-oriented crystal model of NbS3-I. Scale bar, 2 nm. Corresponding
FFT and zone axis assignment are inset. Scale bar, 0.5 A-1. (F) Raman spectrum of an isolated

NDbS3-I nanowire from C (532 M €XCIAION). ...veeevvieeriiieeiieeeiieeeieeeeieeeereeeereeeereeesreeeseseeeeneas 62

Figure 2. Thickness-dependent light scattering of NbSs3-I (A) Dark-field optical
micrographs of NbS3-I nanowires on a Si/Si0O, substrate after a 3-day vapor-phase synthesis,
divided into three regions: I, 11, and III. Scale bar, 490 um. (B, C, D) High-magnification
micrographs corresponding to regions I, II, and III in A, respectively. Triangles point to the
location where AFM and optical scattering spectroscopy measurements were taken, colors
correspond to measurements in E and F. (E) AFM height profiles of the NbS3-I nanowires
from A. (F) Corresponding thickness-dependent dark-field optical scattering spectra of NbS3-
I nanowires in A. (G) Dark-field optical micrographs of nanowires of various thicknesses

taken at 50X objective MagnifiCAtION. .......c.eieiciieeiiieerieeeiee et et ee e aee e e e e e sreeensseeenneeeens 69

Figure 3. Bonding energies of NbS3-I and ZrSs. (A, top) DFT-calculated inter-chain
bonding energies of NbS3-1 within (red) and across (blue) the unit cell along a-axis. (A,
bottom) DFT-calculated bonding energies of the covalent intra-chain interactions in NbSs-1.
There are two bonding energies (orange and green bonds) corresponding to the non-
equivalent intra-chain interactions arising from Nb-Nb dimerization along b-axis. (B, top)
DFT-calculated inter-chain bonding energies of ZrS3 within (red) and across (blue) the unit
cell along a-axis. (B, bottom) DFT-calculated bonding energies corresponding to the covalent

intra-chain interactions N ZrS3 (OTANEZE). ...eeecvveeeiuieeeiiieeiieeerieeesreeesreeestteeesareesseeessseeessseesssseesnnns 71

Figure 1. Structurally driven crystallization of well-defined Mols nanowires. (A) Crystal
structure of Mols projected along the [010] and [001] crystallographic directions. (B)
Schematic illustration of the alternating Mo—Mo bond distances and the synthetic conditions
used for vapor-phase nanowire growth. (C) Dark-field optical micrograph of Mols nanowires

grown on a Si/Si0; substrate. Scale bar, 245 pm. (D) SEM image of representative as-grown
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Mols nanowires on Si/Si0;. Scale bar, 1 um. (E) Representative Raman spectrum of an
isolated Mol3 nanowire on Si/Si0,. (F) HRTEM image of a Molz nanowire overlaid with a
[100]-oriented crystal model. Inset shows the corresponding FFT and indexed diffraction

SPOLS. SCALE DAL, 5 MM ..eiiiiieiiie ettt e e e e e st e e et e e e sabeeesnseeeenseeesneeennes 80

Figure 2. Bottom-up growth of Molz nanowires. (A) Representative post-reaction
ampoule and the corresponding growth substrate. (B) Graphical representation of Mol
crystal growth via CVT on a Si/SiO» substrate, showing the measured temperature profile at
1 cm intervals along the 360-300 °C temperature gradient with an external thermocouple
probe. (C,D) Representative bright-field (left) and dark-field (right) optical micrographs from
Method 1 after 8-day (C) and 1-day (D) reactions using elemental precursors. Scale bars, 245
um. (E) Representative bright-field (left) and dark-field (right) optical micrographs from
Method 2 after a 5-day reaction using bulk Mols crystals as precursors. Scale bars, 245 um.
(F) Histograms of crystal lengths for each reaction condition shown in (C), (D), and (E).

Representative dark-field micrographs to each histogram are shown in the insets. Scale bars,

Figure 3. Structural and electronic anisotropy of Mol; nanowires. (A) Orientation-
dependent Raman spectra of a bulk Mols crystal (shown in B) rotated from 0° to 90° relative
to the polarization of the incident 532 nm laser. Scale bar, 80 um. (C) Raman spectra of two
representative Mol; nanowires (Nano 1 and Nano 2), shown in images 1 and 2, together with
the spectra of the bulk crystal at 30° and 90° (Bulk 30° and Bulk 90°) from (A) for direct
comparison. Scale bars, 40 um. (D) DRS and absorbance spectra obtained from transmittance
measurements of bulk Mols. (E) Absorbance spectra obtained from transmittance
measurements of a representative Mol bulk crystal grown by Method 1 using parallel (blue),
perpendicular (red), and unpolarized (yellow) light relative to the crystal long axis. Inset:
transmission optical image of the measured crystal. Scale bar, 10 um. (F) Absorbance spectra
from transmittance measurements of a representative Mols nanowire grown by Method 2
using parallel (red), perpendicular (blue), and unpolarized (yellow) light relative to the long

axis. Inset: transmission optical image of the measured nanowire. Scale bar, 10 um. ................. 88

Figure 4. Anisotropic light-scattering properties of Mol3 nanowires. (A) Size-dependent

dark-field scattering spectra of Mols; nanowires. (B) AFM images and corresponding height



profiles of the nanowires shown in (A). Scale bars, 2 um. (C) Angle-dependent dark-field
scattering spectra of a representative Mols nanowire (height and width ~90 nm) measured
with linearly polarized incident light, showing intensity variations with nanowire orientation
relative to the polarization direction. (D) Dark-field optical micrographs of the nanowire
measured in (C) at orientations of 90° (perpendicular), 45°, and 0° (parallel) relative to the
polarization direction. Scale bars, 25 um. (E) Angle-dependent reflection spectra acquired
under crossed-polarizer conditions from the representative nanowire indicated in (G). (F)
Polar plot of the normalized reflected intensity at 700 nm extracted from (E), illustrating the
angular dependence. (G) Bright-field reflection images of the representative nanowire

measured in (E), acquired under crossed-polarizer conditions at different sample orientations.

The white arrow indicates the measured nanowire. Scale bars, 20 WM. ........cccceeveeeiieeriieencneeens

Figure 1. Synthetic pathways to NbS3:-I nanowires and NbixTaxS3:.s nanorings. (A)
Crystal structure of NbSs3-I and target site occupation of Ta. (B) Schematic of the reaction
setup and temperature gradients used to synthesize NbSs-I nanowires and NbixTaxS3.s
nanoring structures. (C) Graphical representation of nanowires and nanoring structures (left)

and dark-field optical micrographs of NbS;-I nanowires and Nb;xTaxS3-s nanoring structures

(right). Scale Dars, 25 LM .ooueiiiiiiie et et 100

Figure 2. Structural and compositional characterization of NbixTaxS3.s nanorings. (A)
Representative HRTEM image of a Nbi.xTaxS3.s nanoring structure. Scale bar, 1 pm. (B)
EDS elemental map of the boxed region in (A). Scale bars, 100 nm. (C) HRTEM image of
(A) with an overlaid [001]-oriented crystal model of NbSs-1. Scale bar, 1 nm. Inset:
corresponding FFT indexed [001]. (D) Raman spectra of a representative NbixTaxS3.s

nanoring (top) and NbS3-I (bottom) measured with 532 nm excitation. ............cceceeeveerieeneennen. 108

Figure 3. Size distributions and AFM profiles of Nbi«xTaxS3.s nanoring structures. (A)
Histograms of the circumference of the nanoring structures grown under four different

reaction times. (B) AFM images and height profiles of representative nanorings. Scale bars,

5 um. The red lines indicate where the height profile was taken. ..........c.cccccoeeeveiiinciiiniieeee 110

Figure 4. The DFT-calculated bond lengths and SEM images of self-coiled Nb1xTaxS3-s
nanorings. (A) The relaxed structures of pristine NbSs-1 (top) and alloyed “NbixTaxS3”
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(bottom; x = 0.167) chains, showing the Nb-Nb and Nb-Ta bond lengths in A units along
the long-axis. (B, D) SEM images of representative NbixTaxS3.s nanorings that show self-
coiling behavior. Scale bars, 4 um. (C, E) Magnified areas of the boxed regions in (B) and
(D), respectively, highlighting nanowire tails extending from the nanorings. Scale bars, 500

0

Figure 5. Characterization and Polarization-dependent scattering spectra of Nbi.
xT'axS3-5 nanorings. (A,F) Bright-field optical images of two representative NbixTaxS3-s
nanorings. (B,G) Corresponding dark-field optical images. (C,H) SEM images of the
nanorings. Boxed regions in (C) indicate the locations where AFM scans were collected. (D,])
AFM images of the nanorings. The red dashed lines correspond to the height-profiles
directions. Scale bars, 6 um (A-D) and 3 pm (F-1). (E,J) AFM height profiles of the marked
regions in (D,]). (K) Schematic illustration of the polarization-dependent dark-field scattering
measurement setup used for the Nbi.xTaxS3.s nanorings. (L,O) Hyperspectral images of the
nanorings acquired with the polarizer (P) and analyzer (A) in the co-polarization
configuration. Regions A and B correspond to ring segments oriented parallel and
perpendicular to the polarization direction, respectively. Scale bars, 6 um (L) and 3 pum (O).
(M,P) Scattering spectra from Regions A and B in (L,0O). (N) Dependence of the scattering
intensity of the two characteristic spectral peaks in (M) on position around the nanoring. Peak
1 corresponds to the feature near ~550 nm, and Peak 2 corresponds to the feature near ~700
nm. The top panel shows the extracted peak intensities as a function of nanoring position,

while the bottom panel presents the corresponding normalized intensities in polar coordinates

Figure 6. Polarization-dependent scattering spectra of Nbi.TaxS3:.s nanorings and
electric field intensities. (A) Illustration of the polarization-dependent scattering
configuration used for the FDTD electric field simulations. (B,F) Dark-field optical images
of two representative Nbi.xTaxS3.s nanorings acquired with the polarizer (P) and no analyzer
(A). Regions A and B correspond to nanoring segments oriented parallel and perpendicular
to the polarization direction, respectively. Scale bars, 6 pm (B) and 3 um (F). (C,G) Scattering
spectra from Regions A, B, and the whole nanoring in (B,F). (D,H) Simulated near-field maps
from FDTD showing the computed electric field intensities |E/Eof*> in pristine NbSs-I rings
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with the dimensions of (B,F). (E,I) Corresponding scattering spectra of a region parallel

(region A) to the polarization dIir€CtION. .......ceeeeiuiieeiiieeiiie ettt eree e ere e e eesereeens 116

Figure 1. Structure and unusual spiral hillock formation in ZrS;s crystals. (A) Crystal
structure of pristine ZrS3 (P21/m) projected along the [010] and [001] zone axes. (B) Post-
reaction ampoule showing the domains of crystal growth. Scale bar, 2 cm. Insets I and II
highlight representative crystals that present surface hillocks, with arrows denoting the long-
axis (b-axis) growth direction. Scale bars, 2 mm. (C) Orientation-dependent Raman spectra
collected at 0°, 45°, and 90° relative to the polarization direction of the incident laser. The
boxed region indicates the position of the 532 nm incident laser spot. Scale bar, 245 pm. (D)
Schematic illustration of screw-dislocation-mediated growth of the surface hillocks with the
corresponding optical micrographs that experimentally show the spiral hillocks. The spiral
propagation directions relative to the long axis for the growth directions parallel (B(I)) and

perpendicular (B(I1)) to the long axis are highlighted. Scale bars, 100 pm. ..........c.cccevveenneennne. 129

Figure 2. Characterization of spiral hillocks in ZrS;.s crystals. (A,E) Bright-field (BF)
optical images showing the ribbon-like morphology of ZrSs.s crystals. Arrows indicate the
crystal growth direction and b-axis direction. Scale bars, 500 um. (B,F) Dark-field optical
images of the boxed regions in (A,E), highlighting polygonized spiral hillocks on the crystal
surfaces. Scale bars, 245 pm. (C,G) SEM images of the spiral hillocks highlighted in (B,F).
Scale bars, 25 um. (D,H) AFM topography images corresponding to (C,G) with line profiles
along the dashed lines, showing discrete terrace steps. Scale bars, 25 um. (I) Terrace-tracing
analysis of the spiral hillock in (G), illustrating nested polygonized spiral terraces relative to
the b-axis denoted by the arrow. Scale bar, 50 pm. (J) Single spiral (red) extracted from (I)
overlaid with an ideal Archimedean spiral (blue). (K) Three-dimensional AFM topography
of the spiral hillock shown in (G). (L) AFM line profiles extracted from (K), showing
representative terrace widths and heights measured near (A1, hi) and away from the spiral

CENTET (A2, 112). ettt ettt sb e ettt e s aee b e naeas 135

Figure 3. Polarization-dependent optical response of ZrS;.; crystals. (A) Transmission
optical images under crossed polarizers as the crystal is rotated from 0° to 90°. Scale bars,
245 um. (B) Polarization-dependent absorbance spectra collected by rotating the crystal

relative to the incident polarization direction. Inset shows the angular dependence (with
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respect to the incident polarization) of the band gap. (C) Bright-field (BF, top) and dark-field
(DF, bottom) optical micrographs of the corresponding crystal. Scale bars, 245 pum. Inset

shows the side-view of the crystal. Scale bar, 10 Pm.........ccccveeeiiieriiiiiieee e

Figure S1. Exfoliated NbS;3-1. Bright-field optical micrograph of nanostructures resulting

from micro-mechanically exfoliated bulk NbSs. Scale bar, 25 pm.......ccccooiiiiiniiiiie,

Figure S2. Optical images of NbS,. Bright-field optical micrographs of triangular-shaped

NbS> nanosheets that grow from NbS3 nanowires. Scale bars, 25 m.........ccccccvveviieenieeeeieenee.

Figure S3. Raman spectroscopy and electron microscopy of NbS: nanosheets. (A)
Representative Raman spectra of NbS> nanosheets which crystallized from NbS3; nanowires,
as seen in Figure S;. The in-plane (E1 and E2) and out-of-plane (A1) phonon modes are
labeled for easier visualization. (B and C) Corresponding micrographs of the NbS;
nanosheets from which the Raman spectra in A were taken from. (D) Representative TEM
image of NbS2 nanosheet with the corresponding FFT as inset. Scale bars, 20 um (B), 10 um
(C), and 1O M (D). ceeeeieeeiie et et e et e et eeeaaeeesaeesaaeesseeessseeensseeennseeans

Figure S4. Images of two reaction ampoules: the top with narrow necking (2.5 cm outer
circumference) and the bottom wide necking (3.5 cm outer circumference). The top ampoule
results in a combination of bulk crystals before the narrowed region and induces the growth
environment of smaller bulk crystals and nanowires, whereas the bottom ampoule results in
mostly bulk crystal growth on the substrate. The outer circumference of the quartz tube
without narrowing is 4 cm. We note that with the substrate positioned in the middle of zone
T,, the center of the growth ampoules must be narrowed sufficiently to prevent the
predominant growth of bulk crystals on the substrate, but not too small for bulk crystals to
accumulate before the narrowed area and interrupt the transport of the precursors to the
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Figure SS. Dark-field images of NbS;-1 nanowires. (A-D) Representative dark-field optical

micrographs of NbS; nanowires on Si/SiO> substrates. Scale bars, 245 pm..........ccccccevveneennens

Figure S7. Mapped substrate with AFM and dark-field images of NbS3; nanowires from
a 30-min reaction. (A) Representative dark-field images of the as-grown NbS; nanowires on

different regions of the Si/SiO; substrates. Scale bars, 245 um. Below the substrate map are
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the calibrated temperatures of each substrate region, measured using an external probe,
during the reaction at the fixed temperature gradient programmed at T1 = 750 °C and T, =
650 °C. The orange boxes represent the regions where nanowires were found. (B) AFM

images of various nanowires from A with their corresponding height profiles as the inset and

dark-field image at 50x magnification (C). Scale bars: 3 (B) and 50 um (C)......ceeevvveevvernnenne

Figure S8. SEM-EDS of NbS; nanowires from a 30-min reaction. (A) Representative
SEM image of a NbS; nanowire on the Si/SiO; substrate from Figure S5 with its
corresponding EDS spectrum (B). Scale bar, 1 um (A). Representative EDS elemental maps

of the NbS3; nanowires shown in Figure S5. Scale bars: 1 um (C) and 500 nm (D). ..................

Figure S9. Representative TEM images of NbS; nanowires displaying folds and curves

due to growth on substrate and/or external strain. Scale bars: 20 nm (A) and 10 nm (B)....

Figure S10. XPS peak parameters of bulk NbS3 crystals. The XPS peaks correspond to

the 3ds2 and 3ds2 states of Nb, and the S' 2p12, S' 2p32, and S 2pi2, S 2p3s states of S. ...

Figure S11. CVT temperature program used for the growth of NbS; nanoribbons shown

TN FIGUIE ST3. ettt ettt e bt e et e st e et e e s aeeenbeenaeas

Figure S12. Substrate position placement inside the two-zone furnace. Substrate 1 was

used for nanowire growth, whereas substrate 2 was used for nanoribbon growth.......................

Figure S13. Optical micrographs of NbS; nanoribbons. (A-D) Bright-field optical
micrographs of NbS3 nanoribbons on Si/Si0; substrates. Scale bars, 245 pm and 50 pm (B-

10 YU OO

Figure S14. Representative bright-field images of the as-grown NbS; nanoribbons on
different regions of the Si/SiO; substrates. Scale bars, 50 um. The calibrated temperatures
of each substrate region were measured using an external probe during the reaction at the

fixed temperature gradient programmed at T; = 750 °C and T2 = 650 °C. The orange boxes

represent the regions where the nanoribbons were found. ...........ccooeviieriiieniiiencii e,

Figure S15. Representative Raman spectra of NbS; nanoribbons as shown in Figure
S13. The phonon modes corresponding to the designation in the main manuscript is labeled

for easier visualization. (B,C) Corresponding micrographs of the NbS3 nanoribbons from

which the Raman spectra in A were taken from. Scale bars, 50 um (B,C)....cccceeevvvevvvrennennee.
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Figure S16. Representative AFM images of NbS3 nanoribbons as shown in Figure S1s.
The red line indicates the region from which the height profile was taken. (A) Nanoribbon
from Figure S13C with a height of 88 nm and width of 10 um. Scale bar, 10 um. (B) A
nanoribbon with a height of 88 nm and width of 10 pum. Scale bar, 5 um. (C) Nanoribbon
from Figure S13A with a height of 91 nm and width of 37 um. Scale bar, 12 pm.....................

Figure S17. Histograms of the lengths of nanostructures grown under three different
growth conditions. The top histogram in green shows the lengths of nanowires growing from
a single nucleation spot, from Figure S5B. The middle histogram in orange shows the lengths
of nanowires from the 3-day nanowire growth from Figure 2A. The bottom histogram in blue

shows the lengths of the various nanoribbons from Figure S14. ..........ccovviiiiiiiiiiiiieee e

Figure S18. Representative EDS elemental maps of the NbS; nanoribbon shown in

Figure S13A. Scale bars, 100 M. ..c...oiiuiiiiiiieeiee et

Figure S19. (left) Crystal structure of ZrS; which crystallizes in the P2;/m space group.
(right) The unit cell is depicted by the black solid outline box in two different projections:
[010] zone axis parallel to the chains (top) and [001] zone axis perpendicular to the chains

(bottom). Zr atoms are depicted in blue and S atoms are depicted in yellow. .........cceevveernnnnne

Figure S20. Representative SEM images of ZrS; nanoribbon structures on Si/SiO:. Scale
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Figure S21. Three representative Raman spectra of ZrS; nanosheets as shown in Figure
S20. The phonon modes corresponding to the designation in the main manuscript is labeled

TOT CASIET VISUALIZATION. ...ttt e e e e e et e e e e e e e e ee e aaaeeeeeeeeeanaaeaeens

Figure S22. Representative HRTEM image of a ZrS; nanoribbon. Scale bar, 5 nm. The
inset is a fast-Fourier transform image that is indexable to the [111] zone axis. On the right
is the corresponding Fourier-filtered micrograph. Fourier filtering was performed in Imagel
by excluding all but the most intense points of the Fourier transform of the image by adjusting

the color map, then taking the inverse Fourier transform. ...........ccccoeeveveviieenciiincie e,

Figure S23. Bulk and quasi-2D monolayer crystal models that were used as the basis for
the DFT calculation and comparison of the inter-layer bonding strength (along c-axis)
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Figure S24. Quasi-2D monolayer and the bi-chain crystal models that were used as the
basis for the DFT calculation and comparison of the inter-chain (1) bonding strength (along

a-axis and across the unit cell) between NbS3 and ZrSs.........c.ooevvieiiiieeiiieiieeceeeee e

Figure S25. Bi-chain and single chain crystal models that were used as the basis for the
DFT calculation and comparison of the inter-chain (2) bonding strength (along a-axis and

within the unit cell) between NDS3 and ZrSi......cccviieiiieiiieeeeeeeee e

Figure S26. Single chain crystal structure models that were used as the basis for the

DFT calculation of the intra-chain bonding strength (along b-axis) in ZrSs. .....c.cccecvveeeveeeneen.

Figure S27. Single chain crystal structure models that were used as the basis for the
DFT calculation of the intra-chain bonding strength (along b-axis, denoted as Covalent bond

(2)) I NDS 31 oo e e eee e s e s s e e s ee e eee e eeeeeee

Figure S28. Single chain crystal structure models that were used as the basis for the
DFT calculation of the intra-chain bonding strength (along b-axis, denoted as Covalent bond

(1)) I NDS 31 e eee e e s eeee s ss e ee e e eeesseeeeeseeee

Figure S29. Lattice structures (A-C) and electronic band structures and projected
density of states (pDOS) (D-F) of ZrS3;, NbS3;-V, and NbSs-I, respectively. The high
symmetry points in D-F are labeled as X=[0.5, 0, 0], I'=[0, 0, 0], Y=[O0, 0.5, 0], M=[O0, 0.5,
0.5], Z=[0, 0, 0.5] in the monoclinic reciprocal lattice. The pDOS are projected to Zr/Nb-d

and S-p orbitals, TeSPECHIVELY. ...cccuviiiiiiieiieee e e

Figure S30. Electronic band structures projected to deg (dz2 and dx2.y2) and de¢ orbital
contributions of Zr/Nb atoms of (A) ZrS3, (B) NbS3-V, and (C) NbSs-1, respectively. B
and C illustrates the opening of the gap from the lowering in energy of the bonding d.> and
dx2-y2 states in the dimerized NbS3-I phase. This stabilization of the bonding states arises due

to the more pronounced orbital overlap as a consequence of the in-chain dimerization.............

Figure S1. Width distribution and morphology of Mol; crystals. (A) Histograms of
crystal widths from 8-day and 1-day reactions using elemental Mo and I precursors. (B)
Representative SEM images of Mols crystals as grown on Si/Si0O; substrates from an 8-day

reaction and (C) a 1-day reaction. Scale bars, 40 um (B). Scale bars, 50 pm (C). ....................

Xvii

174

175

178

180



Figure S2. Le Bail refinement of the PXRD pattern of bulk Mol; crystals. Powder X-ray
diffraction pattern fitted using the Pmmn structural model. Fit quality parameters: Rwp =

3.36, Rexp = 2.76, > = 1.48 and goodness-of-fit = 1.22...........coceivreiiieeceeeeeeeeeeeeeeeene,

Figure S3. EDS analysis of bulk Mol; crystals. (A) Representative EDS spectrum of Mol
crystals obtained from bulk growth, showing the Mo and I atomic composition. (B)
Corresponding SEM images and EDS elemental maps showing the uniform distribution of

Mo and 1. Scale Bars, 5 [ ......coooiiiiiiieciie et e e e e e nreeen

Figure S4. XPS analysis of bulk Mols. XPS spectra of the I 3d, I 4d, Mo 3p, and Mo 3d

regions with their corresponding peak-fitting profiles. .........cccceeevieieiiieeiiieee e,

Figure SS. Thermogravimetric analysis of bulk Mol; crystals. TGA (black) and derivative
thermogravimetric (DTG, orange) curves showing two major mass-loss steps at 474.5 °C and

0860.9 CC. . e et sttt sne e

Figure S6. HRTEM images of Mol3 nanowires. (A) Low-magnification HRTEM images.
Scale bars, 800 nm. (B) High-magnification HRTEM images of the nanowires indicated by

the red arrows in (A). Scale bars, 10 MM ......cccvvieiiiieiiieceecee e e e

Figure S7. Width distribution and morphology of Mols nanowires grown from bulk
Mols precursors. (A) Histogram of nanowire widths obtained from a 5-day reaction using
bulk Mols as precursors. (B) Representative SEM images of Molsz nanowires as grown on

S1/S10; substrates. Scale bars, 30 LM........ccciieiiieeiiieeiee e e

Figure S8. EDS analysis of Mol; nanowires. (A) Representative EDS spectrum of Mol
nanowires, showing the Mo and I atomic compositions. (B) Corresponding SEM images

and EDS elemental maps showing the uniform distribution of Mo and I. Scale bars, 3 um. .....

Figure S9. Temperature-dependent Raman characterization of a representative bulk

Mol; crystal. Raman spectra of a Mols crystal grown using Method 1.........ccccoveeviiiiniiennnenns

Figure S10. Raman characterization of Mol3 nanowires. (A) Normalized Raman spectra
of six representative Mol3 nanowires grown using Method 2. (B) Corresponding optical

microscopy images of the nanowires labeled 1-6 in (A). Scale bars, 40 pm. .......cccovverieeeenee.
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Figure S11. SEM images of Mols nanowires used for optical scattering measurements.
SEM images of the nanowires analyzed in Figure 4A-D, with the indicated heights measured

by AFM. Scale bars, 1 M. ......cccoiiiiiiiiiiieeiie ettt aee e svee e e e e snreeenseeenaeas

Figure S1. Influence of Ta alloying on the nanocrystal structure and morphology of
vapor-phase grown NbSs-1. (A) Representative Raman spectra of Ta-alloyed nanocrystals
of NbS;-I at various Ta loading conditions (as loaded x in NbixTaxS3 from x = 0.02 to 0.5).
(B) Representative dark field optical micrographs of the nanocrystals grown on Si/Si0;

substrates at various Ta loading. Scale bar, 245 M. ....cccoeeioiieriiieeieece e

Figure S2. Effect of necking circumference on the growth of NbixTaxSss
nanostructures. (A) Representative dark-field optical micrographs of NbixTaxS3-0
nanostructures (top row: nanorings and nanowires) and bulk structures (bottom row) as-
grown on Si/Si0; substrates from the corresponding ampoules shown in B. Scale bars, 50 um
(top row) and 245 pum (bottom row). (B) Image of four reaction ampoules (I-IV) with
progressively narrowed outer circumferences (3.5, 3.2, 3.0, and 2.5 cm) of the necked region
while all other growth parameters were held constant. Necking the ampoule between 3.0-3.2

cm (ampoule II and III) targeted higher density of nanostructure growth on the substrates.......

Figure S3. Substrate mapping of NbixTaxS3.s nanoring structures. Graphical illustration
of the substrate, with red regions marking where nanoring and nanowire structures are
concentrated and the blue region marking the area where bulk crystals dominate. On the right
are the representative dark-field macrographs. Nanoring structures scale bars, 50 pm. Bulk
crystals scale bars, 245 pum. Nanowires and nanoring structures are found at higher
concentrations ~1 mm from the edges of the substrate. Below the substrate are the calibrated
temperatures at each substrate region, measured using an external probe, during the 700-600
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Figure S4. Representative SEM images of Nb1.xTaxS3.s nanoring structures. SEM images

of the as-grown nanoring structures on Si/SiOz. Scale bars, 1 Wm.......ccocceeviiiiiniiiiiiniiee,

Figure SS. Bulk NbS3-I and NbixTaxS3.5 crystals grown on Si/SiO; substrates. (A) NbS:-

I forms straight, uniform, needle-like crystals radiating from a nucleation spot. Scale bars,
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245 pm. (B) NbixTaxSs.s exhibits similar needle-like structures but with nanowires that

splinter away from the main structure. Scale bars, 245 M. ....cccoveeviiiiriiieeieeeee e

Figure S6. Bulk Nbi,TaxS3-5 crystals grown on Si/SiO; substrates. (A) SEM images
showing different regions of the bulk crystal structures. Scale bars, 5 um. (B,C) SEM images
highlighting two regions showing the ends of the bulk structures forming ring-like
morphologies. The boxed regions labeled I and II are enlarged and shown to the right. Scale

bars, 50 um (left) and 5 pm (panels T and I1). ......ccooeviiieiiiieiiieeeeeeee e,

Figure S7. Representative SEM image and SEM-EDS elemental maps of an NbixTaxSs.
s nanoring. (A) SEM image of a transferred nanoring onto a lacey carbon TEM grid and (B)

its corresponding SEM-EDS elemental maps. Scale bars, 5 im.........cccoeveeveiieiiieeniie e

Figure S8. SEM-EDS spectrum and SEM images of NbixTaxS3;s nanoring structures.
(A) Representative SEM-EDS spectrum showing the elemental composition of Nbj.xTaxSs-s
nanorings. (B-D) SEM images of transferred nanorings onto a copper substrate for SEM-EDS

analysis. Scale Dars, 2 M. .....c.oiiiiiiiiiieciie ettt e e e e tae e s e e e e e e e e e e enaeeenreeens

Table S1. Atomic composition of NbixTaxS:s nanoring in Figure S8B. Atomic
percentages of S, Nb, and Ta of the nanorings shown in Figure S8B as derived from the SEM-
EDS analysis. Eight measurements were done at different spots around the nanoring
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Table S2. Atomic composition of NbixTaxS;s nanoring in Figure S8C. Atomic
percentages of S, Nb, and Ta of the nanorings shown in Figure S8C as derived from the SEM-
EDS analysis. Eight measurements were done at different spots around the nanoring

STTUCTULE. ..ttt ettt ettt ettt e et ettt e et e et e e ta e e taa e et e et e etaa e tsaetansaeenneannsennaeennnenannnns

Table S3. Atomic composition of NbixTaxS;s nanoring in Figure S8D. Atomic
percentages of S, Nb, and Ta of the nanorings shown in Figure S8D as derived from the SEM-
EDS analysis. Eight measurements were done at different spots around the nanoring
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Figure S9. SEM-EDS spectrum and SEM images of Nbi.TaxSss nanowires. (A)

Representative SEM-EDS spectrum showing the elemental composition of NbixTaxS3.s
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nanowires. (B-D) SEM images of transferred nanowires onto a copper substrate for SEM-

EDS analysis. Scale Dar, 2 M. ...c.ciiiiieiiieciieeeiec ettt etae e eaee e e s e e snaeeennneeens

Figure S10. Polarization-resolved Raman spectroscopy of representative NbixTaxS3.s
nanoring. (A) Raman spectra collected at different positions around a single nanoring where,
0° corresponds to the ring segment parallel to the polarization direction of the 532 nm laser
and 90° corresponds to the perpendicular orientation. (B). Image of corresponding Nbi.
xTaxS3.s nanoring indicating the angular measurement positions. Scale bar, 10 pm. (C) Polar
plots of the normalized Raman intensities for modes I, II, and III demonstrating the

polarization-dependent Raman response of the nanoring............cceccveeveieevcieencie e,

Figure S11. Comparison of Raman spectra of Nb{xTaxS3.s nanorings to NbSs-I crystal.
(A) Raman spectra of six samples shown in (B). Spectra 14 correspond to different Nb;.
xTaxS3.s nanorings, while spectra 5-6 correspond to NbS3-1. (B) Optical images of four
different nanorings (1-4) as-grown on Si/Si0O; substrates and NbSs-1 (5-6) matching the
orientation used for the Raman measurements compared with the nanoring structures. Scale
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Figure S12. Vibrational mode shifts in the Raman spectra from Figure S11. Raman shifts
of six vibrational modes (I-VI) are plotted for each sample (1-6) corresponding to those
shown in Figure S11. Raman peaks were fitted using Lorentzian functions. Samples 1-4 (Nb;.

xTaxS3.5 nanorings) red shift compared to samples 5-6 (NDS3-I). ..cccvveeeivieniiiiiiieeeieeeee e

Figure S13. Full width at half maximum (FWHM) of Raman modes I-VI from Figure
S11. FWHM values are plotted for each vibrational mode (I-VI) across the six samples
shown in Figure S11. Raman peaks were fitted using Lorentzian functions. Samples 1-4 (Nb;.

xTaxS3.5 nanorings) exhibit broader modes compared to samples 5-6 (NbS3-I).......c.cccccveeennnnne

Figure S14. Raman spectra of Nbi.xTaxS;s bulk crystals compared with NbSs-1. (A)
Raman spectra of NbixTaxS3.s bulk crystals (blue) and NbSs-I crystals grown at 700-600 °C
(gray) and 750-650 °C (black). Characteristic modes (I-VI) are highlighted for comparison.
(B) Optical images of the corresponding samples from panel (A). Scale bars, 10 um. NbS;
grown at both temperature ranges (700-600 °C and 750-650 °C) yields Raman peaks
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consistent with NbSs3-I. NbixTaxS3.s bulk crystals show a red shift in the Raman modes,

similar to that observed for the Nanoring StruCtures. ..........cccveereieercieeeie e

Figure S15. Raman spectra of representative NbSs-I rings. Raman spectra collected from
two individual rings (Crystal A and Crystal B) are shown alongside the corresponding bright-
field and dark-field optical images. Scale bars, 25 M. ........ccceeeiiieiiiieeiiieee e

Figure S16. Raman spectra of representative NbS3-V rings. Raman spectra collected from
four individual rings (Crystal A, B, C, and D) are shown alongside the corresponding SEM

1mages. Scale bars, 10 LM c...ooiiiiii ettt st

Table S6. Atomic composition of NbS3-V rings in Figure S16. Atomic percentages of S
and Nb of the rings shown in Figure S16 as derived from the SEM-EDS analysis. Several

measurements were done at different spots around the rings Crystal A, B, C, and D. ...............

Figure S17. Computed structural distortion in pristine and Ta-alloyed NbS; chains. Side
views along the [010] orientation for the (A) bulk, (B) pristine NbSs-I chains, and (C) “Nb;-
xTaxS3” chains with x = 0.167. The pristine NbS3-I1 nanowire exhibits two triangular motifs
(Triangle-1 and Triangle-2, where S2 is bonded to Nb atoms). Triangle-1 and Triangle-2 are
staggered along the nanowire direction. In addition to the distortion of triangular motifs, Ta

doping introduces a misalignment of the Nb and Ta atoms along the nanowire direction. ........

Figure S18. Different alloying configurations for 16.7% Ta-alloyed “NbixTaxS3” chains.

The total energy of “Nbi.xTaxS3” chain is lowest for the configuration in (C). .........cccccvvernnennne

Figure S19. Polarization-dependent scattering spectra of Nbix\TaxS3-s nanorings. (A,C)
Hyperspectral images of the nanorings from Figure 5A,F acquired with the polarizer (P) and
analyzer (A) in the cross-polarization configuration. Regions A and B correspond to ring
segments oriented parallel and perpendicular to the polarization direction, respectively. Scale

bars, 6 um (A) and 3 um (C). (B,D) Scattering spectra from Regions A and B in (A,C)...........

Figure S20. Effective optical constants of bulk NbSs-I crystal extracted from
spectroscopic ellipsometry using uniaxial birefringence model. The measured NbS3-I
ribbon has a cross-sectional width of 65 um, thickness of 4175 nm, and length exceeding 1
mm. Wavelength-dependent refractive indices and extinction coefficients measured parallel

(nyv, kyp) and perpendicular (nib, kip) to the crystallographic b-axis are shown over the
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spectral range of 193-1500 nm. Inset shows the corresponding NbSs-I crystal used for the

ellipsometry measurements. Scale bar, 245 M. .....ccciiiiiiieiiieeiee e

Figure S1. Synthesis and characterization of pristine ZrSs. (A) Images of fused quartz
ampoules after CVT growth of ZrS; using two reaction conditions: (I) 0.34 g total precursor
mass in a larger ampoule and (IT) 0.48 g total mass in a smaller ampoule. (B) Representative
bright-field (BF) and dark-field (DF) optical images of ZrS3 crystals grown on sapphire
substrates from the reactions shown in (A). Scale bars, 245 pm. (C) Representative TEM
image with the corresponding FFT inset indexed along the [-1-13] zone axis. Scale bar, 5 nm.
(D) Representative PXRD pattern of the product from reaction A(II), fitted using Le Bail
method to the monoclinic ZrS; (P2i/m) crystal structure (x> = 0.78). (E) Orientation-
dependent Raman spectra of a rotated ZrS; crystal measured from 0 to 90° relative to the

polarization direction of the 532 nm eXcitation laSer. ...........ccecveeriieeriieencie e

Figure S2. Temperature profile and schematic of chemical vapor transport (CVT)
setup. (Left) Temperature profile used for CVT growth, consisting of an isothermal dwell
followed by controlled slow cooling to room temperature over 2 days. (Right) Schematic of
the two-zone furnace used for CVT growth. The precursor pellet was vacuum sealed in a
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ABSTRACT OF THE DISSERTATION

Anisotropy-Driven Morphological and Dimensional Control of One-Dimensional van der Waals
Nanocrystals from Vapor-Phase Routes

by
Diana Lopez
Doctor of Philosophy in Chemistry
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Professor Maxx Q. Arguilla, Chair

One-dimensional (1D) van der Waals (vdW) materials provide a unique platform that enables the
understanding of how anisotropic bonding governs crystal growth and enables access to complex
morphologies and emergent physical states. However, predictive synthetic strategies for directing
their crystallization remain underdeveloped. This work establishes chemical design principles for
directing the bottom-up crystallization of 1D vdW materials by controlling directional bonding,
composition, and defect-mediated growth. Using modified chemical vapor transport, strong intra-
chain bonding—particularly Peierls-like metal dimerization—is shown to promote catalyst-free
growth of ultralong, high-aspect-ratio nanowires in NbS3-I and Mols. Building on this framework,
compositional alloying and chalcogen deficiency emerge as complementary chemical design
parameters that modify lattice flexibility and growth pathways that enable the formation of self-
coiled nanorings and screw-dislocation-mediated spiral hillocks while preserving the intrinsic
anisotropic properties of the parent crystals. Microscopy, spectroscopy, and first-principles
calculations collectively reveal the interplay between bonding anisotropy, lattice perturbations,
and crystal growth. Together, these studies establish generalizable chemical design principles for
programming crystal growth in burgeoning classes of 1D vdW materials and provide new synthetic
routes to structurally complex crystals that serve as platforms for exploring structure—property

relationships and emergent physical phenomena.
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CHAPTER 1: Growth and Morphological Control of High-Aspect-
Ratio One-Dimensional Nanostructures

1.1 Definition and Significance of One-Dimensional Nanostructures

One-dimensional (1D) nanostructures comprise a broad class of materials characterized by
high aspect ratios, in which two dimensions are confined to the nanoscale regime while the third
extends over much larger length scales. ' Conventionally, the nanoscale is defined as dimensions
ranging from approximately 1-100 nm. '~ These nanostructures can originate from materials with
different bonding dimensionalities. The bonding network may extend predominantly through one,
two, or three dimensions, defined by strong bonding interactions such as covalent, ionic, or
metallic.’ In 1D materials, strong bonding, usually covalent in nature, occurs primarily along a
single crystallographic axis, resulting in chain-like motifs.> In two-dimensional (2D) materials,
strong bonding extends along two crystallographic axes, forming sheets or planes that are held
together by weaker van der Waals (vdW) interactions.’ In three-dimensional (3D) materials, strong
bonding extends along three crystallographic directions, resulting in a fully interconnected
bonding network throughout the crystal.> Regardless of the bonding-imposed dimensionality of
the parent material, the resulting nanostructures may adopt a variety of morphologies (Figure
1.1.1).

Based on their geometry and dimensions, 1D nanostructures are commonly categorized as
nanorods, nanowires, nanoribbons, and nanotubes. Nanorods typically possess circular, hexagonal,
or square cross sections, with aspect ratios (length/width) between ~1 and 25. %7 Structures with
higher aspect ratios are generally classified as nanowires, although the distinction between
nanorods and nanowires is not universally defined. While nanoribbons and nanotubes may exhibit
similar aspect ratios to nanowires, they are distinguished by their specific cross-sectional
geometries. Nanoribbons, sometimes referred to as nanobelts, exhibit rectangular cross sections
and are characterized by width, length, and a nanoscale thickness or height.>**1° Nanotubes are
distinguished by their hollow cylindrical (ring-like) cross sections with nanoscale diameters.'!'=!3
Beyond these conventional morphologies, 1D nanostructures can adopt a diverse range of
architectures, including zigzag, helical, coiled, and other structurally complex forms.!3810.16-24

Among these various morphologies, nanowires and nanoribbons have emerged as two of the most



extensively studied 1D nanostructures owing to their synthetic accessibility and structural

versatility.
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Figure 1.1.1. Schematic illustration of representative bonding dimensionalities and morphologies of 1D
nanostructures. 1D nanostructures can originate from materials with different bonding dimensionalities, represented
by geometric shapes such as a 3D cube, a 2D plane, and a 1D line (left). Conventional 1D nanostructures include
nanorods, nanowires, nanoribbons (nanobelts), and nanotubes, which are distinguished by their characteristic aspect
ratios and cross-sectional geometries (middle). Beyond these conventional morphologies, 1D nanostructures can

adopt more complex architectures, including zigzag, helical, and coiled structures (right). Structures are schematic
and not drawn to scale.

Semiconducting nanowires and nanoribbons exhibit tunable charge transport and light—
matter interactions, enabling their use as active components in next-generation electronic,
optoelectronic, and sensing devices.*?>** Such tunability can be achieved through control of
composition, doping, crystal structure, and size. #*>* Their elongated geometries facilitate
integration into miniaturized devices, particularly as nanoscale interconnects.?***° Depending on
their intrinsic mechanical properties, some 1D nanostructures can also support flexible device
architectures. 41:43:46.30-56 A5 dimensions approach the atomic scale, quantum confinement effects
can emerge, leading to tunable electronic and optical properties.?8-30:34:4937-61 The combination of
high aspect ratios and anisotropic crystal structures can further give rise to direction-dependent
physical properties and support direction-dependent electronic and optical transport,4?44:46.51.62-64
In addition, the large surface-to-volume ratios characteristic of 1D nanostructures enhance surface-

mediated processes, making them attractive for sensing applications.*!:43:46.50-52



Beyond conventional high-aspect-ratio nanostructures, structurally complex morphologies
such as coiled structures, nanorings, helices, and other defect-induced morphologies have attracted
increasing interest because they introduce additional degrees of structural complexity, enabling
further tunability of physical properties. Curvature, twisting, and crystallographic defects can
modify local symmetry, strain distributions, and local electronic structure, giving rise to
mechanical, optical, and electronic phenomena that are not typically accessible in conventional
straight morphologies.®*7? As a result, considerable efforts have been devoted to developing
synthetic strategies that provide greater control over morphology. However, many complex
architectures emerge through crystallization pathways that are highly sensitive to growth
conditions, limiting the reproducibility and predictability of their synthesis. These challenges
continue to motivate the development of new synthetic approaches. This chapter provides an
overview of semiconducting nanowires and nanoribbons, including their material diversity,
applications, synthesis, and the challenges and limitations of conventional approaches for

accessing high-aspect-ratio and structurally complex 1D nanostructures.

1.2 Physical Properties and Applications of One-Dimensional Nanostructures
at the Atomic Scale

In electronic device applications, semiconducting nanowires such as Si and III-V materials
including InAs, GaN, and InP have been extensively investigated as field-effect transistors (FETSs)
and logic devices that exploit gate-tunable charge transport (Figure 1.2.1). 27:42:47:49.63.73-75
Similarly, semiconducting oxide nanoribbons, such as ZnO, exhibit anisotropic charge transport
and have been explored in FETs and sensing applications.®!%-31.7678 [n these systems, charge
transport is governed by the interplay between reduced dimensionality, crystal structure, and
carrier confinement. These characteristics establish semiconducting nanowires and nanoribbons as
versatile components for next-generation nanoscale electronic technologies.

Nanowires and nanoribbons have also been widely explored in optoelectronics owing to
their ability to generate, guide, manipulate, and detect light at the nanoscale (Figure 1.2.1). I1I-V
materials, such as GaN, InP, and GaAs, are commonly used in light-emitting devices, including
nanowire lasers and light-emitting diodes, because of their direct band gaps and high radiative

27,30,38,42,44,

efficiency. 7411-VI semiconductors and metal oxides, such as CdS and ZnO, have served

as model systems for nanoscale photonics, demonstrating lasing, waveguiding, and ultraviolet

3



n 303343445579 Qi nanowires are primarily utilized for photodetection and solar

photodetectio
energy conversion, as their indirect band gap suppresses radiative recombination and favors light
absorption. 43983 More recently, halide perovskite nanowires have emerged as high-performance
materials for tunable light emission and detection.’?#43485 Together, these material systems
demonstrate the versatility of 1D nanostructures for light generation, manipulation, and detection
across a broad range of optoelectronic technologies.

Beyond electronic and optoelectronic functionalities, nanowires and nanoribbons have also
been extensively investigated for sensing applications because their high surface-to-volume ratios
enhance sensitivity to changes in the surrounding environment (Figure 1.2.1). In particular, metal
oxide nanowires, such as ZnO, SnO, TiO>, and WOs, represent one of the most widely studied
classes of nanowire-based sensors, in which surface adsorption of gas molecules modulates

electrical conductivity. 864

Silicon nanowires have also been widely employed as sensing
elements, particularly in FET configurations, where surface charge interactions influence channel
conductance, enabling highly sensitive detection of chemical and biological species.?%28958 In
addition, III-V semiconductor nanowires, such as InAs and GaN, have been investigated for
chemical and biological sensing owing to their high carrier mobility and surface sensitivity.262%9-
105 Surface-mediated interactions therefore play a central role in governing the sensing
performance of 1D nanostructures.

In addition to surface-mediated phenomena, reducing the dimensions of nanowires and
nanoribbons can fundamentally alter their electronic structure through quantum confinement
(Figure 1.2.1). Silicon nanowires represent one of the most extensively studied systems, where
reduced dimensions can lead to band-gap widening, with strong confinement effects emerging at
diameters below ~5 nm and bulk-like behavior being recovered above ~10 nm.233%106.107 Similarly,
III-V semiconductor nanowires, such as InAs and GaAs, can exhibit quantized transport and
subband formation as dimensions approach the quantum confinement regime.’®!%-119 In I1-VI
semiconductors, including CdS and CdSe, quantum confinement leads to pronounced changes in
optical properties, such as size-dependent photoluminescence and tunable emission

wavelengths,>111-114

Metal oxide nanowires, such as ZnO, also exhibit confinement-induced
optical behavior, particularly in the ultraviolet region.’>»!'5"'17 These examples demonstrate how

quantum confinement provides an additional mechanism for tailoring the electronic and optical



properties of 1D nanostructures beyond conventional control through composition and crystal

structure.
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Figure 2.2.1. Representative functionalities enabled by 1D nanostructures. (A) A silicon nanowire field-effect
transistor (FET) illustrating gate-tunable charge transport and the integration of 1D nanostructures into
nanoelectronic devices (adapted from Ref. 46). (B) A Sn-doped CdS nanowire exhibiting excitation-power-dependent
color tuning (adapted from Ref. 114). (C) A Pd-decorated ZnO/ZnS core-shell nanowire gas sensor demonstrating
sensitive H2S detection under mechanical deformation, highlighting the suitability of 1D nanostructures for flexible
sensing applications (adapted from Ref. 94). (D) An InGaAs nanowire demonstrating quantized conductance, a
hallmark of electronic quantum confinement in 1D systems (adapted from Ref. 108). These examples highlight the
diverse electronic, optoelectronic, sensing, and quantum functionalities that emerge from the reduced dimensionality
of 1D nanostructures.

Beyond tuning through composition, crystal structure, and dimensional confinement,
structurally complex nanostructures can give rise to morphology-dependent physical phenomena
(Figure 1.2.2). An intriguing example is provided by the semiconducting and piezoelectric ZnO
nanoribbons, where polar-surface-driven growth enables the spontaneous formation of helical
nanostructures,'®17:2123118119 The resulting helical structures introduce periodic curvature,
chirality, and spring-like mechanical flexibility, enabling reversible elastic deformation and
electromechanical coupling. 0172123118119 Ag 3 result, these structures have been proposed as
promising architectures for nanoscale resonators, transducers, sensors, and other

electromechanically  responsive  nanodevices.?!»?3119:120

Ring-shaped  semiconductor
nanostructures can modify optical confinement and resonant cavity behavior relative to

conventional linear nanostructures.?>»'2!-12* For example, GaN nanorings have been explored as



photonic ring resonators and nanolasers, where circulating optical modes and whispering-gallery-

mode confinement enable tunable lasing and geometry-dependent optical resonances.*%121-123

Extending beyond curvature-induced phenomena, defect-mediated structures involving
screw dislocations can drive spiral crystal growth and, in sufficiently thin crystals, induce strain-
driven crystallographic twisting, thereby modifying local crystal structure and/or physical
properties.®3-6871126-131 For example, GeS nanowires have been shown to grow around axial screw
dislocations and exhibit Eshelby twisting, producing continuously rotated vdW layers and tunable
moiré superstructures.®”-%%7! This progressive interlayer twist can modify interlayer coupling and
electronic structure while introducing chirality and local symmetry breaking, providing potential
opportunities for twistonic applications.®”-6%-71:132.133 Taken together, these studies highlight how
structural complexity provides an additional degree of freedom for engineering crystal
architectures and the associated physical properties of 1D nanostructures beyond conventional
control through composition, crystal structure, and dimensional confinement, further expanding

opportunities for both fundamental studies and technological applications.
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Figure 3.2.2. Representative functionalities enabled by complex 1D nanostructures. (A) A GeS nanowire exhibiting
a twisted crystal structure and twist-induced modulation of photoluminescence, as evidenced by variations in
wavelength, intensity, and linewidth along the nanowire axis (adapted from Ref. 67). (B) A ring-shaped CdS
nanoribbon laser demonstrating optical resonance within a closed-loop cavity geometry (adapted from Ref. 120).
These examples highlight how twisted crystal structures and curved morphologies can be exploited to tailor the
physical properties of 1D nanostructures.



1.3 Growth Mechanisms and Methods for Nanowires and Nanoribbons

The ability to experimentally synthesize nanowires and nanoribbons with desired structural
and functional properties depends critically on control over their crystal structure, dimensions, and
morphology. Synthesis of these nanostructures is generally achieved through two primary
approaches: top-down fabrication and bottom-up growth. Top-down methods include lithography,
etching, and exfoliation from bulk crystals.>*>!3* Although lithography and etching can provide
precise geometric patterning and dimensional control, they may introduce surface damage, defects,
and structural disorder, particularly at the nanoscale.'*>!3® Exfoliation approaches also present
limitations. For example, mechanical exfoliation often yields materials with nonuniform lateral
dimensions and limited control over thickness and length, while liquid-phase exfoliation can
introduce surface contamination and structural degradation.’’'3-146 Consequently, bottom-up
growth strategies are frequently pursued to enable direct crystallization of nanostructures with
controlled composition, crystallinity, morphology, and dimensionality.

Bottom-up growth methods include solution-phase and vapor-phase synthesis, which can
be combined with catalyst-assisted mechanisms or template-assisted growth strategies.?3-6>147-150
These approaches offer a route towards controlling crystal structure, dimensions, and morphology
while often yielding high-quality single-crystalline materials. Among solution-phase methods,
hydrothermal and solvothermal synthesis are the most widely employed (Figure
1.3.1).23116.118,15L152 Both processes are conducted in sealed autoclaves under elevated temperature
and pressure; however, hydrothermal synthesis uses water as the solvent, whereas solvothermal
synthesis uses organic solvents.!>"13315¢ The solvent plays a critical role in determining precursor
solubility, reaction pathways, nucleation kinetics, and crystal growth behavior. Hydrothermal
methods are particularly effective for metal oxides such as ZnO, TiO,, WO3, and Fe,O3; because
aqueous precursor chemistry facilitates oxide formation.!31:!53155-165 [n contrast, solvothermal
approaches are widely used for metal chalcogenides including CdS, ZnS, and Bi»S3, where organic
solvents provide greater flexibility in precursor selection and growth conditions.!3%16%-170 For
materials that do not intrinsically favor anisotropic growth, or when additional control over
nanowire dimensions and morphology is desired, surfactants or ligands may be introduced as

capping or structure-directing agents,3:16:165-167

These species selectively adsorb onto specific
crystal facets, modifying relative growth rates and promoting the formation of targeted

morphologies. 3136165166 They can also influence nucleation behavior and suppress particle



aggregation during growth.!3*156.165.166 Degpite these advantages, solution-phase growth methods
remain largely limited to materials whose precursors possess sufficient solubility and reactivity
within the chosen solvent environment to enable controlled crystallization of the desired phase,

motivating the widespread use of vapor-phase growth strategies for many materials.!36:163.171

Ethanol:H,0
3:1

nanoparticles

@3

Ni2+  Co? urea

@ O _NH;
T
\, / Heat treatment nanorods
Solvothermal 500°C/1h .
180°C/ah 7 /I‘
o 7=l
Transferred Washed
— nanowires
&Sealed &Dried ' HESH #
ve—

b))

Glyceol:H,0 microspheres

3:1

Figure 4.3.1. Representative solution-phase growth method for nanostructures. Schematic illustration of the
solvothermal synthesis of nickel cobaltite (NiC0204) nanostructures, highlighting the role of solvent composition in
directing morphology evolution toward nanoparticles, nanorods, nanowires, or microspheres. Adapted from Ref. 152.

Common bottom-up vapor-phase methods include chemical vapor deposition (CVD) and
chemical vapor transport (CVT) (Figure 1.3.2). CVD is widely employed for the direct growth of
thin films and low-dimensional nanostructures.>”!?8172-176 CVT, on the other hand, is traditionally
used for the synthesis of high-quality bulk single crystals.!3%!77-18% [n CVD, volatile precursor
species are generated in the vapor phase and transported by a carrier gas to a substrate, where they
undergo surface reactions that drive nucleation and crystal growth. 371281727176 The ability to
independently control precursor delivery, substrate temperature, and growth environment makes
CVD a versatile method for engineering crystal structure, morphology, and dimensionality. By
contrast, CVT relies on the transport of volatile species between spatially separated temperature
zones. In a typical CVT process, precursor materials are exposed to a temperature gradient,
generating gaseous transport species that diffuse from a high-temperature source region to a lower-

temperature growth region where crystallization occurs.'**!"7-1% Owing to its ability to produce



large, high-quality single crystals, CVT remains one of the most widely used methods for

preparing bulk materials for subsequent characterization and exfoliation.!3%177-187

(A) Chemical Vapor Deposition (CVD) (B) Chemical Vapor Transport (CVT)
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Figure 5.3.2. Comparison of typical experimental configurations used for CVD and CVT. (4) Representative CVD
setup, where precursor species are transported by a carrier gas to a substrate positioned within the growth zone. (B)
Conventional CVT setup for bulk crystal growth, where vapor species are transported by diffusion from the source
region (hot zone, Thoy) to the growth region (cold zone, Tcols) under an applied temperature gradient. (C) Growth
parameters unique to CVD and CVT, together with parameters common to both techniques.

Although vapor-phase methods can directly produce thin films and nanostructures,
catalyst-assisted mechanisms and template-assisted growth strategies are often employed to
promote anisotropic nanowire or nanoribbon growth. One of the most widely used catalyst-assisted
mechanisms is vapor-liquid-solid (VLS) growth, in which vapor-phase precursor species dissolve
into a liquid metal catalyst droplet to form a eutectic alloy.6%!48176.190-192 Continued precursor
incorporation increases the concentration of the growth species until supersaturation is reached,
driving crystallization at the liquid-solid interface and resulting in anisotropic nanowire growth.
Because VLS growth relies on eutectic alloy formation, the catalyst and precursor materials must
be chemically compatible. Template-assisted growth provides an alternative route for controlling
nanowire morphology by using patterned substrates or confined growth geometries to direct

nucleation and crystal growth.*7-13%192-194 Quch templates are commonly fabricated through
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lithographic patterning or substrate etching techniques and can provide enhanced control over
nanowire dimensions, alignment, and spatial organization.*’-!3%19271%4 In some systems, catalyst-
assisted and template-assisted approaches are combined to achieve exceptional aspect ratios and
growth control. For example, millimeter-scale GaN nanowires have been synthesized by CVD
using a combination of VLS and template-assisted growth strategies.'®?

Despite significant advances in bottom-up nanowire and nanoribbon growth, many
conventional synthesis approaches continue to rely on exfoliation, catalyst-assisted growth, or
template-assisted growth strategies. As a result, achievable dimensions, morphology, and
structural uniformity are often influenced by external factors such as catalyst size, eutectic
compatibility, template geometry, lithographically defined features, or the stochastic nature of
exfoliation processes. These constraints become critical as the dimensions approach the sub-10 nm
and atomic scale regimes, where many predicted low-dimensional phenomena are expected to
emerge most strongly. 1D vdW materials provide an alternative route for accessing 1D
nanostructures by leveraging their intrinsic anisotropic bonding.’”-'4%173 In these materials, strong
covalent bonding along one crystallographic direction with comparatively weak vdW interactions
along the remaining directions promote preferential 1D growth, often resulting in needle-like
crystal morphologies.'3%!37 Furthermore, as the material dimensions approach the atomic limit and
the surface-to-volume ratio increases, ideal 1D vdW materials exhibit fewer exposed dangling-
bond sites than 2D or 3D materials (Figure 1.3.3). In 2D vdW materials such as graphene and
MoS,, covalent bonding extends within a plane, with weak vdW interactions perpendicular to the
plane, giving rise to layered sheet-like structures.'®> Consequently, dangling bonds are primarily
located along the sheet edges, whereas in ideal 1D vdW materials they are largely confined to the
terminal chain ends. In contrast, 3D materials such as silicon possess strong covalent bonding
along all three crystallographic directions. As their dimensions are reduced, the increasing surface-
to-volume ratio results in a larger fraction of surface dangling bonds, leading to enhanced surface
reactivity compared to 2D and 1D materials.!”® Therefore, the unique geometry of 1D vdW
materials, combined with their highly anisotropic bonding, makes them attractive platforms for

exploring confinement effects and emergent low-dimensional phenomena.
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Figure 6.3.3. Comparison of bonding dimensionality and exposed dangling-bond sites in representative 3D, 2D,
and 1D materials. (4) Silicon (Si), a 3D material with dangling-bond sites present on exposed surfaces. (B) MoS:, a
2D vdW material with strong in-plane covalent bonding and dangling-bond sites primarily confined to sheet edges.
(C) NbSs, a 1D vdW material consisting of covalently bonded chains with dangling-bond sites largely confined to
chain termini. Red highlighting indicates exposed dangling-bond sites, while the lower schematics illustrate the
corresponding crystal morphologies and locations of these sites.

To date, most 1D vdW materials have been synthesized as bulk crystals through
conventional CVT and solid-state synthesis followed by mechanical or liquid-phase exfoliation,
whereas comparatively few studies have reported the direct bottom-up growth of
nanostructures,’’-140:173:186.187.197-199 Existing bottom-up approaches have primarily relied on CVD,
which typically employs volatile chloride- or oxide-derived precursor species together with
continuous carrier-gas flow to facilitate vapor-phase transport of refractory transition
metals.>”!"317 Beyond CVD, modified CVT has also been explored for the growth of
nanostructures, although primarily in 2D vdW systems.!40:188,189.200.201 [ contrast to conventional
CVT, the reaction ampoule is typically modified by narrowing the tube near its midpoint (necking)
and introducing a substrate in the growth zone (Figure 1.3.4).140:188,189.200.201 Necking reduces
precursor flux and supersaturation at the deposition site by restricting mass transport, thereby

177,188,201,202

slowing growth kinetics. This behavior is consistent with diffusion-limited transport

models, in which the transport rate is proportional to the cross-sectional area of the diffusion path

and inversely proportional to its length.!$%-201

Consequently, reducing the effective diffusion-path
cross section through necking lowers precursor transport to the growth zone, promoting slower

and more controlled crystal growth. Combined with other growth parameters, including the
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temperature profile, reaction time, and precursor composition, these modified transport conditions
can facilitate the direct growth of nanostructures with controlled size and
morphology.'40-188.189.200201 Dyegpite receiving considerably less attention than CVD, modified
CVT is a promising route for accessing morphologies that remain difficult to obtain through

conventional exfoliation or CVD methods.!40:188.189.200.201

(A) Conventional CVT (B) Modified CVT
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Figure 7.3.4. lllustration comparing conventional and modified CVT. (4) Conventional CVT typically employs a
uniform ampoule and is commonly used for the growth of bulk crystals. (B) Modified CVT incorporates a necked
ampoule and a substrate in the growth zone to alter vapor transport conditions for the direct growth of low-
dimensional nanostructures.

1.4 Distinct Structure and Significance of Emergent One-Dimensional van der

Waals Materials

1.4.1 One-Dimensional and Quasi-One-Dimensional van der Waals Materials
1D vdW materials represent a unique class of low-dimensional solids composed of
anisotropic chain-like structural motifs that promote preferential crystal growth along a single
crystallographic direction. Within this class, materials are commonly categorized as either “true”-
1D vdW or quasi-1D vdW materials based on the strength of the interactions between neighboring
chains.'87-203 “Trye”-1D vdW materials exhibit strong covalent bonding along the chain direction,
while neighboring chains interact exclusively through weak vdW forces. In contrast, quasi-1D
vdW materials exhibit strong covalent bonding along the chain axis with appreciable interchain
interactions, often resulting in layered assemblies of chains separated by larger vdW gaps.

Consequently, quasi-1D materials are frequently described as 2D assemblies of 1D chains,
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whereas “true”-1D materials consist of more isolated chains. Examples of “true”-1D materials
include Nb,Sey and Mols, while examples of quasi-1D materials include NbS3 and ZrSs.

The strong anisotropic bonding in 1D vdW materials dictates their morphology and
exfoliation behavior. Variations in interchain coupling can give rise to needle-like or ribbon-like
crystal morphologies, while the presence of weak vdW interactions enables mechanical or
chemical exfoliation into nanowires, nanoribbons, and, depending on the bonding hierarchy,
nanosheets, or even individual atomic chains. Access to these reduced-dimensional structures has
been instrumental for probing the fundamental physical properties that emerge at the nanoscale. A
growing number of 1D vdW materials have been experimentally realized across a broad range of
chemical compositions and crystal structures (Figure 1.4.1). Representative material families
include pnictogen chalcogenides, V-VI-VII compounds, bismuth halides, I1I-VI-VII compounds,
transition metal halides, and transition metal trichalcogenides. Although these families share a
common 1D structural motif, they exhibit distinct bonding hierarchies, crystal structures, phase
stabilities, and physical properties, giving rise to a broad range of electronic, optical, magnetic,

and collective phenomena.
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Figure 8.4.1. Representative crystal structures of major “true”-1D and quasi-1D vdW material families. (A)
Pnictogen trichalcogenides, (B) V-VI-VII compounds, (C) SnlP, (D) III-VI-VII compounds, (E) transition metal
halides, and (F) transition metal trichalcogenides. The upper panels show the isolated 1D structural motifs viewed
along the chain axis, while the lower panels show the corresponding unit cell.

1.4.2 Pnictogen Chalcogenides

Pnictogen chalcogenides comprise a prominent family of quasi-1D vdW materials
composed of pnictogen elements (Pn = Sb or Bi) and chalcogen elements (Ch =S or Se), with the
general formula PnyChs. Representative members include SboSes, Sb,Ss, and BiS3, which
crystallize in the orthorhombic Pnma structure.>’?%4297 These semiconductors exhibit suitable
band gaps and strong visible-light absorption, making them attractive candidates for thin-film
photovoltaic applications.??42%-207 Beyond their optoelectronic properties, studies of Sb2S3 have
demonstrated how anisotropic intra- and interchain interactions can be leveraged to direct bottom-

up crystallization. Using CVD growth, rather than conventional bulk crystal growth methods such
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as CVT, prior studies have achieved controlled synthesis of dimensionally distinct nanostructures,
including nanowires, nanoribbons, and quasi-2D nanosheets, by tuning the growth environment
and vapor composition.’” These findings established Sb,S3 as an important model system for

understanding morphology control and structure-directed crystallization in 1D vdW materials.

1.4.3 Ternary Sbh-based V-VI-VII Materials

Antimony chalcohalides, SbChX, constitute a family of quasi-1D vdW materials composed
of antimony (Sb), a chalcogen elements (Ch = S or Se), and halogen element (X = Br or I).208-211
Representative members include SbSel, SbSI, and SbSBr, which crystallize in the orthorhombic
Pnma structure.?”*2!" Notably, SbSI undergoes a ferroelectric phase transition at a Curie
temperature of approximately 295 K, lowering its symmetry to the non-centrosymmetric Pra2;
space group.2???1% The coexistence of semiconducting and ferroelectric behavior has made SbSI a
model ferroelectric semiconductor, while the broader SbChX family has attracted considerable
interest for photovoltaic and optoelectronic applications owing to their high dielectric permittivity,
chemical stability, and suitable band gaps.?”2!! To date, SbChX materials have primarily been
investigated as bulk crystals and polycrystalline powders obtained through solid-state and vapor-

phase synthetic routes.2%82!!

1.4.4 Bismuth Halides

Bismuth halides, including Bi4Brs and Bisl4, have emerged as a prominent family of quasi-
1D vdW materials owing to their non-trivial topological electronic states.?'?>2!7 Bisl4is particularly
notable because it undergoes a temperature-dependent phase transition, exhibiting the high-
temperature -phase above room temperature and the low-temperature a-phase below room
temperature.?'>213.215217 The f-phase has been identified as a topological insulator, whereas the
a-phase exhibits a higher-order topological insulator behavior. 212213215217 Both phases of Bials,
as well as BisBry, crystallize in the monoclinic crystal system with space group C2/m. 2127217
Historically, bismuth halides have been synthesized primarily throught CVT, and investigated as
bulk single crystals. 2122!7 More recently, controlled bottom-up growth approaches have begun to

emerge, including CVD and molecular beam epitaxy (MBE). CVD enabled the selective formation
of Bisls nanowires and quasi-2D nanosheets through VLS growth.!”” MBE enabled the epitaxial
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growth of Bisl4 nanoribbons on Bi (111)/graphene/SiC substrates, providing a platform for direct

visualization of 1D topological edge states by scanning tunneling microscopy (STM).2!8

1.4.5 SnIP and SnBrP

Another important class of quasi-1D vdW materials comprises compounds that exhibit
atomic-scale double-helical structures.?!*?2! SnIP and SnBrP consist of double-helical strands
running along the chain direction, giving rise to left- and right-handed enantiomeric forms within
the crystal structure.?!*2?3 These materials are typically synthesized as needle-like bulk single
crystals by CVT and can be exfoliated into nanorods and nanowires.?!?23 Among these materials,
SnIP is the most extensively studied and was the first reported inorganic material with an atomic-
scale double-helical structure.??'22* SnIP crystallizes in the monoclinic P2/c space group and
exhibits exceptional mechanical flexibility together with a band gap within the visible range,

making it a promising candidate for flexible electronic and optoelectronic applications.?20-224

1.4.6 Ternary III-VI-VII Materials

Another important family of quasi-1D vdW materials exhibiting helical motifs are the I1I-
VI-VII compounds, which are formed from Group III (Al, Ga, In), Group VI (S, Se, Te), and
Group VII (Cl, Br, I) elements.?>>23¢ Examples include InSel, GaSI, GaSel, and AlSel. III-VI-VII
materials consist of helical covalent chains constructed from corner-sharing quasi-tetrahedral
[(IIT)(VI)3(VI)]a building units that propagate through crystallographic screw symmetry.223:226:233-
236 To date, most III-VI-VII compounds have been synthesized as needle-like bulk single crystals
through CVT and related vapor-phase growth methods, reflecting the strong anisotropy of the
chain structures.??3-229:231-236 Most I11-VI-VII compounds are semiconductors with composition-
dependent band gaps spanning the visible to ultraviolet spectral regions.?23-22%-231-236 Reported
band gaps range from approximately 2.45 eV for InSel, 2.85 eV for GaSel, 3.69 eV for GaSI, and
3.9 eV for AlSel.225-229,231-236

Among the currently known helical III-VI-VII phases, InSel is unique in being
centrosymmetric, crystallizing in the tetragonal 14,/a space group.??3230-232.235 [tg structure consists
of a periodic tetrahelix generated by a 4; screw axis, producing a 135° rotation between

consecutive tetrahedral vertices and translational periodicity every four atomic layers.??3230-232 I
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contrast, GaSI crystallizes in the non-centrosymmetric tetragonal P-4 space group and exhibits a
distinctive squircular helical cross-section.?2%233236 The absence of inversion symmetry gives rise
to second-harmonic generation, making GaSI a promising nonlinear optical material.?26-235.236
GaSel and AlSel crystallize in the non-centrosymmetric Cc space group and are composed of
racemically packed helices.??¢23323¢ Their structures adopt Boerdijk-Coxeter (B-C) tetrahelical
motifs characterized by an irrational twist angle of approximately 131.81°, resulting in the absence
of true translational periodicity along the chain direction.??6233236 The combination of helical
crystal structures, non-centrosymmetric ordering in several members, and tunable electronic
properties has attracted interest in these materials as a platform for studying anisotropic optical

phenomena, nonlinear optical responses, and low-dimensional structure-property relationships.??>~

229,231-236

1.4.7 Nb2Seo and V2Seo

Nb2Sey and V2Sey are representative “true”-1D vdW semiconductors. Nb2Seg crystallizes
in the triclinic P1 space group and is commonly synthesized by selenium flux methods,>7238
although direct growth of Nb,Seo nanoribbons by CVD has also been demonstrated.?** V,Seg
adopts the monoclinic C2/c crystal structure and is generally synthesized through solid-state
reactions.?38240 Theoretical studies predict an indirect-to-direct band-gap transition upon
dimensional reduction in both materials, highlighting their potential for optoelectronic and

nanoelectronic applications.?3

1.4.8 Transition Metal Halides

Transition metal halides are composed of transition metal and halogen elements (Cl, Br, or
I). The niobium tetrahalides NbX4 (X = Cl, Br, or I) form another family of “true”-1D vdW
materials consisting of chains of edge-sharing NbXe octahedra.>*'=>** Typically, these materials
are synthesized through vapor-phase halide reactions. 24!2# Their structures exhibit alternating
short and long Nb-Nb distances along the chain direction, reflecting Nb—Nb bonding.?*!->** The

Nb** (d") ions undergo electron localization within these Nb-Nb dimers, giving rise to
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semiconducting behavior.?'=?4> This alternating bond distance is characteristic of a Peierls
instability in a 1D chain.?#

Mols, also a “true”-1D vdW transition metal halide, crystallizes in the orthorhombic Pmmn
space group and similarly exhibits alternating Mo—Mo distances along the chain direction
attributed to Peierls distortion.'3%?47-250 Unlike the niobium tetrahalides, recent theoretical and
spectroscopic studies suggest that Mol; may also host magnetic ordering, with an easy-plane
antiferromagnetic ground state composed of alternating spins along the dimerized chains and
noncollinear helical magnetic order between neighboring chains.!3%24724° These properties make
Mols a promising platform for probing magnetic phenomena as materials approach the atomic-
chain limit. To date, the synthesis of Mols has largely been limited to bulk crystal growth by CVT,
with mechanical and liquid exfoliation subsequently employed to access nanowires and approach
the atomic-chain limit.!3%?*7 As discussed in Chapter 3, modified CVT growth strategies have
demonstrated the direct growth of Mols nanowires on Si/Si0; substrates, providing a route towards

controlled bottom-up synthesis of Mol; nanowires.

1.4.9 Transition Metal Trichalcogenides

Among known 1D vdW materials, transition metal trichalcogenides (TMTCs) constitute
one of the most chemically, structurally, and electronically diverse material families. TMTCs
possess the general formula MChs, where M is a Group IVB or VB transition metal (Ti, Zr, Hf, V,
Nb, or Ta) and Ch is a chalcogen (S, Se, or Te).!78179.182,183,185-187.203 Their diversity arises from
the ability of many compositions to adopt multiple crystallographic phases, resulting in a broad
range of electronic behaviors that span semiconducting, metallic, charge-density-wave (CDW),
and superconducting states,!78179,182,183,185-187,203
A defining characteristic of the TMTC family is the occurrence of multiple crystallographic

phases arising from polymorphism,!78:182,183,185,187,203

In the literature, the terms polymorph and
polytype are sometimes used interchangeably for TMTCs, although they describe distinct
structural relationships. Strictly, polymorphism refers to the existence of multiple crystal structures
with identical chemical composition but different atomic arrangements, whereas polytypism
describes structures that differ in the stacking sequence or relative arrangement of otherwise

251

equivalent structural units.>" Because the phases discussed here generally involve distinct crystal

structures rather than stacking variants, the term polymorph is used throughout unless referring
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directly to prior literature. These structural variations strongly influence interchain interactions,
electronic band structures, lattice dynamics, and resulting optical and transport properties.?%3:23!
The formation of specific polymorphs is highly sensitive to synthesis conditions, including
reaction temperature and the choice of transport agent.!78:185.203

The Group IVB transition-metal trisulfides, TiS3, ZrSs, and HfS3, constitute an important
subclass of the MCh; family that crystallize in the monoclinic P2;/m space group.!8>183.186.252
Group IVB trisulfides are semiconductors with band gaps that increase systematically with
increasing atomic number of the transition metal. TiS3 possesses a band gap of approximately 1—
1.4 V233254 7rSs5 exhibits a band gap of approximately 2.0-2.5 ¢V232% and HfS; displays the
widest gap, typically reported between 2.0 and 3.1 V236260261 depending on the measurement
technique. Consequently, the optical absorption window shifts from the visible and near-infrared
regions in TiS3 toward the visible and ultraviolet regions in HfS3. All three compounds exhibit
strong photoresponse and polarization-sensitive optoelectronic behavior. 182183186252 Among the
Group IVB transition-metal sulfides, ZrS; has attracted considerable attention because of its
exceptional optical anisotropy, manifested through pronounced linear dichroism, large
birefringence, and strong polarization-dependent third-harmonic generation (THG).!80181,257.262,263
These characteristics have positioned ZrSs; as a promising material for polarization-sensitive
photonics, nonlinear optics, and integrated optoelectronic applications.

The Group IVB transition-metal trisulfides have traditionally been synthesized as bulk
crystals by CVT. However, alternative bottom-up growth approaches have also been explored. For
example, the direct growth of ZrS; nanoribbons has been demonstrated by CVD.'"’ In addition,
defect-mediated growth mechanisms can provide further control over crystal morphology. As
discussed in Chapter 5, a sulfur-deficient modified CVT growth was used to promote screw-
dislocation-driven crystallization.

Group VB transition metal selenides TiSes, ZrSes, and HfSes are semiconducting TMTCs
that crystallize in the monoclinic P2;/m space group and exhibit pronounced anisotropy in their
electrical, optical, vibrational, and transport properties.!”?262264-266 These characteristics make

them attractive candidates for polarization-sensitive electrical and optoelectronic devices and

nonlinear optical applications.!7%-262264-266 While ZrSes and HfSes; can be synthesized using
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conventional CVT methods, TiSe; has only been recently synthesized under high-pressure
conditions (~6 GPa),!7%-262,264-266

Group IVB transition metal tritellurides ZrTe; and HfTe; are metallic TMTCs that
crystallize in the monoclinic P2;/m space group.?®’-27> Upon cooling, both materials undergo CDW
transitions, followed by the emergence of superconductivity at lower temperatures, making them
model systems for investigating the interplay and competition between these collective electronic
states.?6’27> Bulk crystals are typically synthesized by CVT,?*’27> whereas ZrTe; nanoribbons
have been grown directly on SiO; substrates through CVD.?’6277 TiTe;, together with the Group
VB transition metal tritellurides VTe; and NbTes, has not been realized as a stable bulk crystal
phase. However, these materials have been successfully stabilized through nanoconfined growth
within carbon nanotubes, enabling their synthesis and characterization in the few- and single-chain
limits.?’® Density functional theory calculations indicate that nanotube encapsulation induces
semiconducting behavior in these tellurides.?’®

The Group VB transition metal trisulfides, comprising VS3, NbS3, and TaS3, demonstrate
exceptional structural and electronic diversity. VS;3 is a semiconductor that crystallizes in the
monoclinic P2;/m space group,?’”® whereas TaS3 is metallic and crystallizes in monoclinic P2;/m
and C2/m structures and exhibits CDW behavior.?89282 NbS; exhibits one of the most complex
structural phase spaces among the TMTCs, with at least seven experimentally reported phases
(Table 1.4.1). Semiconducting behavior has been observed for NbSs-I (triclinic P1),%%3 NbS;-1V
(monoclinic P2,/c),'® and the high-pressure polymorph NbS3;-HP (monoclinic P2,/m),** whereas
NbSs-II (monoclinic P2;/m)*3-288 exhibits metallic behavior accompanied by CDW transitions.
NbS3-V (monoclinic P2;/m)'® is predicted to be metallic based on its crystal structure, while the
electronic properties of NbS3-VI (monoclinic Pm)'’® remain largely unexplored. NbSs-111 exhibits
a CDW transition near 155 K and has been proposed to be a subphase of NbSs-II, although its
crystal structure has not been resolved.?*?® The rich polymorphism gives rise to a remarkable
diversity of electronic behaviors, making NbS3; a model system for investigating structure-property
relationships in quasi-1D materials. NbS3-I is a particularly intriguing case because it exhibits a
Peierls-like dimerized crystal structure with alternating Nb-Nb bond distances.?®3 However,
thermoelectric measurements reveal the behavior to be inconsistent with a conventional Peierls
semiconductor, suggesting that carrier localization and electron-correlation effects may play an

important role in its electronic structure.?® In addition to its unusual electronic properties, NbSs-1

20



has attracted considerable interest as a low-dimensional semiconductor due to its air stability,
mechanical flexibility, narrow band gap, and pronounced anisotropy.3>?°°2°2 These characteristics
highlight its potential for polarization-sensitive photodetectors, broadband photodetection, and
other nano-optoelectronic technologies.’>?2°2 The synthesis of bulk Group VB ftrisulfides has
traditionally been achieved through CVT,'829 apart from NbSs-HP, which is accessible only
through high-pressure synthesis.?®* In addition, modified CVT approaches have enabled the

140

growth of ultra-long NbS3;-I nanowires'® and unusual ring-like morphologies through

compositional alloying, as discussed in Chapters 2 and 4.

Table 1.4.1. Structural motifs and electronic characteristics of NbS; polymorphs. Electronic behavior is summarized
from experimental reports where available, predicted and unresolved properties are indicated accordingly.

Structural Feature Phases Electronic Behavior

Dimerized Nb chains L1V Semiconducting

Metallic/CDW behavior observed for 1II;
Undimerized Nb chains II, V, HP metallic behavior predicted for V;

semiconducting behavior reported for HP

Mixed dimerized and ) )
o ) VI Electronic properties unresolved
undimerized chains

CDW transition (~155 K) reported for III;
Unresolved structure 111 transport consistent with a Peierls insulating

state below the transition

Group VB transition metal triselenides NbSe; and TaSes; are metallic materials that
crystallize in the monoclinic P2;/m space group and are commonly synthesized as bulk crystals by
CVT.?32% NbSes undergoes two CDW transitions at approximately 145 and 59 K, making it a
prototypical system for investigating CDW formation, transport, and collective electronic
phenomena.??>2?% Its highly anisotropic electronic properties have attracted interest in
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neuromorphic memory and nanoelectronics applications.”’ In contrast, TaSe; does not exhibit

CDW ordering but remains metallic down to low temperatures and becomes superconducting

21



below ~2K. In addition to conventional CVT growth, TaSes nanowires have also been synthesized
by CVD.!"3

These studies demonstrate the remarkable diversity of 1D vdW materials, spanning
semiconducting, metallic, superconducting, and CDW systems. Their intrinsically anisotropic
structures, often coupled with direction-dependent physical properties, enable the study of a wide
range of physical phenomena in confined 1D structures. Furthermore, their accessibility as 1D
nanostructures has facilitated the exploration of emerging applications in nanoelectronics,

optoelectronics, and quantum materials research.

1.5 Research Gap and Scientific Rationale

The intrinsically anisotropic bonding of 1D vdW materials provides a unique opportunity
to direct crystal growth along specific crystallographic directions. However, despite this potential,
the controlled bottom-up growth of these materials remains in its early stages. Consequently, most
studies have focused on the development of vapor-phase growth techniques, with CVD emerging
as the predominant synthetic route. Among 1D vdW materials, transition metal trichalcogenides,
such as TaSes, ZrTes, and ZrSs, have been successfully synthesized by CVD.!73:197.277

The following are specific examples and morphologies that have been experimentally
realized in the literature.: In TaSes, reaction time was shown to influence nanowire dimensions,
with nanowire lengths increasing initially before reaching an optimum size in the minutes time
scale and decreasing with longer growth times.'”> The resulting nanowires exhibited cross-
sectional dimensions in the sub-10 nm range and lengths ranging from hundreds of nanometers to
several micrometers.'”* These findings demonstrated that reaction time is an important parameter
for influencing crystal dimensions, but also highlighted that longer growth durations do not
necessarily promote continued axial crystal growth.

Similarly, ZrTe; has been synthesized by CVD as high-aspect-ratio nanoribbons, with
crystal dimensions controlled by growth temperature and reaction time.?’”” Ribbon lengths
exceeding 100 um have been reported,?’” while related CVD approach also produced trapezoidal
ZrTes crystals with lengths of several tens of micrometers.?’® Together, these studies demonstrated
that CVD enables controlled growth of ZrTes crystals with diverse morphologies and dimensions;

however, the resulting structures remained confined to the micrometer length scale.
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ZrS3 nanoribbons have also been synthesized by CVD, with crystal dimensions controlled
primarily by growth temperature.'”” Nanoribbons with lengths of approximately 10 um, widths
below 3 um, and thicknesses in the 5 to 100 nm range were obtained.'”’” Higher growth
temperatures favored larger ribbon structures through thermodynamically driven growth, whereas
lower temperatures promoted thinner nanoribbons by enhancing the influence of edge energetics

and molecular diffusion.!®’

These results demonstrated that crystal dimensions could be
systematically tuned by varying the growth temperature, although the resulting structures remained
limited to micrometer-scale nanoribbons.

Beyond transition metal trichalcogenides, Nb>Seo, Bisls, and SboS; have also been
synthesized through bottom-up vapor-phase growth methods. Nb>Se9 nanoribbons were grown by
liquid precursor-assisted CVD, with ribbon dimensions systematically controlled by varying the
precursor and growth-promoter concentrations.?® The average ribbon lengths reached
approximately 30 um under optimized growth conditions.?? These results demonstrated that
precursor chemistry provided an effective means of controlling crystal dimensions, although the
resulting structures remained confined to the micrometer length scale.

Bisls has been synthesized through both MBE and CVD.!"?'®¥ MBE growth produced
segmented nanoribbons with widths of approximately 5-8 nm, demonstrating that bottom-up
growth can generate morphologically complex 1D structures.'” In contrast, CVD produced Bisls
nanowires with lengths of tens of micrometers, while the introduction of Au nanoparticles
redirected crystal growth toward the formation of 2D nanosheets.!®® The authors attributed this
morphological transition to a change in the dominant crystallization pathway, in which Au
nanoparticles modified the nucleation kinetics and favored lateral crystal growth over preferential
1D growth.!”® These studies demonstrated that modifying the nucleation pathway can
fundamentally redirect crystal growth, enabling 1D and 2D morphologies.

A more recent study on the controlled bottom-up growth of 1D vdW materials was reported
by Cordova et al., which studied how sulfur availability governed the competition between
covalent chain growth and interchain vdW growth in Sb,S3.>” The authors proposed two distinct
growth pathways in which sulfur availability determined the dominant crystallization mode,
producing nanowires, nanoribbons, or 2D nanosheets.>” Under high sulfur flux, crystal growth was
directed along the covalently bonded chain direction, yielding nanowires with thicknesses in the

10 nm range and lengths of up to 15 um.’” In contrast, reduced sulfur availability promoted
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interchain vdW stacking, resulting in the formation of nanoribbons and nanosheets.>’ In addition
to sulfur transport, temperature also influenced morphology, with higher temperatures favoring
bulk crystal growth and lower temperatures promoting dimensionally resolved nanostructures.’’
This study established one of the first mechanistic frameworks for understanding how competing
growth pathways can be manipulated to direct crystal morphology in 1D vdW materials.

Taken together, these examples demonstrate that the intrinsic bonding anisotropy unique
to 1D vdW materials can be exploited to direct crystal growth along the covalently bonded chain
direction, enabling the bottom-up synthesis of nanowires and nanoribbons. However, despite these
advances, bottom-up vapor-phase growth has remained largely limited to micrometer-scale
structures, with reported crystal lengths typically ranging from several micrometers to, at most,
approximately 100 pm,37173:197.199.239.276277 Byrthermore, in many reported systems, increases in
crystal length were accompanied by increases in cross-sectional dimensions, indicating that the
growth conditions promoting axial extension did not fully suppress competing interchain vdW
growth. As a result, crystal growth proceeded through simultaneous axial and lateral growth rather
than selective extension along the covalently bonded chain direction. These limitations suggest
that achieving substantially longer 1D crystals may require alternative approaches for controlling
crystal growth pathways. In this context, Chapter 2 demonstrates the growth of NbS3-I nanowires
reaching lengths of up to 8 mm, representing a substantial increase in length compared with
previous bottom-up studies of 1D vdW materials.

A second challenge lies in accessing structurally complex morphologies beyond
conventional nanowires and nanoribbons. Although several studies have demonstrated control
over crystal dimensions and morphology in 1D vdW materials, the accessible structures remain
largely limited to variations in nanowire and nanoribbon geometries. Sb,S; represents a notable
exception, in which sulfur availability was used to tune crystal morphology between nanowires,
nanoribbons, and 2D nanosheets.’” Nevertheless, these studies primarily controlled the balance
between growth along the covalently bonded chain direction and growth through interchain vdW
stacking. More complex crystal architectures, including curved, coiled, and ring-shaped
morphologies, as well as defect-driven crystallization processes that generate new crystal
morphologies, remain largely unexplored in bottom-up vapor-phase growth of 1D vdW materials.

To date, most bottom-up studies of 1D vdW materials have relied on CVD, suggesting that

overcoming the current limitations may require alternative vapor-phase growth strategies. The
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following chapters investigate this possibility through modified CVT. Chapter 2 demonstrates the
growth of NbS3-I nanowires with lengths of up to 8 mm, extending the characteristic length scale
of bottom-up grown 1D vdW crystals from the micrometer to the millimeter regime.'*° Chapter
3 extends the modified CVT approach to the first reported bottom-up growth of Molsz nanowires.
Chapter 4, on the other hand, demonstrates how compositional heterogeneity in Ta-alloyed NbS;-

I gives rise to ring-shaped morphologies.>*®

Lastly, Chapter 5 investigates how sulfur deficiency
promotes screw-dislocation-driven crystallization in ZrS3, providing mechanistic insight into the
formation of spiral hillocks that are increasingly rare in 1D vdW crystals. Together, these studies
demonstrate that modified CVT provides a versatile platform for achieving anisotropy-driven
control over crystal dimensions, morphology, and defect-mediated crystallization in 1D vdW

materials.

1.6 Objectives and Scope of the Present Work

This dissertation addresses the current limitations of conventional CVD approaches for the
bottom-up growth of 1D vdW materials by developing synthetic strategies capable of accessing
structurally complex morphologies and previously unattainable nanowire dimensions.
Specifically, this work focuses on the growth of ultra-long nanowires,'*° ring-shaped structures,?”®
and spiral hillocks. To achieve this, a modified CVT approach was developed based on a method
previously employed for the growth of 2D vdW materials but relatively underexplored for 1D vdW

systems. 140,188,189,200,201

Through systematic optimization of the reaction ampoule design,
determination of specific chemical cues, and precise tuning of growth conditions, the method was
developed and tailored to promote controlled anisotropic crystal growth specific to 1D vdW
materials. The overarching objective was to realize novel 1D vdW structures at the nanoscale
without the use of catalysts or templated substrates, while providing new insights into the growth

mechanisms governing crystal morphology evolution.

1.6.1 Chapter 2. Bonding-Directed Crystallization of Ultra-Long One-
Dimensional NbS3 van der Waals Nanowires

Chapter 2 establishes NbS;-1 as a model system for investigating the controlled growth of

1D vdW materials and demonstrates the bottom-up synthesis of nanowires with lengths of up to
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7.9 mm,'* extending the characteristic length scale of bottom-up grown 1D vdW crystals from the
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micrometer to the millimeter regime. Using a modified CVT approach, preferential crystallization
along the covalently bonded chain direction was achieved through systematic optimization of the
growth conditions, enabling sustained axial growth over extended reaction times. The chapter
further demonstrates that crystal morphology can be tuned without altering the precursor
composition or overall growth configuration. By modifying only the temperature program to
reduce sulfur availability during growth, crystallization shifted toward interchain vdW stacking,
producing wide ribbon-shaped morphologies rather than nanowires. This behavior parallels the
growth mechanism previously reported for Sb»S3,>” and demonstrates that sulfur availability

provides a general strategy for directing morphology in anisotropic 1D vdW materials.

1.6.2 Chapter 3. Bottom-Up Crystallization of Long and Highly Anisotropic

Nanowires Based on a Dimerized 1D van der Waals Transition Metal Trihalide

Because Nb—Nb dimerization appeared to play a critical role in the preferential axial
growth observed in NbSs-I, Chapter 3 extends the leveraging of such motif in the growth of 1D
vdW nanostructures through the investigation of another dimerized 1D vdW material, Mols, and
demonstrate its first reported bottom-up crystallization. Similar to NbSs-I, Mol; was synthesized
directly from elemental precursors and exhibited a strong tendency toward anisotropic crystal
growth. However, unlike NbS3-I, reaction time was not an effective parameter for independently
controlling nanowire dimensions, as shorter reaction times primarily reduced nanowire length
rather than cross-sectional area. To overcome this limitation, bulk Mol; was employed as the
precursor source to reduce precursor diffusion during growth, enabling improved control over
crystal dimensions and the synthesis of thinner nanowires. Together, these results demonstrate that
modified CVT can be extended beyond transition metal trichalcogenides to dimerized transition
metal trihalides and further support the role of metal-metal dimerization in promoting highly

anisotropic crystal growth in 1D vdW materials.

1.6.3 Chapter 4. Compositional Heterogeneity Drives Nanoscale Ring

Formation in Optically Active One-Dimensional van der Waals Crystals
Chapter 4 builds upon the ultra-long nanowires developed in Chapter 2 to address the
limited morphological diversity of bottom-up grown 1D vdW materials. Although ultra-long
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NbSs-I nanowires occasionally exhibited spontaneous self-coiling into ring-shaped structures, this
behavior occurred only rarely and without experimental control. This observation motivated the
hypothesis that compositional heterogeneity could be used to deliberately promote self-coiling
during crystal growth. To test this idea, Chapter 4 investigates Ta-alloyed NbS3-1, where Ta
incorporation was used to modify the crystal lattice and promote ring formation. These studies
demonstrate that compositional heterogeneity provides an effective strategy for controlling crystal
morphology beyond conventional nanowires and nanoribbons while providing mechanistic insight

into the role of lattice perturbations in self-coiling during vapor-phase crystallization.

1.6.4 Chapter 5. Deficiency-Induced Concentric Spiral Hillocks in Anisotropic

One-Dimensional van der Waals Crystals

Elemental analysis by energy-dispersive X-ray spectroscopy (EDS) revealed that the ring-
shaped structures discussed in Chapter 4 exhibited a sulfur deficiency relative to stoichiometric
NbSs. This observation motivated a broader investigation of the role of sulfur deficiency in
directing crystal growth, which is explored in Chapter 5 using ZrS3; as a model system. Unlike the
preceding chapters, which focus on bottom-up nanostructures grown by modified CVT, Chapter
5 employs conventional CVT to investigate crystal growth at the bulk scale. By systematically
introducing sulfur deficiency during CVT growth, Chapter S demonstrates that sulfur deficiency
promotes screw-dislocation-driven crystallization and the formation of concentric spiral hillocks.
These studies provide insight into how compositional deficiency influences defect-mediated

crystal growth and morphology evolution in anisotropic 1D vdW materials.

In conclusion, these investigations advance the fundamental understanding and control of
crystal growth in 1D vdW materials. The results demonstrate that crystal morphology and
dimensional evolution are governed by the interplay among crystal bonding, composition, mass
transport, and defect formation. By systematically manipulating these factors, these studies
establish new strategies for engineering ultra-long nanowires, ring-shaped structures, and spiral
hillocks. Furthermore, this work shows that the accessible morphological landscape of 1D vdW

materials is substantially broader than previously recognized.
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CHAPTER 2: Bonding-Directed Crystallization of Ultra-Long One-
Dimensional NbS3; van der Waals Nanowires

2.1 Abstract
The rediscovery of one-dimensional (1D) and quasi-1D (g-1D) van der Waals (vdW)

crystals ushered the realization of nascent physical properties in 1D that are suitable for
applications in photonics, electronics, and sensing. However, despite renewed interest in the
creation and understanding of the physical properties of 1D and q-1D vdW crystals, the lack of
accessible synthetic pathways for growing well-defined nanostructures that extend across several
length scales remains. Using the highly anisotropic 1D vdW NbS;—I crystal as a model phase, we
present a catalyst-free and bottom-up synthetic approach to access ultralong nanowires, with
lengths reaching up to 7.9 mm and with uniform thicknesses ranging from 13 to 160 nm between
individual nanowires. Control over the synthetic parameters enabled the modulation of intra- and
inter-chain growth modalities to selectively yield only 1D nanowires or quasi-2D nanoribbons.
Comparative synthetic and density functional theory (DFT) studies with a closely related
nondimerized phase, ZrS3, show that the unusual preferential growth along 1D can be correlated

to the strongly anisotropic bonding and dimeric nature of NbSz;—I.

2.2 Introduction

Physical properties of low-dimensional materials are significantly influenced by their size,
composition, and crystal structure.'® Low-dimensional materials, such as graphene and transition
metal dichalcogenides (TMDCs, MChy; M = Mo, W, Nb, Ti, etc.; Ch = S, Se, Te) have gained
widespread interest owing to inherently strong covalent in-plane bonds that form confined 2D
layers that are held together by weak van der Waals (vdW) forces.!® Due to their anisotropic
bonding nature at the monolayer limit, 2D vdW materials display unique physical properties that
are often drastically altered upon exfoliation down to length scales that approach the single-atom-
thick regime.!>~!! In lower dimensionalities, recent efforts have demonstrated the observation of
nascent physical properties in one-dimensional (1D) and quasi-one-dimensional (qg-1D)
dimensional analogues of 2D vdW solids.'??? Unlike nanosheet-forming 2D materials, 1D vdW
materials exfoliate into nanowires and nanoribbons, which often display anisotropic electronic and

optical properties.> 73
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Of these, the modular class of 1D vdW MChs; (M = Ti, Zr, Hf, Nb, Ta; Ch =S, Se) crystals
which exhibit strong anisotropy due to covalent bonding along only one crystallographic axis has
served as a reliable platform to understand the properties of sub-nanometer-thick 1D chains held
by vdW forces.”?? Like TMDCs, MCh? crystals exhibit unique properties based on their sub-unit
structure and packing.>>*2® The polymorph-rich NbS3 phase, for example, shows electronic
properties that range from semiconducting (Types 1, IV, VI) to metallic (Types II, III, V).24 It
also hosts unusual properties, including near-room temperature charge density wave states with

exceptional coherence,” field-effect responsive sliding,*

and highly polarized optoelectronic
properties.?? The more stable NbS3-1 polymorph has a triclinic structure (P1 space group),’! which
arises from the in-chain dimerization of Nb atoms (Fig. 1A).> NbS3-1 is an air-stable and

mechanically robust semiconducting material?3-3>26

which displays ultra-broadband
photodetection from UV (375 nm) to THz (118.8 um), making it ideal for use in optoelectronic
nanodevices.?>3? While heavily studied in the bulk,>?* efforts to understand emergent properties
and applications of NbSs-I and related MChs phases from quantum confinement are hampered by
the stochasticity of top-down exfoliation which result in a distribution of nanowires, nanoribbons,
and nanosheets (Fig. S1). Here, we sought to understand the role of anisotropic bonding and intra-
chain dimerization in the growth of MChs crystals and investigate whether these can be leveraged
to grow ultra-long nanowires with high aspect ratios. We present a catalyst-free, bottom-up, and
controllable vapor-phase approach to grow record-long nanowires of the MChs model phase NbS;-
I, obviating the need for top-down exfoliation. Using dark-field scattering, scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), Raman spectroscopy, atomic
force microscopy (AFM), and transmission electron microscopy (TEM), we confirmed the
polytype and dimensions of the resulting nanowires, which reached unusually long lengths up to
7.9 mm. We rationalize this growth behavior using a DFT-guided assessment of the anisotropic
intra- and inter-chain bonding which highlights the pronounced role of phase stability and intra-

chain dimerization in distinctly promoting in-chain growth.
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Figure 1. Crystal structure and characterization of NbSs-1. (A) Crystal structure of NbSs-1 and projection of parallel
(/010] zone axis) and perpendicular ([001] zone axis) to the chain direction.”’ (B) Graphical representation (top) and
actual ampoule post-reaction (bottom) used to synthesize NbSs-I nanowires. The two regions are labeled as Ti and
T>. Scale bar, 3 cm. (C) Dark-field optical micrograph of NbSs-I nanowires on Si/SiO: substrate. Scale bar, 245 um.
(D) Corresponding CVT furnace temperature program at the high (T1) and low (T2) temperature regions used to grow
nanowires in C. (E) TEM image of a NbS3-1 nanowire from C with an overlaid [001 ]-oriented crystal model of NbS;-
I Scale bar, 2 nm. Corresponding FFT and zone axis assignment are inset. Scale bar, 0.5 A-1. (F) Raman spectrum
of an isolated NbSs-1 nanowire from C (532 nm excitation).

2.3 Experimental Section

2.3.1 Supplementary text: Promoting the lateral growth of NbS3 into
nanoribbons

We established that the optimal program to grow wide quasi-2D nanoribbons characterized
by laterally assembled 1D chains involved: (1) positioning the substrate furthest away from 71, (2)
heating the growth zone to 800 °C for one minute to increase the sulfur vapor concentration, (3)
applying the temperature gradient (77 = 750 °C to 7> = 650 °C) for 30 minutes to initiate the

deposition, and (4) slow cooling at a rate of 0.25 °C/min to room temperature.

2.3.2 Supplementary text: Distinction between intra- (nanowire) and inter-
chain (nanoribbon) growth routes

The nanowire growth route was optimized to promote the thermodynamically favored 1D

morphology and uniform growth across the substrate (Fig. S7). This thermodynamic preference is
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due to the strong bonding along the covalent b-axis (long-chain axis), which is further enhanced
by the dimerization of Nb atoms. In contrast, the nanoribbon growth route promoted growth along
the a-axis (perpendicular to the long-axis), resulting in quasi-2D nanoribbons. This route involves
more sulfur atoms and is promoted by a high sulfur environment implemented in the growth
program. Due to overlap in the methods, it was possible to obtain a mixture of nanowires and
nanoribbons in some areas of the substrate (Fig. S14). However, the nanoribbon method results in

nanoribbons with widths that are not achieved using the nanowire growth method.

2.3.3 Reagents and Substrates
Niobium powders (99.8%), zirconium powders (99.5%), sulfur powders (sublimed; 99+%;

Strem Chemicals, Inc.), and Si/Si10; substrates (300 nm wet thermal oxide; University Wafer, Inc.)

were used in this study.

2.3.4 Growth of NbS3; Nanowires

NbS3 nanowires were grown on Si/SiO> wafers via a modified CVT method. In a typical
synthetic experiment, Nb and S powders were lightly ground and mixed in a stoichiometric Nb:S
ratio of 1:4 using an agate mortar and pestle. A 14.5 cm-long (10 mm inner diameter (I.D.) 12 mm
outer diameter (O.D.)) quartz reaction tube was modified by necking the center of the tube 6 cm
from the sealed end. The outer circumference at the narrowed region of the ampoule is between
2.8-3 cm. The powders, positioned on the left side of the tube (71), along with a Si/S10, wafer
(positioned on the right side of the tube (72); 50 mm x 9 mm), were encapsulated in the quartz tube
and vacuum-sealed (~15 mTorr). The resulting ampoule was placed in a two-zone furnace (OTF-
1200X, MTTI Corporation), and a temperature gradient of 100°C (T1 = 750 °C; T2 = 650 °C) was
applied through a ramp-up rate of 5 min/°C. The 100°C temperature gradient was maintained for
30 min or 3 days, depending on the desired length of the resulting nanowires. Once the reaction
was complete the furnace was turned off and allowed to reach room temperature naturally. To
grow wide nanoribbons, a 15 cm- long quartz reaction tube and the substrate is positioned away
from the 7 zone. The growth zone was first heated to 800°C for one minute before applying the
temperature gradient of 750—650°C followed by a significantly slower cooling rate of 0.25°C/min

to room temperature.
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2.3.5 Growth of ZrS; Nanowires

ZrS; nanowires were grown on Si/SiO> wafers using a similar modified CVT approach
described for the synthesis of NbS3 nanowires. In a typical synthetic experiment, Zr and S powders
were lightly ground and mixed in a stoichiometric Zr:S ratio of 1:4 using an agate mortar and
pestle. A 14.5 cm-long (10 mm inner diameter (I.D.) 12 mm outer diameter (O.D.)) quartz reaction
tube was modified by necking the center of the tube 6 cm from the sealed end. The powders,
positioned on the left side of the tube (77), along with a Si/Si0, wafer (positioned on the right side
of the tube (72); 50 mm % 9 mm), were encapsulated in the quartz tube and vacuum-sealed (~15
mTorr). The resulting ampoule was placed in a two-zone furnace (OTF-1200X, MTI Corporation),
and an optimized temperature gradient of 130 °C (71 = 650 °C; T2 = 520 °C) was applied through
a ramp-up rate of 5 min/ °C. The 130 °C temperature gradient was maintained for 30 min or 5
days, depending on the desired length of the resulting nanowires. Once the reaction was complete
the furnace was turned off and allowed to reach room temperature naturally or at a slow cooldown

rate of 0.25 °C/min.

2.3.6 Optical Microscopy and Dark-Field Scattering Spectroscopy

Dark-field microscopy imaging and spectroscopic scattering measurements were
performed using a modified Olympus BX-43F microscope equipped with a Cytoviva hyperspectral
system (automated stage, grating, and a CCD detector capable of measurements from 450 nm to
1000 nm) and a high-resolution imaging camera. The scattering spectra were obtained in dark-
field mode which was measured using the Cytoviva spectrometer. The resulting spectra were
normalized with respect to the illuminating light source by taking the intensity of the nanowire
measured in the dark-field minus the intensity of the background and dividing this by the intensity

of the light source.

2.3.7 Atomic Force Microscopy (AFM)

The heights and topographies of the resulting nanowires were obtained using an Anton
Paar Tosca AFM with ARROW-NCR Al-coated tips (resonance frequency of 285 kHz and force
constant of 42 N/m) (NanoWorld). The background was corrected and processed using

Gwyddion® software.

64



2.3.8 Raman Spectroscopy

Raman spectra of the resulting nanostructures on Si/SiO, substrates were taken using a
HORIBA LabRAM HR Evolution confocal Raman microscope with a 532 nm excitation laser.
From the NbS; Raman spectra, the following phonon peaks are assignable: the 109 cm™' peak
(labeled as 1) from the lattice deformation mode along the Nb-Nb chain; the 154 cm™! peak (II)
from the lattice compression along the chain (T’y mode); 163 cm™! peak (III) from the v(Nb-Nb)
stretching; the 197 cm™' peak (IV) from the vNb-(S?) mode; 264 cm! peak (V) from the
symmetrical valence of the Nb-S vibrations (from the rigid sublattice); the 303 cm™!, 323 cm™!, 341
cm’!, and 352 cm™! peaks (V1) from the v(Nb-S) intra-chain vibration; and 375 cm™! and 392 cm’!
peaks (VII) from the (Nb-S) interchain vibration.

2.3.9 Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy (SEM-EDS)

The SEM images and chemical compositions of the resulting nanostructures were obtained
using an FEI Magellan XHR SEM and EDS (Oxford Silicon Drift Detector, 80 mm?). The resulting

EDS data were analyzed using the built-in Aztec software.

2.3.10 Transmission Electron Microscopy (TEM) and Sample Preparation

The samples were prepared for TEM imaging by dry transferring of the nanowires onto a
lacey carbon grid (400 mesh; Ted Pella Inc.) by smearing the carbon side of the grid onto the
growth substrate. TEM was performed at 200 kV on a JEOL JEM-2800 equipped with a Gatan
OneView camera. Processing or raw (.dm4) images was done in DigitalMicrograph. Fast Fourier
transformations (FFTs) of the images were produced in ImageJ. Indexing of FFTs was performed

in SingleCrystal (CrystalMaker software).

2.3.11 Density Functional Theory Calculations of Intra-and inter-chain

Interactions in NbS3 and ZrS3

First-principles calculations were performed using the projector-augmented wave
pseudopotentials'? and the generalized gradient approximation of Perdew-Burke-Ernzerhof® using

Vienna Ab initio Simulation Package (VASP) code.* An energy cutoff of 450 ¢V and the
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Monkhorst-Pack k-point grid® are 8x14x6 for bulk ZrS; and NbS3-V, 8x8x6 for bulk NbSs-1.
The structure is optimized until the atomic forces are smaller than 0.01 eV/A. For the vdW
corrections, we used the DFT-D3 method.® The lattice constants for ZrS; are a = 5.117 A, b =
3.632 A, ¢c=9.067 A, B =96.897°; for NbS3-V are a =4.864 A, b=3.328 A, c=9.104 A, B =
96.649°; for NbSs-I are a=4.939 A, b=6.743 A, c =9.188 A, f = 96.644°.

2.3.12 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) spectra were measured using a Kratos Analytical
Axis Supra spectrometer. The resulting spectra were corrected with the binding energy of the
adventitious C [s peak. High resolution spectra for each elemental line were modeled with

Lorentzian Asymmetric (LA) line shapes with CasaXPS software.
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2.4 Results, Discussion, and Conclusion

NbS3-I nanowires were grown using a modified chemical vapor transport (CVT) method
previously reported by Hu et al. for 2D vdW crystals, where the reaction ampoule was narrowed
near the center to grow thin nanoscale structures on a suitable substrate.’® Here, we significantly
modified several parameters, including the reaction ampoule dimensions, substrate, and
temperature profile, to precisely grow NbSs3-I nanostructures (Fig. 1B, D). For all syntheses,
elemental Nb and S powder loadings followed an optimized Nb:S ratio of 1:4, as we found that
excess sulfur acts as a transport agent and suppresses the growth of the competing 2D phase, NbS»
(Fig. S2, 3). Necking the center of the ampoule tuned the precursor flux to the substrate (Fig. S4).
Reports on the CVT synthesis of bulk NbS3-I were able to use close-to-stoichiometric ratios

because of longer reaction times of 5 days to 2 weeks,>?32432:34

which facilitate complete reaction
and precursor mixing. However, when growing nanostructures at shorter reaction timescales (30
min to 3 days), higher sulfur partial pressures are necessary to grow the target sulfur-rich NbSs.
Bulk, needle-like crystals with smooth facets formed on the inner top surface of the quartz
ampoule, whereas the targeted nanowires were deposited on the Si/SiO» substrate (Fig. S5-7).
Generally, we observed that thin nanowires grew radially from localized nucleation spots and
along the substrate edges, resulting in comparable cross-sections across the substrate (Fig. 1C;
Fig. S7, Table S1).

TEM, EDS, and Raman spectroscopy demonstrated that bulk crystals and nanowires
belong to the NbSs3-I polytype (Fig. 1E, F; Fig. S6, 8). For all nanowires in Fig. 1C, EDS analysis
confirmed the composition of single, isolated nanowires composed of Nb and S elements with an
Nb:S average ratio of = 1:3. EDS mapping showed a uniform distribution of Nb and s across the
nanowires (Fig. S8). Dark-field optical images of the substrate showed nanowires with high aspect
ratios emerging from few nucleation spots (Fig. 1C). TEM imaging shows the high crystallinity
of the nanowires with d-spacing matching that of NbSs-I and their flexibility (Fig. 1E; Fig. S6, 9).
The fast Fourier transform (FFT) was indexed as the NbS3-I [001] zone axis (Fig. 1E). Peaks in
the Raman spectrum of the nanowires in Fig. 1C (Fig. 1F) are consistent with the NbSs-I

2835 X-ray photoelectron spectroscopy (XPS) of bulk crystals showed peaks

polytype.
corresponding to the 3ds» and 3ds; states of Nb, and the S' 2p1/2, S' 2p32, and S 2pis, S 2p32 states

of S (Fig. S10). Assignments of Raman peaks I to VII are in the Supplementary Information.
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We systematically varied the duration of the reactions from 30 min to 3 d at a fixed
temperature gradient (71 = 750 °C to 72 = 650 °C) to further understand the effect of time on the
growth of NbSs-I. Generally, the growth of NbS3-I nanowires was observed at all reaction times
used in this study. If the reaction is quenched using an ice bath, the nanowires would be shorter
than the naturally cooled analogues. Nanowires from a quenched 30-minute reaction reached
lengths of up to ~1 mm, with most nanowires having lengths between 30 and 249 um and heights
ranging from 13 nm to 100 nm (Fig. 1C). In contrast, a 30-minute reaction with natural cooling
yielded nanowires with lengths up to ~2.5 mm, with most lengths between 69 and 728 pm and
with comparable heights from 24 nm to 100 nm (Fig. S7). Intriguingly, a three-day reaction time
with natural cooling yielded ultra-long nanowires of up to ~7.9 mm in length, with most lengths
ranging from 251 pm to 2.2 mm and heights of 40 nm to 160 nm (Fig. 2A-E). Our ability to grow
well-defined NbS;-I nanowires enabled us to measure their thickness-dependent optical scattering
properties (Fig. 2F,G). From dark-field hyperspectral imaging and spectroscopy, we found
thickness-dependent spectral features in nanowires that are ~40 to 120 nm-thick, illustrating that
the frequency distribution of scattered light can be systematically modulated by controlling the
nanowire thickness (Fig. 2F). Generally, nanowires that were sub-100 nm thick appeared green-
blue, whereas thicker nanowires (>100 nm) appeared yellow-white in the dark-field micrographs

(Fig. 2G).
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Figure 2. Thickness-dependent light scattering of NbS;-1 (4) Dark-field optical micrographs of NbSs-I1 nanowires
on a Si/SiO: substrate after a 3-day vapor-phase synthesis, divided into three regions: I, II, and IIl. Scale bar, 490
um. (B, C, D) High-magnification micrographs corresponding to regions I, I, and IIl in A, respectively. Triangles
point to the location where AFM and optical scattering spectroscopy measurements were taken, colors correspond to
measurements in E and F. (E) AFM height profiles of the NbSs-I nanowires from A. (F) Corresponding thickness-
dependent dark-field optical scattering spectra of NbSs3-1 nanowires in A. (G) Dark-field optical micrographs of
nanowires of various thicknesses taken at 50X objective magnification.
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We found that the morphology of the NbSs-I nanostructures could also be modulated by
adjusting the temperature and duration of the synthetic steps to promote a sulfur-rich environment
(Fig. S11, 12; Supplementary Text). We observed that this program promoted lateral growth of
the chains along the a-axis (vdW direction), which uniquely yielded the wide nanoribbon
analogues of NbSs-1 (Fig. S13, 14). Peaks in the Raman spectra of the nanoribbons, like the
nanowires, agreed well with NbSs3-I phonon modes (Fig. S15). Nanoribbons crystallized into long
and thin structures with dimensions ranging from 88 nm % 10 um x 640 um to 91 nm % 37 pm x
1200 pm (Fig. S13, 14, 16, 17). Nanoribbons display shorter lengths compared to nanowires (Fig.
S17). EDS analysis confirmed a Nb/S ratio of = 1:3, and like the nanowires, mapping showed an
even distribution of Nb and S throughout the crystal (Fig. S18). The distinction between nanowire
and nanoribbon growths is discussed in the Supplementary Text.

To understand the unusual growth behavior of NbSs-I, we directly applied the methods
used to grow NbSs-I to a closely related MChs phase, ZrSs. ZrS; displays the same trigonal
prismatic coordination environment along the chain and strong covalent bonding along the b-axis,
but without the in-chain metal-metal dimerization (Fig. S19). Crystals found on the substrate were
nanoribbons significantly shorter than NbS3-I. The nanoribbons had thicknesses ranging from ~6
to 200 nm and lengths ranging from 0.056 to 1.8 um, which are at least three orders of magnitude
shorter than NbS3-1 nanowires (Fig. S20). Raman spectroscopy (Fig. S21), and TEM (Fig. S22)

confirmed that the crystal structure of the nanocrystals is consistent with that of ZrSs.
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We performed density functional theory (DFT) calculations to analytically compare bond
strengths of NbSs3-I and ZrS; across multiple crystallographic directions and rationalize the
disparity between the growth of ultra-long NbSs3-I nanowires versus the significantly shorter ZrS;3
nanoribbons (Fig. 3; Fig. S23-30; Table S2). Partial filling of the d-orbital bands in NbSs (d'), as
opposed to ZrSs (d°), leads to in-chain Nb-Nb interactions, which split the band and decrease the
overall energy (Fig. S29, 30).¢ This is evidenced by the overall stronger bonding in NbSs-I (Fig.
3). For NbS;-1, calculated intra-chain bonding strengths of 1.927 eV (orange; Fig. 3A) and 2.152
eV (green; Fig. 3A) were significantly higher than calculated intra-chain bonding strength of 1.753
eV in ZrS; (orange; Fig. 3B). Enhancement of the intra-chain bonding strength reaches 0.4 eV and
is significantly higher than the enhancement along other directions (<0.2 eV; Table S2). This
increase in covalent intra-chain bonding strength is primarily attributable to in-chain dimerization
of Nb atoms. Calculations were also performed to understand the origin of the dimerization and
stability of NbSs-1. We constructed the NbS3-V polytype,>?° a metastable P2;/m polymorph with
a non-dimerized structure like ZrS; (Fig. S29B). The additional electron in Nb, compared to Zr,
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introduce two extra electrons per unit cell. This lifts the Fermi level, leading to a metallic state in
NbS3-V (Fig. S29D, E). Comparing NbS;3-I to NbS3-V, we found that: (1) dimerization in NbS3-I
lowers the total energy (E) of the system by 0.18 eV, calculated as 2[E(NbS3-V)-E(NbS3-I)]; and
(2) dimerization, reminiscent of Peierls-induced transition,?® opens an indirect band gap in NbSs-
I (Fig. S29F).2%?7 We posit that the stable in-chain dimerization likely influences the preferential

bottom-up growth of NbSs3-I nanocrystals along the chain direction
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CHAPTER 3: Bottom-Up Crystallization of Long and High
Anisotropic Nanowires Based on a Dimerized 1D van der Waals

Transition Metal Trihalide

3.1 Abstract

Owing to their atomic precision and intrinsic chain structure, one-dimensional (1D) van
der Waals (vdW) crystals have emerged as promising building blocks for device integration
approaching the sub-nanometer limit. However, while there have been significant advances in the
discovery of new and more complex analogues of 1D vdW crystals, current pathways to access
their nanoscale morphologies are still limited to the stochastic process of mechanical exfoliation.
Compared to their 2D counterparts, the controlled bottom-up synthesis of 1D vdW nanostructures,
together with the chemical and structural factors governing anisotropic crystal growth, remains
largely unexplored. Here, we investigate the emerging concept of intra-chain dimerization as a
structural motif to preferentially confine the crystallization of 1D vdW crystals only into one
direction and drive their crystallization into nanowires without the need of a catalyst. Using Mol3
as a model system, our results support the hypothesis that the pronounced intra-chain Mo—Mo
dimerization promotes preferential crystal growth along the chain direction, yielding ultrathin,
high-aspect-ratio nanowires with widths down to ~4 nm and lengths of up to 0.5 mm. Through
their synthesis into well-defined nanowires, we demonstrate the structural anisotropy arising from
the bundling of Mols chains through orientation-dependent Raman spectroscopy. Using single-
nanowire hyperspectral microscopy, we further demonstrate pronounced optical anisotropy
through orientation-dependent light scattering and polarization-dependent absorption. Taken
together, these results support intra-chain dimerization as a useful structural motif for directing
anisotropic crystal growth in 1D vdW materials and provide a rational route toward high-aspect-

ratio nanostructures approaching the single-chain limit.

3.2 Introduction

Semiconducting one-dimensional (1D) nanostructures with high aspect ratios have become
particularly attractive for device integration, as their geometry enables their use as nanoscale

interconnects while supporting well-defined optical states, high-fidelity photonic modes, and
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directional charge transport.!'* In particular, advances in the discovery and fabrication of
emergent low-dimensional materials have pushed the boundaries of 1D confinement down to the
sub-nanometer range, including nanowires, nanoribbons, nanotubes, and single chains.!*"'3 With
the advent of two-dimensional (2D) van der Waals (vdW) solids comprised of non-covalently
bound sheets, top-down (e.g., micromechanical and liquid-phase exfoliation) and bottom-up (e.g.,
vapor deposition and nanotube encapsulation) routes have further scaled down the sizes of 1D and
quasi-1D nanostructures beyond the size regimes and aspect ratios realizable through the well-
established catalyzed, vapor-liquid-solid growth pathway for nanowire structures. While such
approaches yield nanowires and nanoribbons with thicknesses that approach the atomic limit, they
still face specific and longstanding constraints: the stochastic nature of top-down exfoliation,
especially the reliance of this approach on 2D vdW crystals that have quasi-1D sub-motifs to
access 1D nanostructures; the limited long-range order of structures confined within nanotubes;
and the lack of intrinsic crystallographic anisotropy, which necessitates the use of bespoke
substrates or catalysts to drive bottom-up 1D growth.

Alternatively, the intrinsic structural anisotropies arising from the directional and
dimensionally localized bonding in 1D, which are inherent to several classes of vdW and ionic
crystals, provide an opportune materials design motif and synthetic approach to intrinsically
promote the directed crystallization of ultrathin and high-aspect-ratio 1D nanostructures.>!>-!7
Specifically, the unidirectional growth of materials with preferential bonding along a specific
crystallographic axis is facilitated by differences in surface and bonding energies. In these cases,
the system minimizes its overall energy by favoring growth along a particular crystallographic
orientation while suppressing growth in orthogonal directions, coinciding with axis-specific
covalency or strong directional bonding interactions.>'>'# Still, while demonstrations of the
effectiveness of 1D structural anisotropy in driving unidirectional, nanowire growth exist, the
generalizable bonding motifs, coordination geometries, and chemical cues that contribute to this
specific growth modality have remained largely underexplored.

Among highly anisotropic materials that exhibit strong uniaxial covalency, 1D and quasi-
1D vdW crystals have gained recent interest as platforms for catalyst-free nanowire growth along
the covalent chain axis.'>!'* They are characterized by atomically precise chain structures that are
held together by weak, non-covalent bonding in the bulk,®!>'¢ as well as size-, polymorph-, and

anisotropy-driven physical states.®!?71%!3 Due to their intrinsic chain structure and vdW bonding,
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these crystals have been demonstrated to be exfoliable into few-to-single chain structures, although
the process remains random, occurs at very low yields, and results in a variety of morphologies
(e.g., nanowires, nanoribbons, and nanosheets).®!2! Alternatively, bottom-up vapor-phase
growth routes have been pursued to selectively control the crystallization of 1D and quasi-1D vdW
materials into well-defined and predictable nanocrystal structures. However, given the nascency
of these materials, the distinct chemical cues, structural motifs, and materials design parameters
that direct the crystallization of 1D and quasi-1D vdW materials remain largely underexplored. To
this end, our previous studies demonstrated that 1D vdW transition metal trichalcogenides
(TMTCs) with specific chain structures and packing motifs, such as NbS3 Type-I, can be grown
as record-long, ultra-thin, and high-aspect-ratio nanowires under appropriate vapor-phase
conditions without the need for catalysts or templated substrates.'*!62224 Based on the specific
structural signatures and comparing with other TMTCs, the formation of these nanowires strongly
correlates with the pronounced anisotropic bonding arising from their 1D nature, combined with
the uniquely strong Nb—Nb covalent bonding in the intra-chain direction associated with
dimerization reminiscent of Peierls distortion.

We sought to probe the generality of this emergent approach that capitalizes on the strong
covalency imparted by intra-chain dimerization to crystallize 1D and quasi-1D vdW crystals into
nanowires. We approached this study by examining a closely related system in the form of a
transition metal trihalide, Mols, which also exhibits intra-chain Mo—Mo dimerization with distinct
alternating Mo—Mo bond lengths of 2.84 A and 3.57 A. Mols crystallizes in the orthorhombic
Pmmn space group, forming chains of dimerized Mo*", each coordinated by six I~ ions in linear
chains of face-sharing Mol octahedra (Figure 1A,B).!>>>-28 Beyond its 1D dimerized structure
and vdW nature, Mols has attracted interest for its semiconducting behavior and distinct magnetic
states, characterized by easy-plane antiferromagnetic ordering with alternating spins along the
dimerized Mo chains and predicted non-collinear helical magnetic order between neighboring
chains.?%?7 Exfoliation strategies have been explored to access nanoscale crystals, but they have
yielded only a limited number of thin structures with sub-nanometer thicknesses.!*-?> Furthermore,
micromechanical and liquid phase exfoliation have resulted in non-uniform morphologies and, as
expected from top-down routes, comparatively short nanowires.!'®?3 Therefore, in this study, we
experimentally demonstrate that the intra-chain dimerization intrinsic to Mol drives the catalyst-

free crystallization of very long nanowires—up to about 1 mm—from a closed-system vapor-phase
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route. Owing to the well-defined and highly anisotropic nanowires obtained using this synthetic
approach, we further demonstrate the strong structural, morphological, and optical anisotropy of

Mols.
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Figure 1. Structurally driven crystallization of well-defined Mol nanowires. (4) Crystal structure of Mol projected
along the [010] and [001] crystallographic directions. (B) Schematic illustration of the alternating Mo—Mo bond
distances and the synthetic conditions used for vapor-phase nanowire growth. (C) Dark-field optical micrograph of
Mol nanowires grown on a Si/SiO: substrate. Scale bar, 245 um. (D) SEM image of representative as-grown Mols
nanowires on Si/SiOa. Scale bar, 1 um. (E) Representative Raman spectrum of an isolated Mols nanowire on Si/SiO:.
(F) HRTEM image of a Mols nanowire overlaid with a [100]-oriented crystal model. Inset shows the corresponding
FFT and indexed diffraction spots. Scale bar, 5 nm.

3.3 Experimental Section

3.3.1 Reagents and Substrates
Molybdenum powders (99.95%, Strem Chemicals, Inc.), resublimed iodine crystals (99.8-
100.5%, Spectrum Chemical Mfg. Corp.), and Si/SiO, substrates (300 nm wet thermal oxide;

University Wafer, Inc.) were used in this study.

3.3.2 Growth of Mol3 Nanowires
Mol crystals were synthesized on Si/SiO; substrates via a modified chemical vapor

transport (CVT) method. For Method 1, which produced predominantly bulk crystals, Mo and I,
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powders were combined in a stoichiometric Mo:I = 1:3.05. For Method 2, which produced
nanowires, 1.4 g of pre-synthesized Mol; crystals were used as precursors. Reactions were carried
out in a 13 cm-long quartz tube (10 mm inner diameter, 12 mm outer diameter) that was necked 6
cm from the sealed end. The precursor was placed in the high-temperature zone (77), while a
Si1/S10, substrate (50 mm % 9 mm) was positioned downstream in the low-temperature zone (7>).
The tube was evacuated (~15 mTorr) and placed in a two-zone furnace (OTF-1200X, MTI
Corporation). A temperature gradient of 71 = 360 °C and 7> = 300 °C was applied. The furnace
was heated at 1.4 °C/min and cooled to room temperature at 1 °C/min after completion of the

reaction.

3.3.3 Optical Microscopy, Dark-Field Scattering Spectroscopy, and Optical
Absorbance Measurements

Dark-field microscopy imaging, spectroscopic scattering measurements, and transmission
measurements were performed using a modified Olympus BX-43F microscope equipped with a
Cytoviva hyperspectral imaging system (automated stage, diffraction grating, and CCD detector
capable of measurements over the 450—1000 nm spectral range) and a high-resolution imaging
camera. Scattering spectra were obtained in dark-field mode using a Cytoviva spectrometer.
Atomic Force Microscopy (AFM). Nanowire topography and height were obtained using an Anton
Paar Tosca AFM with ARROW-NCR Al-coated tips (resonance frequency of 285 kHz and force
constant of 42 N/m) (NanoWorld). Data were processed and background corrected using

Gwyddion® software.

3.3.4 Raman Spectroscopy

Raman spectra were acquired using an InVia microscope by Renishaw Inc. A 532 nm
excitation laser and a 2400 lines/mm grating were used. A laser power of 1% and a 30 s exposure

time was used. Linear fitting of peak positions was done using MagicPlot 3.0.1 software.
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3.3.5 Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy (SEM-EDS)

Morphology and elemental composition of the nanostructures were characterized using an
FEI Magellan XHR SEM equipped with an Oxford silicon drift detector (80 mm?). EDS data were

analyzed using built-in Aztec software.

3.3.6 Transmission Electron Microscopy (TEM) and Sample Preparation
Samples for TEM were prepared by dry transfer of the nanowires onto a lacey carbon grid
(400 mesh; Ted Pella Inc.) by gently contacting the carbon side of the grid with the growth
substrate. TEM imaging was performed at 200 kV on a JEOL JEM-2800 equipped with a Gatan
OneView camera. Processing of raw (.dm4) images was processed in DigitalMicrograph. Fast
Fourier transformations (FFTs) of the images were generated in ImageJ. FFTs were indexed using

SingleCrystal (CrystalMaker software).

3.3.7 Powder X-ray diffraction (PXRD)
Powder X-ray diffraction was measured using a Rigaku Smartlab X-ray diffractometer
equipped with a Cu Ka source and a 1D D/teX silicon strip detector. The diffraction pattern was

Le Bail fitted using Profex.

3.3.8 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron measurements were performed on Mol crystals grown on Si/Si0;
substrates. Data were collected on a Kratos Analytical Axis Supra surface science instrument
equipped with an Al/Ag X-ray monochromatic source and charge neutralization capabilities. The
spectra were energy calibrated using the adventitious sp® C 1s peak at 284.8 e¢V. All peaks were

fitted with asymmetric Lorentzian functions using CasaXPS software.
3.3.9 Diffuse reflectance spectroscopy (DRS) Measurements

Diffuse reflectance spectra were collected using a Jasco V-670 spectrometer equipped with

a 60 mm integrating sphere (Jasco ISN-923), operating over a working range of 190-2500 nm.
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Single crystals were ground and dispersed in KBr, and the resulting mixture was loaded into a

custom-made holder with a transparent quartz window.

3.3.10 Thermogravimetric analysis (TGA)
Thermogravimetric measurements of bulk Mol3 crystals were performed using a TA
Instruments Q500 thermogravimetric analyzer. During analysis, samples were loaded onto a Pt

sample pan and purged with nitrogen gas throughout the measurement.

3.4 Results and Discussion

To understand the parameters that drive the crystallization of Mols nanowires, we first
investigated the influence of precursor selection on growth behavior to evaluate the potential for
structurally driven unidirectional crystallization in Mols (Figure 2). Here, we employed two
growth approaches. Method 1 used elemental Mo and 1> powders in a 1:3.05 molar ratio as
precursors, with a slight excess of I» to prevent the crystallization of Mol,. Method 2 used bulk
Mol crystals as precursors to further control the flux and nature of the precursor species entering
the deposition zone. Both methods generated excess iodine, which re-deposited as 1> and was
subsequently removed by applying a reverse temperature gradient with one end of the ampoule
positioned outside of the furnace. Post-synthesis, Method 1 predominantly produced large, needle-
like Mols crystals that formed in a radial growth pattern and resembled bulk crystals. The crystals
were localized on the upper inner surface of the quartz ampoule and over a significant portion (~3
cm) of the substrate nearest the hotter, 71 zone (Figure 2A,B). Optical microscopy and SEM
images further show that Method 1 yields predominantly bulk Mols crystals with only a small
fraction of nanowires (Figure 2C), as expected from the high material flux generated from
elemental precursors. Second, to evaluate the influence of reaction time, we found that an 8-day
reaction produced crystals with lengths ranging from approximately 0.01 to I mm (average length
0.29 + 0.22 mm, measured from optical images; n = 500) and widths ranging from approximately
50 to 3 x 10° nm (average width 700 + 500 nm, measured from SEM images; n = 100). Reducing
the reaction time to 1 day yielded slightly shorter and wider structures with lengths ranging from
approximately 3 x 10 to 0.9 mm (average length 0.23 = 0.15 mm, measured from optical images;
n = 500) and widths ranging from approximately 90 to 5 x 10° nm (average width 1 x 103 + 700
nm, measured from SEM images; n = 100) (Figure 2C,D,F; Figure S1). While subtle, the effect
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of growth time highlights an important growth parameter that can be tuned to minimize crystal
width and thereby increase the aspect ratio of the resulting Mol3 crystals.

Based on these considerations, we devised Method 2 to determine whether reducing the
material flux using bulk Mols crystal precursors and optimizing the growth time would produce
thinner, longer, and more uniform nanowires. The bulk Mol3 crystals used as precursors for
Method 2 were obtained using Method 1. Le Bail refinement of the powder X-ray diffraction
(PXRD) pattern confirmed agreement with the reported Pmmn crystal structure of Mols (Figure
S2).28 Energy-dispersive X-ray spectroscopy (EDS) confirmed a Mo:I atomic ratio of 1:3 and a
uniform distribution of Mo and I in the elemental maps (Figure S3; Table S1). X-ray
photoelectron spectroscopy (XPS) measurements of the bulk crystals confirmed the presence of
Mo and I, with binding energies corresponding to Mo** and I" species (Figure S4). The weaker
and broader peaks corresponding to Mo®" are attributed to the inevitable surface oxidation of the
crystals upon exposure to ambient air. Collectively, these results confirm the phase purity and
composition of the bulk Mols crystals used as precursors for Method 2.

To assess the thermal suitability of the selected Method 2 growth conditions, we performed
thermogravimetric analysis and derivative thermogravimetry (TGA/DTG) on as-synthesized bulk
Mols crystals before applying the reverse temperature gradient used to remove excess > (Figure
S5). The TGA profile exhibited three distinct mass-loss steps: (1) a first smaller step from
approximately 25 to 80 °C, attributed to the evaporation of residual or unreacted I»; (2) a second
step commencing at approximately 474.5 °C, corresponding to the decomposition of Molz to Mol»
(Mol; » Mol, + %M ol,); and (3) a third step beginning at 686.9 °C, corresponding to the further
decomposition of Mol2 to elemental Mo (Mol, - Mo + I;). The 360-300 °C temperature
gradient used for Method 2 lay below the onset of the first major decomposition event, indicating

that vapor-phase growth occurs under conditions that limit pronounced bulk thermal

decomposition of Mols.
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Figure 2. Bottom-up growth of Mols nanowires. (1) Representative post-reaction ampoule and the corresponding
growth substrate. (B) Graphical representation of Mol crystal growth via CVT on a Si/SiO: substrate, showing the
measured temperature profile at 1 cm intervals along the 360-300 °C temperature gradient with an external
thermocouple probe. (C,D) Representative bright-field (left) and dark-field (right) optical micrographs from Method
1 after 8-day (C) and 1-day (D) reactions using elemental precursors. Scale bars, 245 um. (E) Representative bright-
field (left) and dark-field (right) optical micrographs from Method 2 after a 5-day reaction using bulk Mols crystals
as precursors. Scale bars, 245 um. (F) Histograms of crystal lengths for each reaction condition shown in (C), (D),
and (E). Representative dark-field micrographs to each histogram are shown in the insets. Scale bars, 245 um.

Post-synthesis characterization by bright- and dark-field optical microscopy, SEM, and
HRTEM (Figure 2E; Figure S6) showed that Method 2, using a 5-day reaction time, produced
nanowires with lengths ranging from approximately 7 x 10-3 to 0.4 mm (average length 0.13 +
0.08 mm, measured from optical images; n = 500). SEM analysis further revealed widths ranging
from approximately 15 to 520 nm (average width 110 nm + 80 nm; n = 100). Representative
HRTEM images further showed that individual nanowires can reach widths as small as
approximately 4 nm (range 4-255 nm; average width 95 + 80 nm; n = 8) (Figure S6,7). Similar to
Method 1, EDS measurements of nanowires by Method 2 confirmed a Mo:I atomic ratio of 1:3,
with the elemental maps showing a homogeneous spatial distribution of Mo and I (Figure S8;

Table S2). These results demonstrate that the 5-day reaction time yields a high density of long,
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thin nanowires, whereas a 1-day reaction produced only sparse population of nanowires on the
substrate which produced less than five identifiable nanowires.

Taken together, the results from Methods 1 and 2 (Figure 2C-F) suggest that, in addition
to the intrinsic influence of intra-chain Mo—Mo dimerization, growth conditions that favor a lower
supersaturation, such as the use of bulk Mol3 precursors in Method 2, promote growth along the
intra-chain direction and yield significantly longer and thinner nanowires. In contrast, the
powdered elemental precursors used in Method 1 provide a substantially larger reactive surface
area, which likely increases the generation and transport of vapor-phase precursor species and
produces higher supersaturation. Consistent with conventional crystal-growth behavior, the
resulting higher supersaturation likely favors the formation of the bulkier crystals observed in
Method 1. We note that these observations may not extend to other 1D and quasi-1D vdW
materials because, in some systems, competing phases form under conditions similar to those
required for the target phase.'4%

The long, thin, and well-defined bulk crystals and nanowires enabled Raman spectroscopy
to probe the lattice vibrational modes of Mol; and demonstrate the pronounced structural
anisotropy arising from its intra-chain covalent bonding (Figure 3A-C). The representative Raman
spectra in Figure 3A display prominent peaks at 123.9 cm™'(I), 146.8 cm™' (II), 184.6 cm™! (I1I),
208.7 cm™ (IV, known as B3g symmetry in the literature),?® 293.7 cm™ (V), and 415.4 cm™" (VI).
Together with the temperature-dependent measurements, these are consistent with the previously
reported phonon modes and signatures of magnetic ordering of the Pmmn phase of Mols (Figure
S9).2¢ Systematic rotation of the bulk single crystal revealed a non-monotonic, with Raman mode
intensities varying significantly with rotation angle (Figure 3A,B). In these measurements, 0° and
90° correspond to conditions where the long axis (crystallographic b-axis) of Mols is parallel and
perpendicular, respectively, to the polarization of the incident laser. These measurements highlight
the pronounced anisotropic behavior of Mols, most clearly demonstrated by the strong intensity of
modes I, IV, V and VI when the incident laser polarization is parallel (0°) to the crystal long axis,
which is substantially reduced when the polarization is rotated to the perpendicular orientation
(90°). An opposite behavior is observed for mode II. Based on their polarization dependence and
the well-established anisotropic Raman response of 1D crystals,'33%33 modes I, IV, V and VI are
consistent with predominantly intra-chain vibrations, whereas mode II is consistent with an inter-

chain vibration. Because the larger bulk crystal provided higher signal-to-noise ratios than
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individual nanowires, it was used as a reference for orientation-dependent Raman measurements
(Figure 3A,B). Similar orientation-dependent behavior was observed across several nanowires
(Figure S10). Representative Raman spectra from two nanowires (Nano 1 and Nano 2), measured
at orientations corresponding to those of the bulk crystal in Figure 3A, are shown in Figure 3C.
The close agreement between the Raman response of the Method 2 nanowires and the Method 1
bulk crystal demonstrates that the anisotropic lattice vibrational characteristics of Mols are
preserved in the nanowires.

Beyond the structural anisotropy revealed by the orientation-dependent Raman
measurements, we next investigated the optical anisotropy of Mols using orientation-dependent
transmittance measurements on single crystals (Figure 3E,F). To establish a reference absorbance
spectrum for bulk Mols, we characterized an ensemble of Method 1 crystals using room-
temperature diffuse reflectance spectroscopy (DRS), with the spectrum converted using the
Kubelka-Munk (K-M) function, F(R«) (Figure 3D). The K-M absorbance spectrum exhibited an
absorption edge corresponding to an extrapolated optical band gap of ~1.36 eV for bulk Mol
(Figure 3D, inset), which is also consistent with the transmittance experiments (Figure 3E,F) and
prior reports based on bulk crystals.?’ The absorbance spectrum revealed a maximum near 550 nm
together with two well-defined peaks at approximately 700 nm and 780 nm. The presence of
multiple absorption features is qualitatively consistent with first-principles calculations of isolated
Mols chains, which predict several closely spaced Mo 4d-derived electronic states near the band
edges that give rise to multiple inter-band optical transitions.**3> Having established the ensemble
spectrum, we next measured the transmittance spectrum of a representative Method 1 single
crystal, which was subsequently converted to absorbance. The resulting spectrum closely matched
the DRS spectrum, including the three distinct absorption features (Figure 3D). Polarization-
dependent absorbance spectra were then acquired from a different Method 1 single crystal and a
Method 2 nanowire using linearly polarized incident light oriented parallel and perpendicular to
their long axes, enabling direct comparison of their optical anisotropy (Figure 3E,F). Comparison
of the parallel- and perpendicular-polarized spectra with the corresponding unpolarized spectrum
revealed pronounced linear dichroism in both the bulk crystals and nanowires, consistent with the
behavior of highly anisotropic low-dimensional materials.'®*3¢ This polarization dependence is
manifested as a redistribution of spectral weight, with the broad absorption centered near 650 nm

enhanced for light polarized parallel to the crystal long axis, while the longer-wavelength feature
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near 825 nm is relatively enhanced for perpendicular polarization. The unpolarized spectrum
closely matches the combined response of the two orthogonal polarization directions, consistent

with the expected averaging of the polarization-dependent optical response.
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Figure 3. Structural and electronic anisotropy of Mols nanowires. (4) Orientation-dependent Raman spectra of a
bulk Mols crystal (shown in B) rotated from 0° to 90° relative to the polarization of the incident 532 nm laser. Scale
bar, 80 um. (C) Raman spectra of two representative Mols nanowires (Nano 1 and Nano 2), shown in images 1 and
2, together with the spectra of the bulk crystal at 30° and 90° (Bulk 30° and Bulk 90°) from (A) for direct comparison.
Scale bars, 40 um. (D) DRS and absorbance spectra obtained from transmittance measurements of bulk Mols. (E)
Absorbance spectra obtained from transmittance measurements of a representative Mols bulk crystal grown by
Method 1 using parallel (blue), perpendicular (red), and unpolarized (yellow) light relative to the crystal long axis.
Inset: transmission optical image of the measured crystal. Scale bar, 10 um. (F) Absorbance spectra from
transmittance measurements of a representative Mols nanowire grown by Method 2 using parallel (red),
perpendicular (blue), and unpolarized (yellow) light relative to the long axis. Inset: transmission optical image of the
measured nanowire. Scale bar, 10 um.

To further investigate the optical properties of Mols nanowires, we performed dark-field
scattering measurements, which revealed size-dependent scattering from as-grown Mols
nanowires on a Si/Si0O; substrate (Figure 4A,B; Figure S11). Nanowires with heights ranging
from 38-93 nm, as measured by atomic force microscopy (AFM), exhibit increased scattering
intensity and redshifted scattering peaks with increasing thickness, whereas thinner nanowires

exhibit lower scattering intensity and blue-shifted peaks, consistent with Mie-like scattering
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behavior. Polarization-dependent scattering measurements further demonstrate the highly
anisotropic nature of Molsz nanowires through orientation-dependent light scattering (Figure
4C,D). For a representative nanowire (approximately ~90 nm in height and width, as probed by
AFM and SEM, respectively), the scattering intensity is maximized when the long axis is oriented
parallel to the linear polarizer, whereas it decreases when the long axis is oriented perpendicular
to the polarizer (parallel to the a-axis). This anisotropic optical response is further supported by
angle-dependent reflection measurements acquired under crossed-polarizer conditions (Figure
4E-G). Under crossed-polarizer conditions (Figure 4E), the reflected intensity exhibits a strong
angular dependence, with pronounced extinction when the nanowire is oriented parallel (0°) or
perpendicular (90°) to the polarizer. This behavior is further illustrated in the polar plot (Figure
4F) and crossed-polarizer bright-field images (Figure 4G), where the nanowire, indicated by the
arrow, appears dark at these orientations. These results indicate that the optical response is highly
sensitive to the alignment of the incident electric field relative to the crystallographic axes of the
nanowire. This behavior is consistent with the polarization-dependent light-matter interactions

18,33,36-39 and

reported for anisotropic semiconducting and low-dimensional dielectric materials,
highlights the strong coupling between crystallographic orientation and the optical response in

Mols.
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Figure 4. Anisotropic light-scattering properties of Mols nanowires. (4) Size-dependent dark-field scattering spectra
of Mols nanowires. (B) AFM images and corresponding height profiles of the nanowires shown in (A). Scale bars, 2
um. (C) Angle-dependent dark-field scattering spectra of a representative Mols nanowire (height and width ~90 nm)
measured with linearly polarized incident light, showing intensity variations with nanowire orientation relative to the
polarization direction. (D) Dark-field optical micrographs of the nanowire measured in (C) at orientations of 90°
(perpendicular), 45°, and 0° (parallel) relative to the polarization direction. Scale bars, 25 um. (E) Angle-dependent
reflection spectra acquired under crossed-polarizer conditions from the representative nanowire indicated in (G). (F)
Polar plot of the normalized reflected intensity at 700 nm extracted from (E), illustrating the angular dependence. (G)
Bright-field reflection images of the representative nanowire measured in (E), acquired under crossed-polarizer
conditions at different sample orientations. The white arrow indicates the measured nanowire. Scale bars, 20 um.

3.4 Conclusion

In summary, we demonstrate a catalyst-free, bottom-up synthesis of high-aspect-ratio Mol3
nanowires via a modified CVT method. By controlling precursor chemistry and growth conditions,
our results support extending the previously proposed hypothesis that Peierls-distorted chain
structures promote preferential crystal growth along the intrachain direction, enabling the
formation of high-aspect-ratio nanowires in dimerized 1D vdW materials such as Mol3. The
resulting nanowires enabled direct characterization of the pronounced structural and optical

anisotropy of Mols through polarization- and orientation-dependent optical spectroscopy,
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including Raman, absorption, scattering, and reflection measurements. The realization of
crystalline nanoscale Mol3 nanowires provides a platform for future investigations of the predicted
low-dimensional magnetic properties of Mols, including possible magnetic confinement effects,
either as stand-alone nanostructures, when interfaced with other 1D and 2D vdW materials, or
under photonic stimulation. Taken together, these results advance the understanding of the
chemical origins of anisotropic crystallization in 1D and quasi-1D vdW crystals and open new

opportunities for accessing functional nanostructures approaching the atomic scale.
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CHAPTER 4: Compositional Heterogeneity Drives Nanoscale Ring
Formation in Optically Active One-Dimensional van der Waals

Crystals

4.1 Abstract

While ubiquitous in nature, synthetic nanostructures that form ring- or spiral-like structures
have remained particularly elusive. This has been especially the case for all-inorganic systems,
which despite their potential to manifest distinct long-range physical states arising from twisting
and inversion symmetry breaking, are generally devoid of twist-inducing interactions such as
hydrogen bonding, n-stacking, and disulfide bridging. Here, leveraging the non-covalently bound
and one-dimensional (1D) van der Waals (vdW) nature of transition metal trichalcogenides, we
demonstrate the compositionally driven formation of well-defined spiral nanorings from NbS3
Type I (NbS;3-1) chains that spontaneously self-coil through deliberate Ta alloying and S vacancy
formation, forming Nbi.xTaxS3.s during vapor-phase crystallization. The spiraled nanorings
displayed an average circumference of 18 + 10 um, with average cross-sectional heights from ~550
nm down to ~20 nm, and widths ~620 nm down to ~40 nm, respectively. We reconcile the
compositionally driven spiraling of the chains into nanorings using density functional theory
(DFT) calculations on idealized model structures, which revealed that Ta incorporation disrupts
the intra-chain Nb—Nb dimerization, weakens the inter-chain bonding, lowers the Young’s
modulus by a factor of ~5.6 relative to pristine NbSs-I, and renders the chains more susceptible to
spiraling and self-coiling into nanorings during vapor-phase growth. Owing to their high refractive
index and nanoscale dimensions, these nanorings exhibit strong optical activity and size-dependent
dipolar photonic signatures reminiscent of confined Mie-type resonance. Their nanoring geometry
and structural anisotropy further give rise to polarization-dependent light scattering. These
findings establish a deliberate and predictable synthetic route to access atypical nanoscale ring
morphologies in 1D vdW solids, highlighting the potential of programmed spiraling and twisting
of extended lattice nanostructures to realize optically active nanoscale platforms and collective

states arising from curved and twisted structures.
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4.2 Introduction

Low-dimensional materials exhibit emergent and tunable physical properties through the
precise control of their composition, size, crystal structure, and morphology.'” Nanoscale
morphologies with curved motifs that often break inversion symmetry at the atomic scale, such as
tubes, coils, rings, helices, and twisted structures, provide a platform for dense integration into
miniaturized functional devices while introducing structural complexity, quantum confinement,
and unusual physical states arising from their non-native symmetries.'®'¢ Often, when realized in
all-inorganic systems with long-range order, these complex structures display diverse properties:

functioning as inductors and antennas with localized magnetic states; manifesting non-linear

17-20 21-24

optical signatures, confined photonic states, and chiral signatures; and hosting non-
conventional photovoltaic mechanisms such as the bulk photovoltaic effect and shift-current
generation.'*"'® Beyond their physical properties, nanoscale structures with curved motifs offer a
powerful platform for strain-induced property modulation because their curved geometries impart
mechanical robustness by resisting buckling and torsional deformation and, in some cases, by
exhibiting spring-like mechanical behavior.!®'62> However, while these motifs present exciting
materials opportunities, experimentally demonstrated inorganic micro- to nanoscale systems
remain relatively rare. Reported examples have primarily relied on selective etching, imposed
boundary constraints for growth, or the less common and more heuristic approach of synthetically
induced electrostatic self-coiling mechanisms, such as in the unusual case of ZnO twisted
nanobelts.!%!126-28 More commonly observed in nature and engineered organic materials,?®—3
helical and chiral nanostructures typically arise from ultrathin chain-like structures, such as organic
polymers and peptide chains, which can contort into such complex motifs without physically
breaking.

Structurally reminiscent of polymeric, supramolecular, and biomacromolecular systems,
one-dimensional (1D) van der Waals (vdW) transition metal trichalcogenides (MChs, where M =
Ti, Zr, Hf, Nb, Ta; Ch = S, Se) constitute an intriguing class of materials capable of crystallizing
into curved motifs and spiral self-coiled nanostructures.”3’#! These crystals consist of sub-
nanometer-thin chains that are covalently bonded along one crystallographic axis and held together
by weak, non-covalent interactions.>3*>-4¢ Such a 1D motif results in highly anisotropic crystal
3,8,9,42-49

structures that lead to strongly axis-dependent physical states and mechanical properties.

Owing to the 1D chain-like nature and the weak inter-chain coupling, these materials exhibit
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substantial structural and compositional diversity, making them a suitable platform for exploring
how chain structure and composition influence nanoscale morphology during bottom-up vapor-
phase growth. Thus, variations in composition, chain structure, and crystal packing give rise to
numerous polymorphs (e.g., NbS3 Types I to VI; denoted herein as NbSs3-I to VI) and electronic
behavior, including semiconducting NbS3-I/-IV/-VI, ZrS3, and TiS; phases, as well as metallic
NbS3-II/-I1I/-V and TaSe; phases with charge-density-wave (CDW) transitions and field-effect
modulation of CDW transport.>8942-31

Under very specific, heuristically determined, and unpredictable growth conditions, certain
MChs phases that are metallic (e.g., TaS3, TaSes, NbSes) exhibit spontaneous self-coiling to form
nanoscale structures that resemble rings, cylinders, and even Mobius-strip morphologies.”37—!
Although nanoring formation was initially posited to arise from the coiling of the nanostructures
around chalcogen droplets that eventually vaporize, this mechanism is supported by limited
evidence and is contradicted by the formation of larger tubular structures in related compositional
analogues. Consequently, the origin of these curved nanostructures and specific synthetic
parameters responsible for their often-stochastic formation remain elusive. Among the known 1D
transition metal trichalcogenides that can be employed to systematically demonstrate the deliberate
triggering of nanoring formation, NbS3-I has emerged as the most stable phase, crystallizing in a
triclinic (P1) structure characterized by alternating intra-chain Nb—Nb distances.?#243:48:49:52,53 Jtg
combination of air stability, flexibility, semiconducting properties, ultra-broadband and

42,43,48,49,52,

polarization-sensitive photodetection behavior® >3 makes it a highly promising candidate

for future optoelectronic applications.
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Figure 1. Synthetic pathways to NbS3-I nanowires and Nbi1xTaxS3.s nanorings. (4) Crystal structure of NbS3-1 and
target site occupation of Ta. (B) Schematic of the reaction setup and temperature gradients used to synthesize NbSs-1
nanowires and Nbi.TaxS3.s nanoring structures. (C) Graphical representation of nanowires and nanoring structures
(left) and dark-field optical micrographs of NbSs3-1 nanowires and Nbi.xTaxSs-s nanoring structures (right). Scale bars,
25 um.

Here, we report the deliberate, predictable, and reproducible synthesis of the first example
of nanoring structures based on the NbS3-1 model phase through the spiral growth of nanowires
systematically triggered by the alloying of Ta atoms in the system (Figure 1). Grown via a
modified bottom-up chemical vapor transport (CVT) method, the nanorings preserve the native
triclinic structure of NbSs-I as confirmed by electron microscopy and Raman spectroscopy despite
the incorporation of ~18% Ta and the concerted formation of S vacancies. Based on a series of
control experiments, electron microscopy imaging of nanorings across various conditions and
samples, and first-principles calculations, we propose in this study that the reliable growth of Nb;.
xT'axS3.5 nanorings arises from the predicted lowering of the Young’s modulus of the chains upon
the inclusion of S vacancies and Ta. This, we posit, leads to intra-chain flexibility and
deformability, which increase the propensity of the nanowires to twist and spiral back onto the
leading growth edge, ultimately forming nanorings. Owing to their substantially high refractive
indices and well-defined structure, the nanorings show emergent optical activity and photonic
resonant states with strong polarization dependence in the visible range. Our results highlight the
potential of 1D vdW crystals to form complex nanoscale structures that behave similarly to their
organic counterparts and underscore their potential to host emergent photophysical states
(anticipated to arise from spiraling) at length scales approaching the atomic scale either as stand-

alone nanostructures or when heterostructured with other nanomaterials.
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4.3 Experimental Section

4.3.1 Materials

Niobium powders (99.8%), tantalum powders (99.98%), sulfur powders (sublimed; 99+%;
Strem Chemicals, Inc.), Si/SiO; substrates (300 nm wet thermal oxide; University Wafer, Inc.),
and quartz tubes with 10 mm inner diameter and 12 mm outer diameter were used in this study.

An OTF-1200X, MTI Corporation two-zone furnace was used to run reactions.

4.3.2 Nanoring synthesis

In a typical synthesis, conditions involve the following: (1) elemental powders were ground
using a mortar and pestle and sealed in a 14 cm long quartz tube. The ampule was necked (3.0-3.2
mm outer tube circumference) positioned 6 cm from the sealed end to enabled control of precursor
flux to the substrate (Figure S1). The precursors were positioned on the left side of the tube (77)
and a substrate (5 cm x 9 mm) was positioned on the right side of the tube (7>) and vacuum-sealed
(~15 mTorr) (Figure 1B). A temperature gradient of 77 = 700 °C and 72 = 600 °C was applied at a
ramp-up heating rate of 5°C/minute. The temperature gradient was maintained for 30 minutes,
resulting in both nanowires and nanoring structures (Figure 1C, S2-5). Once the reaction was

complete, the furnace was turned off and allowed to reach room temperature naturally.

4.3.3 Optical Microscopy and Dark-Field Scattering Spectroscopy.

Dark-field microscopy and light scattering measurements were conducted using an
Olympus BX-43F microscope equipped with a Cytoviva hyperspectral system, which includes an
automated stage, diffraction grating, CCD detector (covering 450 nm to 1000 nm), and a high-
resolution imaging camera. Scattering spectra were collected in dark-field mode using the

Cytoviva spectrometer.

4.3.4 Atomic Force Microscopy (AFM)

Topographical images of the nanostructures were acquired using an Anton Paar Tosca
AFM with ARROW-NCR Al-coated tips (resonance frequency: 285 kHz; force constant: 42 N/m)
(NanoWorld). The data were subsequently background-corrected and processed using

Gwyddion® software.
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4.3.5 Raman Spectroscopy
Raman spectra were collected using a InVia confocal Raman spectro-microscope by
Renishaw Inc. Measurements were performed with a 532 nm excitation laser and a 2400 lines mm-

1 grating.

4.3.6 Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy (SEM-EDS)

Samples were dry transferred onto Cu substrate by gently sliding the substrate across the
Si/Si02 substrate containing the as-grown Nbi.xTaxS3.s nanorings to minimize signal overlap
between the Ta M-shell emission and the Si Ka peak. SEM images and EDS elemental
compositions were acquired using an FEI Magellan XHR SEM and EDS with an Oxford Silicon
Drift Detector (80 mm?). The resulting EDS data were analyzed using the built-in Aztec software.

4.3.7 High-Resolution Transmission Electron Microscopy (HRTEM)

The samples obtained from the study were dry-transferred onto a lacey carbon grid (400
mesh; Ted Pella Inc.) by gently smearing the carbon-coated side of the grid across the growth
substrate. TEM imaging was carried out at 200 kV on a JEOL JEM-2800 equipped with a Gatan
OneView camera. Processing of raw (.dm4) images was done in DigitalMicrograph and Fast
Fourier transformations (FFTs) were generated in ImageJ. FFT indexing was performed using the

SingleCrystal module of CrystalMaker software.

4.3.8 Refractive Index Measurements

Data used to extract the refractive index of NbS3; were acquired using a J.A. Woollam
RC2XF small spot ellipsometer with a focused beam elliptical spot size of 25 x 60 microns. The
spot was positioned along the length of the NbS3; nanoribbon stripes for different samples of
different thicknesses. Data were acquired at an angle of incidence of 65° over the spectral range
from 193 nm to 1500 nm. The experimental data were analyzed using an isotropic optical model
using a combination of one or two Sellmeier dispersion functions for the real part of the refractive
index n(lambda), and between 11 and 21 Gaussian absorptions for the imaginary part of the

refractive index k(lambda) versus wavelength. For the thickest sample, a model including uniaxial
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birefringence improved the data fits significantly, suggesting the thicker NbS3; films show

birefringence effects.

4.3.9 DFT Calculation of Bond Distances and Mechanical Properties

The first principles calculations were performed within the framework of the density
functional theory by using the projector-augmented wave!? pseudopotentials and generalized
gradient approximation of Perdew-Burke-Ernzerhof® as implemented in the Vienna Ab initio
Simulation Package* code. The plane wave energy cut-off was set to 600 eV and a 1 x8x 1
Monkhorst-Pack k-point grid®> was considered for the Brillouin zone integration. For the vdW
correction, the DFT-D3 method6 is adopted. The convergence criterion for force and total energy
was set to 10-3 eV/A and 10 eV, respectively. A vacuum layer of 15 A was added along the x-,
z- axes to avoid interactions due to periodic boundary conditions. The calculations were performed
by using 1 x 3 x 1 supercell structure of pristine NbS3-I and 16.7% Ta-alloyed NbSs-I chains.

The elastic stiffness constants (Cij) are estimated by using the finite difference method and
stress-strain relationship.” For this purpose, we have considered ISIF = 3, IBRION = 6, and POTIM
= (0.015 in the calculations, which results in six finite distortions of the lattice and calculates the

elastic stiffness constants from the corresponding stress.

4.3.10 Finite-Difference Time-Domain (FDTD) Simulations of Nanorings

We performed full-wave electromagnetic simulations using a finite-difference time-
domain (FDTD) method with commercially available Ansys Lumerical FDTD software to
calculate the scattering spectra and the associated electric field distributions in the NbSs-I circular-
shaped nanoring resonators. A total-field scattered-field (TFSF) setup is used to excite the
simulated nanoring resonators on a silica-on-silicon (Si/Si02) substrate where the silica layer
thickness is 300 nm. We calculated the E-field distributions in two different nanorings geometries
(as shown in Figures 6D and 6H). The incident plane wave is transverse-magnetic polarized at an
angle, 6 = 0° with respect to the x-axis of the nanorings. The 3D simulation region is calculated
with a uniform mesh size of 5 nm in the x-, y- and z- directions. The boundary conditions along
the x-, y- and z-directions are set with perfectly matched layers. We note that in our scattering
experiments, the broadband white light passes through a linear polarizer for illuminating the target

nanorings. During FDTD simulations, the use of a TFSF source excitation mechanism allows us
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to model the scattering spectra and collection scheme in a more realistic manner. Additionally,
tabulated data were used to model the optical properties of NbSs, silica (Si02), and silicon.® We
record the electric field strength and intensity profiles from the interface surface of the NbS;
nanorings with frequency-domain field and power monitors and we collect the scattering intensity

with frequency-dependent time monitors.
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4.4 Results and Discussion

The modular nature of transition metal trichalcogenides has endowed us with a suitable
phase space to fundamentally probe the influence of intra-chain compositional heterogeneity on
the nanoscale morphologies of bottom-up grown nanostructures. With the aim of utilizing the
highly stable NbSs-I phase as a platform to demonstrate how deliberate changes to its intra-chain
composition could induce nanoscale nanoring formation, we probed whether nanoscale analogues
of this phase could be obtained when systematically alloyed with Ta and how the morphologies of
the nanostructures would evolve with varying amounts of the alloyant (Figure 1A). Tantalum,
which shares the same d! electronic configuration and has a comparable ionic radius to niobium
(0.68 A for both Ta*" and Nb*" in six-coordinate environments),>* was chosen as an isovalent
alloyant to incorporate at the transition-metal site in NbixTaxS3 alloys. Despite their similar ionic
radii, substitution of Nb by Ta introduces a chemically distinct 5d transition-metal site into the
NbS3-I chains, providing a means of perturbing the local bonding environment while maintaining
the underlying NbSs-I crystal structure.

To investigate whether size and compositional variations along the chain direction perturb
bottom-up crystallization, Ta-alloyed NbSs-I nanostructures were synthesized using a modified
CVT method previously optimized for the growth of NbSs-1 nanowires on Si/SiO; substrates
(Figure 1B,C).”” Interestingly, we found that nanoscale ring morphologies (referred to as
nanorings throughout the manuscript) that distinctly deviate from the long, nanowire morphologies
of pure NbSs-I nanostructures emerge at certain Ta contents (Figure 1C). Using carefully
controlled Ta loading, we systematically probed the evolution of the Raman-active modes (Figure
S1A) and morphologies (Figure S1B) of the nanostructures grown from the vapor-phase, which
display phonon modes consistent with the NbSs3-I structure and form thin nanowires and curled
nanostructures and nanorings at lower Ta loading and manifest distorted NbSs-1-like Raman peaks
and straighter, thicker nanowires at higher Ta loading. When key parameters such as Ta loading,
ampoule length, ampoule neck circumference (to control vapor flux), substrate positioning, and
temperature gradient were systematically tuned and optimized, the yield of nanorings is maximized
and is on the order of ~180 nanorings per reaction substrate (Figures S2-4). We also observed that
Ta introduction and alloying within the structure led to the formation of fuzzy, hair-like protrusions
from the bulk crystals on both the top inner surface of the ampoule and the substrate (Figure S5),

with some exhibiting very curled ends (Figure S6). Under the optimal conditions, we found that
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the highest yield of nanorings results from reactions that involve the elemental loading ratio (as
loaded) of Nb:Ta:S = 0.92:0.08:4 (note that the actual elemental ratios in the nanorings are
different, as will be discussed in the subsequent sections) with excess sulfur acting as the vapor-
phase transport agent and suppressing the formation of the two-dimensional NbS, phase.>’

Based on several optimization reactions, we were able to narrow down the conditions that
specifically yielded the highest number of nanorings (Figure 1). Compared to the synthesis of pure
NbSs-I, nanorings were reliably obtained when Ta was introduced, the ampoule neck was the
widest (~3.0 to 3.2 mm outer tube circumference) and slightly lower source (71; 700 °C) and
deposition (7>; 600 °C) temperatures were used while maintaining the same 100 °C temperature
gradient (Figure 1B,C). After maximizing the nanoring yield, we mapped the substrate post-
synthesis to highlight the temperature-dependence (based on calibrated, position-dependent
furnace temperatures) and spatial positioning of the nanorings (Figure S3). Based on our mapping,
the highest density of nanorings was located on the hottest end of the substrate (~620 °C during
synthesis) and along the sides of the 9 mm-wide substrate extending up to about 4 cm of its length.
Optical imaging showed that ring formation predominantly occurred 1 mm from the edges of the
substrate, with occasional rings observed closer to the center of the substrate, which was dominated
by the growth of nanowires and bulk crystals (Figure S3).

The resulting nanorings, based on optical micrographs and scanning electron microscopy
(SEM), appear as flat rings that crystallize parallel to the substrate surface and are often isolated
or, in some cases, in the vicinity of a dense growth of nanowires (Figure S4). To establish the
extended structure of the nanorings, we used high-resolution transmission electron microscopy
(HRTEM) to confirm that the nanorings generally maintained the NbS;-I crystal structure (Figure
2A-C). Complementarily, elemental mapping based on SEM energy dispersive X-ray
spectroscopy (EDS) and TEM-EDS showed a uniform distribution of Nb, Ta, and S elements
throughout the nanoring structures (Figures 2B, S7). SEM-EDS gave an average composition of
Nbo.s23)Ta0.183)S2.42) for the nanorings and Nbo.s31yTao.17(1)S2.704) for the structurally curled
nanowires that crystallize alongside the nanorings (Figures S8-9; Tables S1-4). Thus, based on
our experimental results, we are denoting the nanorings from here on as NbixTaxS3-5 to highlight
that the incorporation of Ta also induces the formation of a sulfur-deficient structure. We further
note that the incorporation of ~18% of Ta with respect to the Nb site (Nb:Ta = 0.82:0.18) is
significantly higher than the as-loaded precursor amount of ~8% (Nb:Ta = 0.92:0.08).
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Nonetheless, although the SEM-EDS showed sulfur deficiencies, TEM imaging confirmed the
high crystallinity of the nanorings, with the image contrast corresponding to the chain structure
and lattice fringes directly matching the d-spacing of the NbSs-I phase (Figure 2C). Additionally,
the corresponding fast Fourier transform (FFT) pattern was squarely indexable to the [001] zone

axis of the triclinic NbSs-I structure (Figure 2C).
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Figure 2. Structural and compositional characterization of Nbi.xTa.Ss.s nanorings. (4) Representative HRTEM
image of a NbixTaxSs-s nanoring structure. Scale bar, 1 um. (B) EDS elemental map of the boxed region in (4). Scale
bars, 100 nm. (C) HRTEM image of (4) with an overlaid [001]-oriented crystal model of NbSs-1. Scale bar, 1 nm.
Inset: corresponding FFT indexed [001]. (D) Raman spectra of a representative Nbi.xTaxSs.s nanoring (top) and NbS;-
I (bottom) measured with 532 nm excitation.

To further ascertain the long-range order and crystallization of the Ta-alloyed nanorings
into the NbSs-1 polymorph, Raman spectroscopy performed on individual nanorings revealed
phase-pure spectra with all observed vibrational modes consistent with those of the NbSs-I
polymorph (Figures 2D, S10, S11).2°12? Using a 532 nm excitation wavelength, intense and well-
defined Raman peaks were observed and are assignable to the established NbSs3-I phonon modes:
(I) the 152 ¢cm™! peak corresponding to lattice compression along the chains (7", mode); (II) the
160 cm! peak corresponding to Nb—Nb stretching vibrations; (III) the 194 cm’! peak
corresponding to Nb—S; vibrations; (IV) the 262 cm™! peak corresponding to the symmetric Nb—
S stretching vibration associated with the rigid sublattice; (V) the 338 cm™! and 348 cm! peaks
corresponding to Nb—S intra-chain vibrations; and (VI) the 388 cm™' peak corresponding to Nb—
S inter-chain vibrations. Compared to pure NbS3-I nanostructures and bulk crystals, the Raman

spectra of the Nbj.xTaxS3.s nanorings and the alloyed bulk structures systematically exhibit slight
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peak broadening and a consistent red shift (Figures S11-14). The red shift and the observed peak
broadening are attributable to the softening of the phonon modes and the introduction of local and
extended lattice distortions arising from the incorporation of the larger Ta atom into the Nb site.
These results are consistent with our complementary characterization results and establish the
alloying of Ta into the nanoring lattice. However, we cannot exclude that the sulfur vacancies
introduced during Ta incorporation also contribute to the observed Raman peak shifts and band
broadening.

We further evaluated the influence of reaction time on nanoring formation, dimensions,
and morphology by conducting syntheses at a fixed temperature gradient of 700 to 600 °C for
representative reaction times ranging from 10 to 60 min (Figure 3A). Nanorings formed under all
conditions; however, the highest yields were observed at 30 min reaction time, producing over
~180 nanorings per substrate. Shorter reaction times resulted in lower yields, with ~130 nanorings
formed at 20 min and ~60 nanorings at 10 min. We note that increasing the reaction time beyond
30 min did not further enhance the nanoring yield. Regardless of synthesis time, the nanorings
consistently exhibited an average circumference below ~21 um. The average circumferences were
12+4,19+ 13, 18 £ 10, and 21 £+ 12 pm for the 10, 20, 30, and 60 min reactions, respectively.
For the 30 min reaction, the nanorings exhibited average cross-sectional heights of ~20 to 550 nm
(Average = 170 nm; based on 20 nanorings) and widths of ~40 to 620 nm (Average = 190 nm;
based on 52 nanorings) (Figures 3B, S4). Moreover, we find that reactions targeting pure NbSs-I
and NbS;3-V can also produce nanoring structures associated with sulfur-deficient compositions,
NbSs.5, albeit occurring randomly and with very low yields as expected from the stochastic nature
of S vacancy formation. Under the previously reported growth conditions for NbSs-I nanowires, '+
nanorings form only sporadically, typically yielding only 1-2 nanorings per reaction (Figure S15).

In contrast, reactions following previous synthetic conditions targeting NbS3-V crystals!'®3

produce
bulk-like cylindrical morphologies that resemble overgrown nanorings that form alongside bulk
needle-like crystals (Figure S16). Notably, EDS analysis of these pure, non-alloyed polytypes
further confirms sulfur deficiency within these structures, with an average S/Nb ratio of 2.7 + 0.5
for NbS3-1 and 2.3 + 0.6 for NbS3-V (Tables S5-6). These observations indicate that we cannot

discount the contributions of S vacancies in inducing nanoring formation, albeit to a much smaller

extent.
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Figure 3. Size distributions and AFM profiles of NbixTaxSs.s nanoring structures. (4) Histograms of the
circumference of the nanoring structures grown under four different reaction times. (B) AFM images and height
profiles of representative nanorings. Scale bars, 5 um. The red lines indicate where the height profile was taken.

To understand how Ta alloying facilitates the nanoring formation and to provide a possible
mode of growth, we performed first principles density functional theory (DFT) calculations on a
model structure that reasonably represents the extended lattice structure of our experimental
nanoring system (Figure 4). For these calculations, we considered a hypothetical 1x3x1 supercell
of pristine and 16.7% Ta-alloyed “Nbi.xTaxS3” Type-I (based on a fractional occupancy of 1/6 the
Nb site, the closest fractional equivalent of our experimental composition) and show the relaxed
structures and corresponding bond lengths in Figure 4A. While we considered incorporating S
vacancies, the random positioning of these vacancies and the resulting reduction in symmetry
increased the computational cost and hindered our efforts; hence, the “Nb;xTaxS;” notation. The
pristine NbS3-I structure shows intra-chain dimerization of Nb atoms, featuring the alternating
intra-chain Nb—Nb distances that repeat periodically. As is known, the inversion symmetry is
broken in these chains since the Nb—S; triangle motifs are staggered along the b-axis (Figure
S17B). This, in the model structure, results in asymmetry between the two chains, where one chain

alternates between 3.42 A and 3.33 A, whereas the other alternates between 3.82 A and 2.93 A.
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Figure 4. The DFT-calculated bond lengths and SEM images of self-coiled Nb1.xTaxSs.s nanorings. (A) The relaxed
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self-coiling behavior. Scale bars, 4 um. (C, E) Magnified areas of the boxed regions in (B) and (D), respectively,
highlighting nanowire tails extending from the nanorings. Scale bars, 500 nm.

Looking into the alloyed model structure, in which 1/6 of the Nb sites (16.7%) are occupied
by Ta, we evaluated different alloying configurations and identified the most stable structure
(Figure S18). Based on our calculations, we found that the structure in Figure 4A (bottom)
corresponds to the lowest-energy configuration that preserves the inversion symmetry between the
two chains. Intriguingly, we found that Ta alloying disrupts the Nb—Nb dimerization and
introduces distortions, affecting not only the Nb—S; triangle motifs but also the site positioning of
the Nb and Ta atoms (Figure S17C). This structural perturbation resulted in intra-chain bond
lengths of 3.69, 3.43, 2.93, 3.82, 3.24, and 3.17 A that alternate periodically, with the same
sequence repeating in the second chain with a two-position shift. Likewise, upon Ta alloying, the
inter-chain distances increase from 3.37 A and 3.25 A (inter-chain Nb—Nb distances) in the pristine
NbSs-1 to 3.54 A and 3.47 A (inter-chain Ta—Nb and Ta-Ta distances) in the alloyed structure.
These atomic-scale distortions are also consistent with the Raman spectra of NbixTaxSs3s
nanorings, which exhibit slight peak broadening and a red shift relative to pristine NbSs-I (Figures
S11-14). Morphologically, these distortions support the observed nanowire bending into nearly
perfect nanoscale circles, ellipses, lemniscates, and nanorings with visible tails (Figures 4B-E,
S4). Therefore, the results support a mode of growth in which Ta-induced bond-length distortions

weaken chain rigidity, enabling spontaneous self-coiling of nanowires. As observed in other vdW
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systems, once an initial loop is formed, vdW interactions likely drive continued coiling into
complete nanorings.'®-?°

From the observed growth behavior of the nanorings and the calculated structural
distortions that perturb the chain structure, we posited that the compositional heterogeneity
introduced by Ta alloying modulates the flexibility of the constituent NbixTaxS3.s chains to form
a curved, nanoring structure instead of a straight, 1D nanowire. To investigate the mechanical

behavior of pure and alloyed NbS3-I nanostructures, we estimated their elastic stiffness constants

using DFT within the framework of the generalized Hooke’s law, expressed as g; = 216'=1 Cijg;.

Here, the stress () and strain (&) are represented as vectors with six independent components, and

C;; 1s the second-order elastic stiffness tensor expressed as a 6xX6 matrix. The elastic stiffness

ij
constants C;; are obtained using the finite difference method and the stress-strain relationship.*
Since the pure and alloyed nanowires are stable in the triclinic symmetry based on our calculations,
these structures can be assumed to have 21 independent C;; terms (Table S7). As the chain
structure of the pure and alloyed nanostructures shown in Figure 4A are aligned along the
crystallographic b-axis, the elastic stiffness constant Co; = g, /€, can be used to computationally
assess the Young’s modulus of these chains. Based on our results, Ta alloying significantly reduces
the Young’s modulus from 1.74 GPa for the pristine NbS3-Ito 0.31 GPa for the Ta-alloyed phase,
corresponding to an approximately 5.6-fold reduction.

Qualitatively, the smaller modulus suggests that the Ta-alloyed system is expected to yield
chains that are more compressible, stretchable, and mechanically flexible. Based on our
calculations, we postulate that this mechanical response arises from the substantial tensile lattice
strain induced by the larger Ta atoms, which weakens inter-chain bonding and lowers the overall
stiffness, thereby explaining the growth modality of the nanorings that we observed herein. These
qualitatively assessed structural characteristics are also evident in the microscopy of bulk
structures of NbSs-1 (Figure S5A) and NbixTaxS;-s (Figures S5B, S6): NbS3-I forms straight,
uniform, needle-like crystals, whereas Nbi.xTaxS3.s forms similar needle-like crystals but with
curly nanowires that splinter away from the main structure. Taken together, these calculations
show that the enhanced deformability introduced by Ta alloying creates the conditions necessary
for coiling into nanoring structures, a morphology not accessible in the more rigid pristine NbS;-
I. Thus, these mechanical trends strongly support the experimental observations that tensile strain
from Ta substitution is the key factor enabling nanoring formation.
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The unique curved morphology of the Nbi.xTaxS3.s nanorings provides an opportunity to
investigate anisotropic resonant optical responses in a quasi-1D crystal system (Figure 5).
Polarization-dependent dark-field scattering measurements of the NbixTaxS3.s nanorings reveal
pronounced anisotropic optical responses. Bright-field optical images show the as-grown
nanorings on the Si/SiO; substrate (Figure 5A,F), while the corresponding dark-field images
reveal size-dependent scattering behavior (Figure 5B,G). SEM and AFM analyses show that
nanoring from Figure 5A has average height of ~173 nm, width of ~171 nm, and inner
circumference of ~46 um (Figure 5C,D,E; Table S8), whereas the nanoring from Figure 5F has
an average height of ~105 nm, width of ~606 nm, and inner circumference of ~18 pm (Figure
5H,L,J; Table S9). Hyperspectral dark-field images acquired under co-polarization conditions
show enhanced scattering from nanoring segments aligned parallel to the polarizer (P) direction
(Region A), while segments oriented perpendicular to the polarization direction (Region B) exhibit
substantially weaker scattering (Figure SL,M,N,O,P). The scattering spectra acquired from
Region A exhibit two dominant resonances centered near ~550 nm and ~700 nm (Figure SM,P),
with Region B showing substantially weaker scattering across the measured spectral range. The
angular dependence of these resonances presents a strongly anisotropic behavior, with maximum
intensities observed when the nanoring segment is aligned parallel to the incident polarization and
minima occurring near the perpendicular orientation (Figure SN). The polar plots further

demonstrate a two-lobed response characteristic of linearly polarized anisotropic scattering.
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Figure 5. Characterization and Polarization-dependent scattering spectra of Nbi.xTaxSs-s nanorings. (4A,F) Bright-
field optical images of two representative NbixTaxS3-s nanorings. (B,G) Corresponding dark-field optical images.
(C,H) SEM images of the nanorings. Boxed regions in (C) indicate the locations where AFM scans were collected.
(D,I) AFM images of the nanorings. The red dashed lines correspond to the height-profiles directions. Scale bars, 6
um (A-D) and 3 um (F-1). (E,J) AFM height profiles of the marked regions in (D,l). (K) Schematic illustration of the
polarization-dependent dark-field scattering measurement setup used for the NbixTaxSs.s nanorings. (L,0)
Hyperspectral images of the nanorings acquired with the polarizer (P) and analyzer (A) in the co-polarization
configuration. Regions A and B correspond to ring segments oriented parallel and perpendicular to the polarization
direction, respectively. Scale bars, 6 um (L) and 3 um (O). (M,P) Scattering spectra from Regions A and B in (L,0).
(N) Dependence of the scattering intensity of the two characteristic spectral peaks in (M) on position around the
nanoring. Peak 1 corresponds to the feature near ~550 nm, and Peak 2 corresponds to the feature near ~700 nm. The

top panel shows the extracted peak intensities as a function of nanoring position, while the bottom panel presents the
corresponding normalized intensities in polar coordinates

To further probe the anisotropic response, hyperspectral dark-field measurements were
performed in the cross-polarized configuration, where the analyzer polarization was oriented
perpendicular to the incident polarization (Figure S19). Under these conditions, the overall
scattering intensity decreases relative to the co-polarized measurements, consistent with
suppression of the co-polarized scattering component. Despite the reduced intensity, the nanorings
continue to exhibit pronounced orientation-dependent scattering behavior. Regions perpendicular

to the incident polarization direction (Region B) display enhanced scattering compared to parallel-
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oriented regions (Region A), particularly for the broad resonance centered near ~550-700 nm
(Figure S19B,D). This behavior contrasts with the co-polarized measurements, where parallel-
oriented regions exhibited the strongest scattering responses. The persistence of polarization-
dependent scattering indicates that the optical response is governed not only by the nanoring
morphology, but also by the intrinsic anisotropic optical properties of Nbi.xTaxSs-s.

We then performed finite-difference time-domain (FDTD) simulations of the nanoring
structures to verify and further understand the photonic origin of the resonant scattering modes
observed in the nanorings (Figure 6). Ensuring the closest correspondence between the
experimental measurements and simulations, the polarized dark-field scattering experiments were
modified to adopt a simplified configuration that could be more readily implemented in the FDTD
model (Figure 6A). Using only an incident linear polarizer in the experimental configuration, we
observed similar anisotropic scattering behavior and spectral characteristics in the representative
nanorings, including the two distinct resonant features centered around ~550 and ~700 nm for the
larger nanoring (Figure 6B,C) and a dominant resonance near ~550 nm for the smaller nanoring
(Figure 6F,G). To simulate scattering response of the nanorings, we first experimentally
determined the optical constants of bulk, pristine NbS3-1, which to our knowledge have not
previously been reported in the literature (Figure S20). Spectroscopic ellipsometry measurements
performed on a bulk, pristine NbS3-I crystal with ribbon-like morphology (width of 65 pum,
thickness of 4.2 um, and length exceeding 1 mm) yielded large anisotropic refractive indices across
the visible spectral range, with values comparable to and, in portions of the visible range,
exceeding those of crystalline Si.°® For comparison, at 546 nm, crystalline Si exhibits optical
constants of n = 4.10 and k = 0.04, whereas NbSs-I exhibits ny, = 4.46, ki, = 2.20, and nip = 5.95,
kip~=2.20. Similarly, at 633 nm, crystalline Si exhibits n = 3.88 and k = 0.02, while NbS3-I exhibits
np =523, ki = 1.11, and n1p = 6.71, kip = 1.11. These experimentally extracted optical constants

were subsequently used as input parameters for the FDTD simulations.
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With the experimental setup configured and the refractive index determined, FDTD
simulations were performed to generate near-field maps of the electric-field intensity, |E/Eof*, in
the plane of the nanoring for two nanoring resonator sizes at a wavelength of 625 nm (Figure
6D,H). For the smaller nanoring (Figure 6F-H), the field is strongly localized at the wire cross
section, with the nanowire acting as a strong optical scatterer whose evanescent field generates a
standing-wave pattern bounded by the nanowire. Our experimental results and simulations reveal
anisotropic scattering behavior arising from strong field confinement at the nanoring walls and
consistent with resonant optical confinement. We posit that this behavior arises from the highly
anisotropic quasi-1D chain structure of the nanoring and its axis-dependent refractive index, which
1s maximized along the direction perpendicular to the chain long axis (parallel to our measurement
geometry). In contrast, for the larger nanoring (Figure 6B-D), a similar field morphology is
observed, but with additional field maxima and more complex field distributions consistent with
higher-order resonant behavior supported by the larger nanoring cross section.

Looking more closely at the simulations, the computed scattering intensity spectra
correspond to FDTD calculations for resonators of varying geometries and sizes (Figure 6E,I).
Both spectra display a common spectral envelope, with a dominant peak near 600 nm followed by

a broader scattering feature extending toward 900 nm. Moreover, the simulated spectra spanning
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450-900 nm qualitatively resemble the key spectral features measured experimentally in Figures
6C,G, including a minimum below 500 nm, a sharp rise to a dominant peak in the 500-600 nm
region, and an additional scattering feature at longer wavelengths. This qualitative agreement
between the simulated and experimental spectra, particularly for Region A identified in Figure
6B,F, provides further support for the FDTD model geometry and the dielectric function employed
for the simulations. Minor deviations and spectral shifts are expected because the simulations
utilize the dielectric function of pristine NbS3-I rather than the alloyed Nbi.xTaxS3-s nanorings
investigated experimentally. Additional discrepancies may arise from small differences between
the simulated and experimental nanoring dimensions, as well as the presence of sub-micron
grooves produced by the spiraled growth of the nanorings (Figure 4B-E), which were
approximated as smooth nanoring slabs for the purposes of our simulations.

For dielectric nanoresonators with sufficiently high refractive indices, such as the Ta-
alloyed NbSs-I nanorings, the observed anisotropic resonant scattering behavior is consistent with
Mie-like dielectric resonances supported within the curved nanoring geometry.!”-> The nanoring
cross-sections and geometries reported herein provide suitable dimensions for sustaining resonant
optical confinement within the nanoring diameter. As observed experimentally and supported by
FDTD simulations, these resonant features are associated with strong near-field enhancement and
dominate the scattering response at specific wavelengths. In particular, the dominant scattering
feature observed in the 500-600 nm region is consistent with low-order Mie-like resonant behavior
associated with the nanoring cross-section. The curved nanoring geometry further suggests that
geometric discontinuities, such as gaps, junctions, or significant diameter variations, could
potentially support localized Fabry-Perot-like resonances along segments of the nanoring.

Altogether, the experimental dark-field spectra and FDTD calculations demonstrate that
nanoring resonators based on Ta-alloyed NbSs-I are strongly polarization-anisotropic optical
scatterers whose response i1s dominated by a primary resonance in the visible 500-700 nm spectral
window, with secondary features extending into the near-IR. The experimentally measured and
FDTD-simulated scattering profiles qualitatively converge to show optical field confinement
localized to curved-arc segments where the orientation of the constituent chains of the nanoring is
parallel to the excitation polarization. Such a structure comprising chains that form the nanorings

produces the characteristic electric-field intensity distribution in a crescent-shaped bright zone, as
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was observed in dark-field imaging, establishing a self-consistent optical model for this class of

quasi-1D transition metal trichalcogenide nanoring resonators.

4.5 Conclusion

In this work, we have shown that alloying NbSs-1 with Ta enables the reproducible
formation of nanoring structures through a spontaneous self-coiling growth modality. The
resulting nanorings exhibit morphologies ranging from nearly perfect circles and ellipses to
lemniscate-like structures, with Raman spectroscopy and HRTEM FFT analysis confirming the
preservation of the general triclinic NbSs3-I crystal structure despite local lattice distortions
introduced by Ta incorporation and sulfur deficiency. Combined electron microscopy, Raman
spectroscopy, and first-principles DFT calculations indicate that Ta alloying disrupts the native
chain bonding and lowers the mechanical rigidity of the constituent chains, thereby increasing their
propensity to bend, twist, and self-coil into curved nanostructures during vapor-phase
crystallization. Beyond enabling nanoscale nanoring morphologies, the semiconducting and high-
refractive-index NbixTaxS3-s exhibits pronounced polarization-dependent optical scattering and
supports size-, orientation-, and geometry-dependent resonant photonic responses. Combined
experimental and computational analyses reveal strongly anisotropic optical behavior arising from
the curved nanoring geometry and the underlying quasi-1D crystal structure—features that are
unique to this class of transition metal trichalcogenides. More broadly, this work establishes
alloying-induced coiled nanoring architectures in quasi-1D vdW systems, opening pathways to
accessing distinct physical states that emerge from curved and spiraled morphologies—either as
stand-alone nanostructures or when coupled with other nanomaterials and low-dimensional

crystals in close proximity.

118



4.6 References

(1) Hayden, O.; Agarwal, R.; Lieber, C. M. Nanoscale Avalanche Photodiodes for Highly
Sensitive and Spatially Resolved Photon Detection. Nat. Mater. 2006, 5 (5).
https://doi.org/10.1038/nmat1635.

(2) Huang, Y.; Duan, X.; Lieber, C. M. Nanowires for Integrated Multicolor Nanophotonics. Small
2005, 1 (1). https://doi.org/10.1002/smll.200400030.

(3) Island, J. O.; Molina-Mendoza, A. J.; Barawi, M.; Biele, R.; Flores, E.; Clamagirand, J. M.;
Ares, J. R.; Sanchez, C.; van der Zant, H. S. J.; D’Agosta, R.; Ferrer, . J.; Castellanos-Gomez,
A. Electronics and Optoelectronics of Quasi-1D Layered Transition Metal Trichalcogenides.
2d Mater. 2017, 4 (2), 022003. https://doi.org/10.1088/2053-1583/aa6c¢ab.

(4) Law, M.; Goldberger, J.; Yang, P. Semiconductor Nanowires and Nanotubes. Annu. Rev.
Mater. Res. 2004, 34 (1), 83—122. https://doi.org/10.1146/annurev.matsci.34.040203.112300.

(5) Hannon, J. B.; Kodambaka, S.; Ross, F. M.; Tromp, R. M. The Influence of the Surface
Migration of Gold on the Growth of Silicon Nanowires. Nature 2006, 440 (7080).
https://doi.org/10.1038/nature04574.

(6) Zhao, B.; Shen, D.; Zhang, Z.; Lu, P.; Hossain, M.; Li, J.; Li, B.; Duan, X. 2D Metallic
Transition-Metal Dichalcogenides: Structures, Synthesis, Properties, and Applications. Adv.
Funct. Mater. 2021, 31 (48). https://doi.org/10.1002/adfm.202105132.

(7) Cordova, D. L. M.; Chua, K.; Huynh, R. M.; Aoki, T.; Arguilla, M. Q. Anisotropy-Driven
Crystallization of Dimensionally Resolved Quasi-1D van der Waals Nanostructures. J. Am.
Chem. Soc. 2023, 145 (41), 22413-22424. https://doi.org/10.1021/jacs.3c05887.

(8) Balandin, A. A.; Kargar, F.; Salguero, T. T.; Lake, R. K. One-Dimensional van der Waals
Quantum Materials. Materials Today 2022, 55, 74-91.
https://doi.org/10.1016/j.mattod.2022.03.015.

(9) Bloodgood, M. A.; Wei, P.; Aytan, E.; Bozhilov, K. N.; Balandin, A. A.; Salguero, T. T.
Monoclinic ~ Structures of Niobium  Trisulfide. APL Mater. 2018, 6 (2).
https://doi.org/10.1063/1.5005813.

(10) Xu, B.; Lin, X.; Mei, Y. Versatile Rolling Origami to Fabricate Functional and Smart
Materials. Cell Rep. Phys. Sci. 2020, 1 (11), 100244.
https://doi.org/10.1016/j.xcrp.2020.100244.

119



(11) Zhang, Z.; Wu, B.; Wang, Y.; Cai, T.; Ma, M.; You, C.; Liu, C.; Jiang, G.; Hu, Y.; L1, X,;
Chen, X.-Z.; Song, E.; Cui, J.; Huang, G.; Kiravittaya, S.; Mei, Y. Multilevel Design and
Construction in Nanomembrane Rolling for Three-Dimensional Angle-Sensitive
Photodetection. Nat. Commun. 2024, 15 (1), 3066. https://doi.org/10.1038/s41467-024-47405-
2.

(12) Zhang, Z.; Chen, Y.; Shen, P.; Chen, J.; Wang, S.; Wang, B.; Ma, S.; Lyu, B.; Zhou, X.; Lou,
S.; Wu, Z.; Xie, Y.; Zhang, C.; Wang, L.; Xu, K.; Li, H.; Wang, G.; Watanabe, K.; Taniguchi,
T.; Qian, D.; Jia, J.; Liang, Q.; Wang, X.; Yang, W.; Zhang, G.; Jin, C.; Ouyang, W.; Shi, Z.
Homochiral Carbon Nanotube van der Waals Crystals. Science (1979). 2025, 387 (6740),
1310-1316. https://doi.org/10.1126/science.adul 756.

(13) Wang, J.; Yin, Y.; Yang, Y.-D.; Hao, Q.; Tang, M.; Wang, X.; Saggau, C. N.; Karnaushenko,
D.; Yan, X.; Huang, Y.-Z.; Ma, L.; Schmidt, O. G. Deterministic Yet Flexible Directional
Light Emission from Spiral Nanomembrane Cavities. ACS Photonics 2019, 6 (10), 2537-2544.
https://doi.org/10.1021/acsphotonics.9b00992.

(14) Shadmi, N.; Kremen, A.; Frenkel, Y.; Lapin, Z. J.; Machado, L. D.; Legoas, S. B.; Bitton, O.;
Rechav, K.; Popovitz-Biro, R.; Galvao, D. S.; Jorio, A.; Novotny, L.; Kalisky, B.; Joselevich,
E. Defect-Free Carbon Nanotube Coils. Nano Lett. 2016, 16 (4), 2152-2158.
https://doi.org/10.1021/acs.nanolett.5b03417.

(15) Hu, J.-M.; Yang, T.; Momeni, K.; Cheng, X.; Chen, L.; Lei, S.; Zhang, S.; Trolier-McKinstry,
S.; Gopalan, V.; Carman, G. P.; Nan, C.-W.; Chen, L.-Q. Fast Magnetic Domain-Wall Motion
in a Ring-Shaped Nanowire Driven by a Voltage. Nano Lett. 2016, 16 (4), 2341-2348.
https://doi.org/10.1021/acs.nanolett.5b05046.

(16) Ma, Y.; Li, X.; Yang, Z.; Yu, H.; Wang, P.; Tong, L. Pigtailed CdS Nanoribbon Ring Laser.
Appl. Phys. Lett. 2010, 97 (15). https://doi.org/10.1063/1.3501969.

(17) Raghunathan, V.; Deka, J.; Menon, S.; Biswas, R.; A.S, L. K. Nonlinear Optics in Dielectric
Guided-Mode Resonant Structures and Resonant Metasurfaces. Micromachines (Basel). 2020,
11 (4), 449. https://doi.org/10.3390/mi111040449.

(18) Pauzauskie, P. J.; Sirbuly, D. J.; Yang, P. Semiconductor Nanowire Ring Resonator Laser.

Phys. Rev. Lett. 2006, 96 (14), 143903. https://doi.org/10.1103/PhysRevLett.96.143903.

120



(19) Kruk, S.; Kivshar, Y. Functional Meta-Optics and Nanophotonics Governed by Mie
Resonances. ACS Photonics 2017, 4 (11), 2638-2649.
https://doi.org/10.1021/acsphotonics.7b01038.

(20) Tonkaev, P.; Kivshar, Yu. High-Q Dielectric Mie-Resonant Nanostructures (Brief Review).
JETP Lett. 2020, 112 (10), 615-622. https://doi.org/10.1134/S0021364020220038.

(21) Ma, W.; Xu, L.; de Moura, A. F.; Wu, X.; Kuang, H.; Xu, C.; Kotov, N. A. Chiral Inorganic
Nanostructures. Chem. Rev. 2017, 117 (12), 8041-8093.
https://doi.org/10.1021/acs.chemrev.6b00755.

(22) Kotov, N. A.; Liz-Marzan, L. M.; Weiss, P. S. Chiral Nanostructures: New Twists. ACS Nano
2021, 15 (8), 12457-12460. https://doi.org/10.1021/acsnano.1c06959.

(23) Hentschel, M.; Schéferling, M.; Duan, X.; Giessen, H.; Liu, N. Chiral Plasmonics. Sci. Adv.
2017, 3 (5). https://doi.org/10.1126/sciadv.1602735.

(24) Yeom, J.; Yeom, B.; Chan, H.; Smith, K. W.; Dominguez-Medina, S.; Bahng, J. H.; Zhao,
G.; Chang, W.-S.; Chang, S.-J.; Chuvilin, A.; Melnikau, D.; Rogach, A. L.; Zhang, P.; Link,
S.; Krdl, P.; Kotov, N. A. Chiral Templating of Self-Assembling Nanostructures by Circularly
Polarized Light. Nat. Mater. 2015, 14 (1), 66—72. https://doi.org/10.1038/nmat4125.

(25) Prinz, V. Y.; Seleznev, V. A.; Gutakovsky, A. K.; Chehovskiy, A. V.; Preobrazhenskii, V.
V.; Putyato, M. A.; Gavrilova, T. A. Free-Standing and Overgrown InGaAs/GaAs Nanotubes,
Nanohelices and Their Arrays. Physica E Low. Dimens. Syst. Nanostruct. 2000, 6 (1-4), 828—
831. https://doi.org/10.1016/S1386-9477(99)00249-0.

(26) Zhang, L.; Dong, L.; Nelson, B. J. Ring Closure of Rolled-up SCr Nanoribbons. Appl. Phys.
Lett. 2008, 92 (14). https://doi.org/10.1063/1.2906906.

(27) Gao, P. X.; Ding, Y.; Mai, W.; Hughes, W. L.; Lao, C.; Wang, Z. L. Conversion of Zinc
Oxide Nanobelts into Superlattice-Structured Nanohelices. Science (1979). 2005, 309 (5741),
1700—-1704. https://doi.org/10.1126/science.1116495.

(28) Kong, X. Y.; Ding, Y.; Yang, R.; Wang, Z. L. Single-Crystal Nanorings Formed by Epitaxial
Self-Coiling of Polar Nanobelts. Science (1979). 2004, 303 (5662), 1348-1351.
https://doi.org/10.1126/science.1092356.

(29) Chang, X.; Jeziorek, M.; Yang, Q.; Bonder, E. M.; Yan, H.; Etchegaray, J.-P.; Zhang, F.
Designer RNA Nanostructures Co-Transcribed and Self-Assembled inside Human Cell Nuclei.

Nat. Commun. 2025, 17 (1), 1055. https://doi.org/10.1038/s41467-025-67817-y.

121



(30) Takahashi, S.; Matsumoto, T.; Hollamby, M. J.; Miyasaka, H.; Vacha, M.; Sotome, H.; Yagai,
S. Impact of Ring-Closing on the Photophysical Properties of One-Dimensional n-Conjugated
Molecular  Aggregate. J. Am. Chem. Soc. 2024, 146 (3), 2089-2101.
https://doi.org/10.1021/jacs.3¢11407.

(31) Wang, H.-X.; Zhu, X.; Liu, M. Emergent Chiral and Topological Nanoarchitectonics in Self-
Assembled Supramolecular Systems. Chem. Soc. Rev. 2025, 54 (11), 5516-5550.
https://doi.org/10.1039/D2CS00259K.

(32) Engelkamp, H.; Middelbeek, S.; J. M., R.; Nolte. Self-Assembly of Disk-Shaped Molecules
to Coiled-Coil Aggregates with Tunable Helicity. Science (1979). 1999, 284 (5415), 785-788.
https://doi.org/10.1126/science.284.5415.785.

(33) Shen, H.; Fallas, J. A.; Lynch, E.; Sheffler, W.; Parry, B.; Jannetty, N.; Decarreau, J.;
Wagenbach, M.; Vicente, J. J.; Chen, J.; Wang, L.; Dowling, Q.; Oberdorfer, G.; Stewart, L.;
Wordeman, L.; De Yoreo, J.; Jacobs-Wagner, C.; Kollman, J.; Baker, D. De Novo Design of
Self-Assembling Helical Protein Filaments. Science (1979). 2018, 362 (6415), 705-709.
https://doi.org/10.1126/science.aau3775.

(34) Sang, Y.; Liu, M. Hierarchical Self-Assembly into Chiral Nanostructures. Chem. Sci. 2022,
13 (3), 633-656. https://doi.org/10.1039/D1SC03561D.

(35) Armon, S.; Efrati, E.; Kupferman, R.; Sharon, E. Geometry and Mechanics in the Opening of
Chiral Seed  Pods.  Science  (1979). 2011, 333  (6050), 1726-1730.
https://doi.org/10.1126/science.1203874.

(36) Turner, H.-A.; Humpage, M.; Kerp, H.; Hetherington, A. J. Leaves and Sporangia Developed
in Rare Non-Fibonacci Spirals in Early Leafy Plants. Science (1979). 2023, 380 (6650), 1188—
1192. https://doi.org/10.1126/science.adg4014.

(37) Tsubota, M.; Watanabe, M. Ring Formation of Transition Metal Trichalcogenide TaSes; Using
Vapor Liquid Process. Acta Crystallogr. B Struct. Sci. Cryst. Eng. Mater. 2024, 80 (4), 305—
310. https://doi.org/10.1107/S2052520624004013.

(38) Tsubota, M.; Inagaki, K.; Matsuura, T.; Tanda, S. Polyhedral Topological Crystals. Cryst.
Growth Des. 2011, 11 (11), 4789—4793. https://doi.org/10.1021/cg2004003.

(39) Matsuura, T. Structural and Electrical Properties of TaSes; Ring Crystals. Physica B Condens.
Matter 2003, 329-333 (I1), 1550-1551. https://doi.org/10.1016/S0921-4526(02)02290-1.

122



(40) Tanda, S.; Tsuneta, T.; Okajima, Y.; Inagaki, K.; Yamaya, K.; Hatakenaka, N. A Md&bius Strip
of Single Crystals. Nature 2002, 417 (6887), 397-398. https://doi.org/10.1038/417397a.

(41) Tsuneta, T.; Tanda, S. Formation and Growth of NbSes Topological Crystals. J. Cryst. Growth
2004, 264 (1-3), 223-231. https://doi.org/10.1016/j.jcrysgro.2003.12.020.

(42) Conejeros, S.; Guster, B.; Alemany, P.; Pouget, J.-P.; Canadell, E. Rich Polymorphism of
Layered  NbSs;.  Chemistry  of  Materials 2021, 33  (14), 5449-5463.
https://doi.org/10.1021/acs.chemmater.1c01417.

(43) Rijnsdorp, J.; Jellinek, F. The Crystal Structure of Niobium Trisulfide, NbS;. J. Solid State
Chem. 1978, 25 (4), 325-328. https://doi.org/10.1016/0022-4596(78)90118-4.

(44) Patra, A.; Rout, C. S. Anisotropic Quasi-One-Dimensional Layered Transition-Metal
Trichalcogenides: Synthesis, Properties and Applications. RSC Adv. 2020, 10 (60), 36413—
36438. https://doi.org/10.1039/DORA07160A.

(45) Kong, W.; Bacaksiz, C.; Chen, B.; Wu, K.; Blei, M.; Fan, X.; Shen, Y.; Sahin, H.; Wright,
D.; Narang, D. S.; Tongay, S. Angle Resolved Vibrational Properties of Anisotropic Transition
Metal  Trichalcogenide  Nanosheets.  Nanoscale 2017, 9 (12), 4175-4182.
https://doi.org/10.1039/C7NROO711F.

(46) Jellinek, F. Transition Metal Chalcogenides. Relationship between Chemical Composition,
Crystal Structure and Physical Properties. Reactivity of Solids 1988, 5 (4), 323-339.
https://doi.org/10.1016/0168-7336(88)80031-7.

(47) Bloodgood, M. A.; Ghafouri, Y.; Wei, P.; Salguero, T. T. Impact of the Chemical Vapor
Transport Agent on Polymorphism in the Quasi-1D NbS3 system. Appl. Phys. Lett. 2022, 120
(17). https://doi.org/10.1063/5.0083997.

(48) Wu, W.; Wang, Y.; Niu, Y.; Wang, P.; Chen, M.; Sun, J.; Wang, N.; Wu, D.; Zhao, Z. Thermal
Localization Enhanced Fast Photothermoelectric Response in a Quasi-One-Dimensional
Flexible NbS3; Photodetector. ACS Appl. Mater. Interfaces 2020, 12 (12).
https://doi.org/10.1021/acsami.0c00764.

(49) Fedorov, V. E.; Artemkina, S. B.; Grayfer, E. D.; Naumov, N. G.; Mironov, Y. V,;
Bulavchenko, A. 1.; Zaikovskii, V. I.; Antonova, I. V.; Komonov, A. I.; Medvedev, M. V.
Colloidal Solutions of Niobium Trisulfide and Niobium Triselenide. J. Mater. Chem. C Mater.
2014, 2 (28). https://doi.org/10.1039/c4tc00459k.

123



(50) Zybtsev, S. G.; Pokrovskii, V. Ya.; Nasretdinova, V. F.; Zaitsev-Zotov, S. V.; Pavlovskiy, V.
V.; Odobesco, A. B.; Pai, W. W.; Chu, M.-W_; Lin, Y. G.; Zupani¢, E.; van Midden, H. J. P.;
Sturm, S.; Tchernychova, E.; Prodan, A.; Bennett, J. C.; Mukhamedshin, I. R.; Chernysheva,
O. V.; Menushenkov, A. P.; Loginov, V. B.; Loginov, B. A.; Titov, A. N.; Abdel-Hafiez, M.
NbS3: A Unique Quasi-One-Dimensional Conductor with Three Charge Density Wave
Transitions. Phys. Rev. B 2017, 95 (3), 035110. https://doi.org/10.1103/PhysRevB.95.035110.

(51) Taheri, M.; Sesing, N.; Salguero, T. T.; Balandin, A. A. Electric-Field Modulation of the
Charge-Density-Wave Quantum Condensate in HBN/NbS; Quasi-2D/1D Heterostructure
Devices. Appl. Phys. Lett. 2023, 123 (23). https://doi.org/10.1063/5.0185060.

(52) Zybtsev, S. G.; Pokrovskii, V. Ya.; Nasretdinova, V. F.; Zaitsev-Zotov, S. V.; Pryadun, V.
V.; Kozlyakova, E. S.; Volkova, O. S.; Vasiliev, A. N.; Pai, W. W.; StareSini¢, D.
Thermoelectric Power and Its Correlation with Conductivity in NbS; Whiskers. Phys. Rev. B
2019, 99 (23), 235155. https://doi.org/10.1103/PhysRevB.99.235155.

(53) Abdel-Hafiez, M.; Thiyagarajan, R.; Majumdar, A.; Ahuja, R.; Luo, W.; Vasiliev, A. N.;
Maarouf, A. A.; Zybtsev, S. G.; Pokrovskii, V. Y.; Zaitsev-Zotov, S. V.; Pavlovskiy, V. V_;
Pai, W. W.; Yang, W.; Kulik, L. V. Pressure-Induced Reentrant Transition in NbS3 Phases:
Combined Raman Scattering and X-Ray Diffraction Study. Phys. Rev. B 2019, 99 (23).
https://doi.org/10.1103/PhysRevB.99.235126.

(54) Shannon, R. D. Revised Effective lonic Radii and Systematic Studies of Interatomic Distances
in Halides and Chalcogenides. Acta Crystallographica Section A 1976, 32 (5), 751-767.
https://doi.org/10.1107/S0567739476001551.

(57) Lopez, D.; Zhou, Y.; Cordova, D. L. M.; Milligan, G. M.; Ogura, K. S.; Wu, R.; Arguilla, M.
Q. Bonding-Directed Crystallization of Ultra-Long One-Dimensional NbS3 van der Waals
Nanowires. J. Am. Chem. Soc. 2024, 146 (33), 22863-22868.
https://doi.org/10.1021/jacs.4c05730.

(58) Aspnes, D. E.; Studna, A. A. Dielectric Functions and Optical Parameters of Si, Ge, GaP,
GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0 EV. Phys. Rev. B 1983, 27 (2), 985-1009.
https://doi.org/10.1103/PhysRevB.27.985.

(59) Estrada-Real, A.; Paradisanos, I.; Wiecha, P. R.; Poumirol, J. M.; Cuche, A.; Agez, G.;
Lagarde, D.; Marie, X.; Larrey, V.; Miiller, J.; Larrieu, G.; Paillard, V.; Urbaszek, B. Probing

124



the Optical Near-Field Interaction of Mie Nanoresonators with Atomically Thin

Semiconductors. Commun. Phys. 2023, 6 (1). https://doi.org/10.1038/s42005-023-01211-2.

125



CHAPTER 5: Deficiency-Induced Concentric Spiral Hillocks in

Anisotropic One-Dimensional van der Waals Crystals

5.1 Abstract

Screw dislocations are defects generally deemed detrimental to the form and function of
crystalline materials. In nanomaterials, however, the deterministic control over their formation
results in complex geometries like spiral hillocks and Eshelby twisting, both associated with
nascent properties. Broadening this phase space, we demonstrate the formation of spiraled surface
terraces in one-dimensional (1D) van der Waals (vdW) crystals using ZrS; as a model phase. Here,
we deliberately triggered the consistent growth of dislocation-mediated “super”-spiral hillocks via
sub-stoichiometric sulfur loading. These left- and right-handed structures comprise atypically
concentric and interlaced nanoscale spirals emerging from a common origin and propagating
parallel to the [001] direction. Coexisting with the surface features, the structure, anisotropy, and
orientation-specific bandgap of bulk ZrS3 are preserved. These results represent a route towards
unusual motifs in 1D vdW crystals and enable a platform to explore physical states arising from

extrinsic symmetry breaking at the nanoscale.

5.2 Introduction

Screw dislocations are integral structural features that govern crystal growth and influence
the physical properties of low-dimensional materials.'® Under low-supersaturation conditions,
screw dislocations provide self-perpetuating step edges that enable continuous spiral step-flow
growth, as described by the Burton-Cabrera-Frank (BCF) theory.'*3 In this growth regime, the
formation of new two-dimensional (2D) nuclei becomes energetically unfavorable, and crystal
growth proceeds primarily through the propagation of existing dislocation-mediated steps.!*>
Such dislocations are well studied in molecular and three-dimensional (3D) crystals and are often
considered as imperfections that impede the intrinsic physical properties sought in their pristine
form. Yet, when the occurrence of such dislocations is carefully controlled and confined to the
nanoscale regime, screw dislocations provide a means to access complex, hierarchical crystal
geometries”® and, owing to their non-centrosymmetric and spiral nature, a pathway to program

chiral motifs and physical states.”!?
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In highly anisotropic low-dimensional crystals comprised of 2D layered sheets, one-
dimensional (1D) nanocrystals, or non-covalently bound 1D, chain-like building units, the
directional bonding and crystallographic anisotropy present an opportunity to directly, discretely,
and deterministically influence the step propagation, terrace evolution, and spiral
morphology.>>%13 Of these, the emergence of 1D spiral growth arising from Eshelby twist has
recently gained interest as a rational means to endow achiral materials including 3D lattices (e.g.

PbSes and PbS14) and 2D van der Waals (vdW) crystals (e.g. transition metal dichalcogenides,>!?

16,17 antimonene'®), with extended lattice chirality. Screw dislocations also

triel chalcogenides,
introduce localized strain fields, distorted atomic registry, and symmetry breaking that can modify
the electronic structure and influence optical, electronic, and thermal behavior.>® As a result,
properties including electronic band structure, optical absorption, charge-carrier transport, and
nonlinear optical response can be tuned through defect and dislocation engineering.®!3 In layered
materials, screw dislocations can additionally influence interlayer stacking symmetry and
electronic coupling through the formation of well-defined spiral growth hillocks,>* enabling the
emergence of novel optical and quantum phenomena and chiral collective states.'® However, while
the emergence of programmable screw-dislocation-driven geometrical motifs in nanoscale 3D
lattices and 2D vdW crystals has been extensively studied in recent years, the manifestation of
such motifs has been rarely, let alone predictably, observed in their 1D vdW counterparts
comprised of non-covalently bound all-inorganic chains that have attracted considerable interest

19-26

because of their composition-, structure-, and packing-driven physical properties, sub-

27-29 30-35

nanometer dimensions, and complex chiral and helical motifs.

Transition metal trichalcogenides (TMTCs) are a structurally unique class of 1D vdW
crystals comprised of ultrathin chains with trigonal prismatic coordination.’*® With a general
formula of MChs; (M = Ti, Zr, Hf, Nb, Ta; Ch =S, Se, Te), these materials exhibit a wide range of
electronic behavior, from semiconducting to metallic, that is strongly governed by their structural
anisotropy and broad polymorphic phase space.’**° Owing to their sub-nanometer-thin chain
structure and mechanical flexibility, these crystals provide an ideal platform for developing
synthetic routes to reliably realize screw-dislocation-driven morphological features at the
nanoscale. Among these phases, ZrSs, which consists of Zr*" cations coordinated by both sulfide

(S%) and disulfide (S>?") units to form chains extending along the b-axis, serves as a suitable model

structure for directly visualizing dislocation-driven hillocks because of its slightly stronger
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interchain coupling which enables the growth of crystals with close to millimeter-scale surface
areas (Figure 1A).>%*! Moreover, the pronounced structural anisotropy in ZrSs gives rise to strong
birefringence, linear dichroism, and highly anisotropic optical and optoelectronic responses that
could potentially be modified by the extrinsic symmetry breaking introduced by dislocation-driven
structural features at the nanoscale. 384>

In this letter, through the model ZrS; phase, we present a direct synthetic pathway to
deliberately induce the formation of well-defined spiral hillock structures composed of nanoscale
terraces through screw-dislocation-mediated growth. Reliably driven by intentional non-
stoichiometric sulfur loading to introduce sulfur vacancies, we demonstrate the achievable
geometries, unusual spiral motifs, and handedness of the hillocks through a survey of as-grown
crystals. We establish their composition and structure to be consistent with the parent ZrS; phase
while containing sulfur vacancies, thereby preserving the visible-range band gap and revealing
that screw-dislocation-mediated spiral features can coexist with the intrinsically strong anisotropic

optical behavior sought after in ZrSs.
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Figure 1. Structure and unusual spiral hillock formation in ZrSs.s crystals. (A) Crystal structure of pristine ZrS;
(P21/m) projected along the [010] and [001] zone axes. (B) Post-reaction ampoule showing the domains of crystal
growth. Scale bar, 2 cm. Insets I and II highlight representative crystals that present surface hillocks, with arrows
denoting the long-axis (b-axis) growth direction. Scale bars, 2 mm. (C) Orientation-dependent Raman spectra
collected at 0°, 45°, and 90° relative to the polarization direction of the incident laser. The boxed region indicates the
position of the 532 nm incident laser spot. Scale bar, 245 um. (D) Schematic illustration of screw-dislocation-mediated
growth of the surface hillocks with the corresponding optical micrographs that experimentally show the spiral
hillocks. The spiral propagation directions relative to the long axis for the growth directions parallel (B(l)) and
perpendicular (B(Il)) to the long axis are highlighted. Scale bars, 100 um.

5.3 Experimental Section

5.3.1 Reagents and substrates

Zirconium powder (99.95 %); Strem Chemicals, Inc.), sulfur powder (sublimed, 99+%;
Strem Chemicals, Inc.), iodine crystals (resublimed; Spectrum Chemical Mfg. Corp.), and 650 um-
thick sapphire substrates with one side-epi-polished (Ra < 02 nm) and the opposite side fine-
ground (Ra = 0.6 — 1 um) (UniversityWafer, Inc.) were used in this study.
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5.3.2 Growth of ZrS; Crystals. ZrS3 crystals were synthesized via chemical

vapor transport (CVT) method

A metal-to-sulfur ratio of Zr:S = 1:4 was used, and the precursors were pelletized. lodine
(10 wt% relative to total precursor mass) was added as the transport agent. Reactions were
performed in fused quartz ampoules of two different geometries. The first consisted of a 14 cm
long tube with a 10 mm inner diameter, a 12 mm outer diameter, and a necked region near the
midpoint with an outer circumference of 3 cm. The second consisted of a 14.5 cm long tube with
a 15 mm inner diameter, an 18 mm outer diameter, and a necked region near the midpoint with an
outer circumference of 4.9 cm. Each ampoule was evacuated to approximately 15 mTorr and
placed in a two-zone furnace (OTF-1200X, MTI Corporation), with the precursors positioned in
the high-temperature zone (T1) and a sapphire substrate placed in the low-temperature zone (T2).
A 5 cm X 9 mm sapphire substrate was used with the smaller ampoule, whereas a 5 cm X 1.5 cm
substrate was used with the larger ampoule. In both cases, the polish side of the substrate was faced
upward. The reactions were conducted using a temperature gradient of 77 = 750 °C and 7> = 700

°C for 7 days. The furnace was heated at 3 °C/min and cooled to room temperature at 0.25 °C/min.

5.3.3 Growth of ZrSss Crystals

ZrS3.5 crystals were synthesized via chemical vapor transport (CVT) method. A metal-to-
sulfur ratio of Zr:S = 1:2.8 was used, and the precursors were pelletized. lodine (10 wt% relative
to total precursor mass) was added as the transport agent. Reactions were performed in a 13 cm
long fused quartz tube with a 10 mm inner diameter and a 12 mm outer diameter. The tube was
evacuated to approximately 15 mTorr and placed in a two-zone furnace (OTF-1200X, MTI
Corporation), with the precursor pellet positioned in the high-temperature zone (71). A temperature
gradient of 77 = 750°C and 7> = 700°C was applied for 1 day. The furnace was heated at 3 °C/min

and cooled to room temperature at 0.25°C/min.
5.3.4 Optical Absorbance Measurements

Transmission absorbance measurements were performed using a modified Olympus BX-

43F microscope equipped with a Cytoviva hyperspectral imaging system, consisting of an
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automated stage, diffraction grating, and CCD detector capable of measurements from 450 nm to

1000 nm, with a high-resolution imaging camera.

5.3.5 Atomic Force Microscopy (AFM)

Crystal topography and height measurements were obtained using an Anton Paar Tosca
AFM with ARROW-NCR Al-coated tips (resonance frequency: 285 kHz; force constant: 42 N/m;
NanoWorld). The data were processed and background corrected using Gwyddion® software.
4.3.6 Raman Spectroscopy. Raman spectra were acquired using an inVia Raman microscope
(Renishaw Inc.). Measurements were performed using a 532 nm excitation laser and a 2,400 lines
mm-1 grating. A laser power of 1 % and an exposure time of 30 s were used. Linear fitting of the

Raman peak positions was performed using MagicPlot version 3.0.1.

5.3.7 Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy (SEM-EDS)

The morphology and elemental composition of the structures were characterized using an
FEI Magellan XHR scanning electron microscope equipped with an Oxford 80 mm?2 silicon drift
detector. Energy-dispersive X-ray spectroscopy data were analyzed using the built-in Aztec

software.

5.3.8 Transmission Electron Microscopy (TEM) and Sample Preparation
Samples for TEM were prepared by dry transfer of the crystals onto a lacey carbon grid
(400 mesh; Ted Pella, Inc.) by gently contacting the carbon side of the grid with the growth
substrate. TEM imaging was performed at an accelerating voltage of 200 kV using a JEOL JEM-
2100F equipped with a Gatan OneView camera. Raw (.dm4) images were processed using
DigitalMicrograph. Fast Fourier transformation (FFT) was generated using Imagel. FFTs were

indexed using a SingleCrystal (CrystalMaker Software Ltd.).
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5.3.9 Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns were collected using a benchtop Rigaku
MiniFlex X-ray diffractometer equipped with a monochromatic X-ray source and a D/teX Ultra

1D silicon strip detector. The patterns were fitted using Le Bail method in Profex.

5.4 Results and Discussion

The model phase, ZrS3, is well known to form highly anisotropic ribbon-like crystals with
large, smooth surfaces when grown via chemical vapor transport (CVT; iodine transport agent)
under stoichiometric or sulfur-rich conditions, as shown in Figure S1. Reports of screw-
dislocation-mediated growth in this material system, however, remain scarce and often stochastic
in nature, with their chemical and synthetic origins unknown.>*-32 Beyond ZrS3, to our knowledge,
there has been no report of screw-dislocation-induced spiral hillocks in the broader class of 1D
vdW TMTCs. Positing that slightly lower, non-stoichiometric amounts of the coordinating sulfur
atoms within the chains would perturb the crystal growth behavior of ZrS3, potentially promoting
interchain crystallization,> introducing lattice strain, and altering the mechanical characteristics

of the chains,>*>

we sought to use this synthetic strategy to trigger the formation of screw-
dislocation-mediated nanoscale hillocks on the surface of bulk crystals. By using a controlled Zr:S
ratio optimized to 1:2.8 (in contrast to the stoichiometric ratio of 1:3), while holding all the other
synthetic parameters constant (temperature program, ampoule size, temperature gradient, etc.;
Figure S2), we consistently found that sulfur-deficient ZrS;.s crystals exhibited synthetically
imposed spiral growth hillocks on the surfaces of the bulk crystals (Figure 1B). Consistent with
the BCF theory, we found that the controlled slow cooling is critical for the formation of the surface
spiral hillocks as our results suggest that slow cooling (over the course of two days) maintains a
low-supersaturation regime during the late stages of CVT growth, which favors screw-dislocation-
mediated step propagation to form the spiral hillocks over rapid 2D nucleation.!** In contrast,
rapid or natural cooling does not produce spiral hillocks, suggesting that sustained near-
equilibrium growth conditions are necessary for the development of well-defined spiral growth
features.

Generally, we found that crystal growth occurs preferentially on the inner surface of the
growth ampoule, with a higher yield near the hot zone, 71 = 750°C (Figure 1B). The resulting
crystals have average lengths of 1-2 cm, widths of 100-200 um, and thicknesses of 3—16 um
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(Figure S3, and S4). The spiral hillocks are found either at or near the crystal nucleation point,
where they radiate outward in the direction of the crystal growth, or at various locations along the
length of the crystal. The spiral hillocks extend along a well-defined long axis and exhibit two
distinct directional growth behaviors originating from localized growth centers: (I) spiral hillocks
that extend outward along the crystal long axis, corresponding to the covalent intrachain direction;
and (IT) spiral hillocks that originate from the crystal nucleation point and propagate along the axis
perpendicular to the chain direction (the weak, non-covalent interchain direction), as indicated by
the arrows in Figure 1B.

To assess the crystalline order of the crystals, we used Raman spectroscopy to confirm that
the phonon modes are consistent with the pristine, monoclinic structure of ZrS; (P21/m),*** with
characteristic peaks observed at 151 ecm™! (Ag, rigid chain mode), 281 cm™', 319 cm™ (Ag, internal
modes), and 528 cm™! (Ag, S—S stretching mode) (Figure 1C). Beyond the characteristic phonon
modes, orientation-dependent Raman spectroscopy, where the polarization angle is defined such
that 0° corresponds to the crystal b-axis (long-axis) aligned with the incident polarization and 90°
corresponds to the perpendicular orientation, revealed the pronounced structural anisotropy of the
crystals. The Ag modes at 281 and 319 cm-1 exhibit maximum intensity when the b-axis is aligned
with the polarization direction (0°), consistent with the anisotropic, 1D chain-like structure of ZrS3
with strong covalency. In contrast, the S—S stretching mode at 528 cm-1 becomes more prominent
when the polarization is perpendicular to the b-axis (90°). This polarization-dependent Raman
response is preserved both at and away from the spiral hillock features, indicating that screw-
dislocation-mediated growth does not significantly disrupt the underlying atomic order, crystalline
structure, and anisotropic behavior of the parent phase (Figure S5). Complementary powder X-
ray diffraction (PXRD) analysis showed that the sulfur-deficient crystals exhibit diffraction peaks
consistent with the monoclinic ZrS3 (P21/m) crystal structure (Figure S6).

Although Raman spectroscopy confirms the retention of the monoclinic ZrS3 structure,
compositional analysis of the resulting crystals with spiral hillocks reveals deviations from the
ideal stoichiometric ratio that were intentionally introduced through our synthetic methodology.
Energy-dispersive spectroscopy (EDS) measurements indicate that regions containing spiral
hillocks exhibit an average composition of approximately Zr:S = 1:2.5 (Table S1), corresponding
approximately to ZrSs.s (8= 0.5), which is lower than the loading ratio of Zr:S = 1:2.8. In contrast,

regions away from the spiral hillocks exhibit compositions closer to the stoichiometric ratio of
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Zr:S = 1:3 (Table S2), strongly suggesting that sulfur deficiency is localized at the spiral hillocks.
In addition, we observed that the non-stoichiometric loading of sulfur results in a secondary phase
that crystallized alongside the ZrSs_s crystals localized in the hot/source zone (71) appearing as
silver-colored, two-dimensional plates, which are visually distinct from the characteristic ribbon-
like reddish appearance of ZrS; and ZrS3.s. Raman spectroscopy of this secondary phase shows
vibrational modes consistent with the 2D ZrS, phase (Figure S7). The coexistence of these phases,
together with the measured composition, indicates that the system lies within a regime of

competing phase formation between ZrS3 and ZrS, during the growth process.
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Figure 2. Characterization of spiral hillocks in ZrSs.s crystals. (A,E) Bright-field (BF) optical images showing the
ribbon-like morphology of ZrSs.s crystals. Arrows indicate the crystal growth direction and b-axis direction. Scale
bars, 500 um. (B,F) Dark-field optical images of the boxed regions in (A,E), highlighting polygonized spiral hillocks
on the crystal surfaces. Scale bars, 245 um. (C,G) SEM images of the spiral hillocks highlighted in (B,F). Scale bars,
25 um. (D,H) AFM topography images corresponding to (C,G) with line profiles along the dashed lines, showing
discrete terrace steps. Scale bars, 25 um. (I) Terrace-tracing analysis of the spiral hillock in (G), illustrating nested
polygonized spiral terraces relative to the b-axis denoted by the arrow. Scale bar, 50 um. (J) Single spiral (red)
extracted from (1) overlaid with an ideal Archimedean spiral (blue). (K) Three-dimensional AFM topography of the
spiral hillock shown in (G). (L) AFM line profiles extracted from (K), showing representative terrace widths and
heights measured near (11, hi) and away from the spiral center (12, hz).

Morphological characterization of the crystals and the hillocks formed on their surfaces
further supports the presence of screw-dislocation-mediated growth associated with local
compositional inhomogeneity. Representative optical and electron microscopy images reveal that
ZrS3.s5 crystals display either a single spiral hillock or, more commonly, multiple spiral hillocks
within a single crystal. Figure 2 highlights two representative growth morphologies: one
consisting of multiple ribbon-like crystals originating from a common nucleation site and radiating
outward in a growth morphology commonly observed for 1D crystals (Figure 2A-D); and another
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representing a single monolithic crystal (Figure 2E-H). AFM measurements further confirm the
step-like nature of the spiral terraces. Height profiles reveal discrete periodic steps ranging from
15-33 nm, corresponding to approximately 17-37 layers based on an interlayer spacing of ~0.898
nm (8.98 A). Terrace widths (interstep spacing) in the marked regions range from 1.6 to 3.5 um,
consistent with layer-by-layer propagation around a localized screw dislocation (Figure 2D,H).

Across several representative spiral hillocks, we found both left- and right-handed
rotational senses, occurring either as isolated spiral hillocks or as multiple hillocks on the same
crystal surface (Figures 1D, 2, S8, and S9). Based on the representative crystals imaged, we
observed that the spirals are not racemic but rather exhibit a preference for right-handedness.
Examining the geometry of the hillocks, which resemble pyramidal structures, we correlate the
approximate hillock angles along the [001] direction with the Zr—Zr—Zr bond angles oriented
either parallel (~109.5°; intrachain) or perpendicular (~70.5°; interchain) to the crystal long axis
([0kO0]), reinforcing the notion that the underlying crystal structure influences the hillock geometry
(Figure S10). Intriguingly, based on several representative crystals, we found that, rather than
forming a single propagating spiral, the hillocks are usually composed of more than two
concentric, interlaced spirals, with some emerging from a localized spot suggestive of dislocation
migration in a linear trajectory parallel to the crystal growth direction and long-axis.’® These
complex hillocks, commonly referred to as “super’-spirals, are rare and have only been observed
in calcite,”’® SiC,> and L-cysteine®*6!,

To further understand the nature of the “super”-spiral hillocks in ZrS;.s we traced the spiral
terraces from AFM topography images of hillocks consisting of multiple polygonized terraces
winding around localized dislocation centers. Figure 2I shows terrace-tracing analysis of a
representative spiral hillock, revealing that it is composed of seven distinguishable spirals
propagating outward from the center. Extracting a single spiral near the center enabled us to
compare it with an Archimedean spiral, a motif commonly observed in spiral hillocks (Figure 2J).
We found that the spiral generally conforms to an Archimedean spiral and as expected, agrees
more closely with the ideal geometry near the center of the hillock. The deviation becomes
increasingly pronounced as the “super’-spiral morphology causes lateral expansion of the spiral
during successive rotations, particularly after several turns. Linear fitting of the representative

spiral within the image frame yielded an R? of 0.86 for an ideal Archimedean spiral. This value
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increases to 0.99 near the center of the spiral and contrasts with the logarithmic spiral fit, which
yielded an R? of 0.81 (Figure S11).

The “super”-spiral nature of the hillocks and their slight deviation from an ideal
Archimedean spiral are further supported by the AFM line profiles acquired near and away from
the spiral core (Figure 2K,L). These measurements reveal discrete terrace steps with average
heights of approximately h; = 30 nm and h; = 33 nm, and terrace widths of A1 = 3 pm near the core
and A2 = 5 um at larger radial distances. The measured step heights are significantly larger than
the single-layer step height expected for typical spiral hillocks in vdW materials.?!>%2 The
resulting local hillock slopes, estimated as m = h/A, decrease from m; =1.0x1072 to mz = 6.6x1073,
indicating progressive terrace broadening during outward spiral propagation. The progressive
terrace broadening and corresponding decrease in hillock slope are consistent with dislocation-

mediated step-flow growth under low supersaturation conditions.’
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Figure 3. Polarization-dependent optical response of ZrSs.s crystals. (A) Transmission optical images under crossed
polarizers as the crystal is rotated from 0° to 90°. Scale bars, 245 um. (B) Polarization-dependent absorbance spectra
collected by rotating the crystal relative to the incident polarization direction. Inset shows the angular dependence
(with respect to the incident polarization) of the band gap. (C) Bright-field (BF, top) and dark-field (DF, bottom)
optical micrographs of the corresponding crystal. Scale bars, 245 um. Inset shows the side-view of the crystal. Scale
bar, 10 um.

Beyond the structural characteristics observed in these crystals, polarization-resolved
optical measurements also revealed a pronounced anisotropic optical response in ZrS;.s crystals.
Under crossed polarization, the transmitted intensity varies systematically as the crystal is rotated
from 0° to 90° (Figure 3A), exhibiting periodic extinction every 90°. This angular dependence is
consistent with the intrinsic quasi-1D crystal structure and anisotropic optical response previously
reported to arise from the anisotropic electronic structure and birefringent behavior in ZrS;.#
Moreover, the polarization-dependent absorption spectra (Figure 3B) of the crystal in Figure
3A,C further reveal anisotropic optical absorption, with the absorption edge exhibiting changes in

both intensity and onset as the crystal is rotated relative to the incident polarization direction.
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Linear extrapolation of the absorption edge yields an estimated optical bandgap of approximately
2.0 eV when the crystal is oriented parallel to the polarization direction, which increases by about
0.1 eV when the crystal is rotated by 90° and oriented perpendicular to the polarization direction
(inset, Figure 3B). Similar behavior is consistently observed across various crystals (Figure S12).
The polarization-dependent absorption behavior agrees with previous experimental and theoretical
studies of ZrS3, which attribute the anisotropic optical response to the strong covalency along the

chain direction (b-axis).*?

5.5 Conclusion

In summary, we demonstrate that sulfur-deficient growth conditions enable the predictable
and deliberate formation of screw-dislocation-mediated spiral hillocks in ZrSs3.5 crystals. Taken
together, our results suggest that sulfur-deficient growth conditions promote defect formation and
local structural and geometric perturbation, while low-supersaturation growth enables the
sustained development of screw-dislocation-mediated spiral hillocks in ZrSs.s Specific to ZrSs-s
and TMTCs, we posit that these hillocks emerge from the preferential interchain growth induced
by low sulfur content (in contrast to high sulfur concentrations that promote 1D growth in TMTCs),
together with the anisotropic growth behavior of these materials® along which the screw
dislocation preferentially propagates. Coupled with the weak, non-covalent interactions that hold
the flexible chains together, these structural perturbations are more readily accommodated during
crystal growth, thereby making it more favorable for extrinsic lattice strain to develop and induce

screw dislocations that drive spiral hillock formation.
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CHAPTER 6: Conclusions and Outlook

The work presented in this dissertation establishes a unified framework for understanding
and controlling crystal growth in 1D vdW materials through the interplay of crystal bonding,
composition, mass transport, and defect formation. By integrating modified and conventional CVT
with systematic control of crystal chemistry and growth conditions, this work demonstrates that
anisotropic crystal growth can be rationally directed to achieve previously inaccessible crystal
dimensions and complex morphologies. Collectively, these studies provide new design principles
for the vapor-phase synthesis of 1D vdW materials.

The growth strategies developed in this dissertation establish a foundation for the rational
synthesis of increasingly complex 1D vdW materials and raising several important questions for
future investigation. Although the design principles identified here were demonstrated using NbS;-
I, Mols, and ZrS3, determining the extent to which these principles apply across other 1D vdW
systems remains an important direction for future research. Extending these studies to the growing
classes of transition metal trichalcogenides and related low-dimensional materials will help
determine whether these parameters are broadly applicable design principles for anisotropic crystal
growth in phases that have underlying 1D motifs.

The findings herein instigate future efforts focused on understanding how controlled crystal
dimensions, morphology, and defect structures influence the emergent physical properties of 1D
vdW materials. In particular, progressively reducing nanowire dimensions toward the atomic scale,
investigating the magnetic behavior of highly anisotropic 1D systems such as Mols, and exploring
the unique properties associated with ring-shaped nanostructures and spiral hillocks represent
promising directions for future research. Establishing these structure—property relationships will
be essential for translating advances in crystal growth into functional low-dimensional materials

and future device applications.
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APPENDIX A: Supplementary Data and Results

A.1 Supplementary Figures and Tables for Chapter 2

Figure S1. Exfoliated NbSs-1. Bright-field optical micrograph of nanostructures resulting from micro-mechanically
exfoliated bulk NbSs. Scale bar, 25 um
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Figure S2. Optical images of NbS>. Bright-field optical micrographs of triangular-shaped NbS: nanosheets that grow
from NbS3 nanowires. Scale bars, 25 um.
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Figure 3. Raman spectroscopy and electron microscopy of NbS: nanosheets. () Representative Raman spectra of
NbS: nanosheets which crystallized from NbS3 nanowires, as seen in Figure S2. The in-plane (E1 and E2) and out-of-
plane (A1) phonon modes are labeled for easier visualization. (B and C) Corresponding micrographs of the NbS:
nanosheets from which the Raman spectra in A were taken from. (D) Representative TEM image of NbS2 nanosheet
with the corresponding FFT as inset. Scale bars, 20 um (B), 10 um (C), and 10 nm (D).
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Figure S4. Images of two reaction ampoules: the top with narrow necking (2.5 cm outer circumference) and the
bottom wide necking (3.5 cm outer circumference). The top ampoule results in a combination of bulk crystals before
the narrowed region and induces the growth environment of smaller bulk crystals and nanowires, whereas the bottom
ampoule results in mostly bulk crystal growth on the substrate. The outer circumference of the quartz tube without
narrowing is 4 cm. We note that with the substrate positioned in the middle of zone T, the center of the growth
ampoules must be narrowed sufficiently to prevent the predominant growth of bulk crystals on the substrate, but not
too small for bulk crystals to accumulate before the narrowed area and interrupt the transport of the precursors to
the substrate.
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Figure S5. Dark-field images of NbS;-I nanowires. (A-D) Representative dark-field optical micrographs of NbS;
nanowires on Si/SiO: substrates. Scale bars, 245 um.
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Figure S6. SEM and TEM micrographs of NbS3 nanowires. (A-D) Representative SEM images of NbS; nanowires
on Si/SiO: substrates. (E) Representative TEM image of a NbSs nanowire with the corresponding FFT as inset. Scale
bars, 40 um (A), 5 um (B), 50 um (C), 10 um (D), and 5 nm in (E).
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Figure S7. Mapped substrate with AFM and dark-field images of NbS3 nanowires from a 30-min reaction. (4)
Representative dark-field images of the as-grown NbS3 nanowires on different regions of the Si/SiO: substrates. Scale
bars, 245 um. Below the substrate map are the calibrated temperatures of each substrate region, measured using an
external probe, during the reaction at the fixed temperature gradient programmed at T1 = 750 °C and T> = 650 °C.
The orange boxes represent the regions where nanowires were found. (B) AFM images of various nanowires from A
with their corresponding height profiles as the inset and dark-field image at 50x magnification (C). Scale bars: 3 (B)
and 50 um (C).
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Figure S8. SEM-EDS of NbSs nanowires from a 30-min reaction. (A) Representative SEM image of a NbS3 nanowire
on the Si/SiO: substrate from Figure S5 with its corresponding EDS spectrum (B). Scale bar, 1 um (A). Representative
EDS elemental maps of the NbS3 nanowires shown in Figure S5. Scale bars: 1 um (C) and 500 nm (D).
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Table S1. Atomic percentages of Nb and S in individual nanowires as derived from the SEM-EDS analysis.

Atomic %
Sample Nb S

1 24 .41 75.59

2 25.57 74.43

3 25.56 74.44

4 26.06 73.94

5 25.51 74.49

6 25.32 74.68

7 25.38 74.62

8 25.94 74.06

9 254 74.6

10 25.45 74.55
Average: 25.46 74.54

Average Ratio
S/Nb: 2.93
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Figure S9. Representative TEM images of NbS; nanowires displaying folds and curves due to growth on substrate
and/or external strain. Scale bars: 20 nm (A) and 10 nm (B).
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Figure S10. XPS peak parameters of bulk NbS; crystals. The XPS peaks correspond to the 3ds;» and 3ds: states of
Nb, and the S' 2pin, S' 2psp, and S 2pis, S 2ps)2 states of S.
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Figure S11. CVT temperature program used for the growth of NbS3 nanoribbons shown in Figure S13.
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Figure S12. Substrate position placement inside the two-zone furnace. Substrate 1 was used for nanowire growth,
whereas substrate 2 was used for nanoribbon growth.
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Figure S13. Optical micrographs of NbS;: nanoribbons. (A-D) Bright-field optical micrographs of NbSs nanoribbons
on Si/SiO: substrates. Scale bars, 245 um and 50 um (B-D).

161



9 mm

635.9 624.6

Figure S14. Representative bright-field images of the as-grown NbS3 nanoribbons on different regions of the
Si/Si0: substrates. Scale bars, 50 um. The calibrated temperatures of each substrate region were measured using an

external probe during the reaction at the fixed temperature gradient programmed at T; = 750 °C and T> = 650 °C.
The orange boxes represent the regions where the nanoribbons were found.
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Figure S15. Representative Raman spectra of NbS3 nanoribbons as shown in Figure S13. The phonon modes

corresponding to the designation in the main manuscript is labeled for easier visualization. (B,C) Corresponding
micrographs of the NbSs nanoribbons from which the Raman spectra in A were taken from. Scale bars, 50 um (B,C).
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Figure S16. Representative AFM images of NbS3 nanoribbons as shown in Figure S1;. The red line indicates the
region from which the height profile was taken. (A) Nanoribbon from Figure S13C with a height of 88 nm and width
of 10 um. Scale bar, 10 um. (B) A nanoribbon with a height of 88 nm and width of 10 um. Scale bar, 5 um. (C)
Nanoribbon from Figure S134 with a height of 91 nm and width of 37 um. Scale bar, 12 um.

164



. O Nanowires - 30 min reaction

0 ] FI'IH'II'I

10 O Nanowires - 3 day reaction

Count

o Lnlls 1 L+ s

B Nanoribbons - 30 min reaction

0 2 a4 & 8
Length (mm)

Figure S17. Histograms of the lengths of nanostructures grown under three different growth conditions. The top
histogram in green shows the lengths of nanowires growing from a single nucleation spot, from Figure S5B. The
middle histogram in orange shows the lengths of nanowires from the 3-day nanowire growth from Figure 2A. The
bottom histogram in blue shows the lengths of the various nanoribbons from Figure S14.
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Figure S18. Representative EDS elemental maps of the NbSs nanoribbon shown in Figure S13A. Scale bars, 100
um.
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Figure S19. (left) Crystal structure of ZrSs which crystallizes in the P21/m space group. (vight) The unit cell is
depicted by the black solid outline box in two different projections: [010] zone axis parallel to the chains (top) and

[001] zone axis perpendicular to the chains (bottom). Zr atoms are depicted in blue and S atoms are depicted in
yellow.
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Figure S20. Representative SEM images of ZrS; nanoribbon structures on Si/SiOz. Scale bars, I um.
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Figure S21. Three representative Raman spectra of ZrSs nanosheets as shown in Figure S20. The phonon modes
corresponding to the designation in the main manuscript is labeled for easier visualization.
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Figure S22. Representative HRTEM image of a ZrS; nanoribbon. Scale bar, 5 nm. The inset is a fast-Fourier
transform image that is indexable to the [111] zone axis. On the right is the corresponding Fourier-filtered
micrograph. Fourier filtering was performed in ImageJ by excluding all but the most intense points of the Fourier
transform of the image by adjusting the color map, then taking the inverse Fourier transform.
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Table S2. Comparative DFT bonding strengths of ZrSs and NbS; across various crystallographic directions with
respect to the chain orientations. The corresponding structures from which these calculations were based on are
shown in Figures S23-28.

ZrS; (P21/m) NbS; (P-1)

Bond strength (eV) Bond strength (eV) Difference (eV)

Inter-layer 0.193 0.384 0.191
Inter-chain (1) 1.016 1.202 0.186
Inter-chain (2) 1.224 1.356 0.132

Covalent Covalent  Covalent Covalent
bond (1)  bond (2) bond (1) bond (2)

Intra-chain 1.753 1.927 2.152 0.173 0.399
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Figure S23. Bulk and quasi-2D monolayer crystal models that were used as the basis for the DFT calculation and
comparison of the inter-layer bonding strength (along c-axis) between NbSs and ZrSs.
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Inter-chain (1) = |monolayer — bichain in adjacent unit cell|

Figure S24. Quasi-2D monolayer and the bi-chain crystal models that were used as the basis for the DFT
calculation and comparison of the inter-chain (1) bonding strength (along a-axis and across the unit cell) between
NbS; and ZrSs.
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Figure S25. Bi-chain and single chain crystal models that were used as the basis for the DFT calculation and
comparison of the inter-chain (2) bonding strength (along a-axis and within the unit cell) between NbSs and ZrSs.

174



Intra-chain = |chain — bond to adjacent unit cell|
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Figure S26. Single chain crystal structure models that were used as the basis for the DFT calculation of the intra-
chain bonding strength (along b-axis) in ZrSs.
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Intra-chain = |chain — bond to adjacent unit cell|

Figure S27. Single chain crystal structure models that were used as the basis for the DFT calculation of the intra-
chain bonding strength (along b-axis, denoted as Covalent bond (2)) in NbSs.
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Intra-chain = |chain — bond to adjacent unit cell|
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Figure S28. Single chain crystal structure models that were used as the basis for the DFT calculation of the intra-
chain bonding strength (along b-axis, denoted as Covalent bond (1)) in NbSs.
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Figure S29. Lattice structures (A-C) and electronic band structures and projected density of states (pDOS) (D-F)
of ZrSs, NbS3-V, and NbS;-1, respectively. The high symmetry points in D-F are labeled as X=[0.5, 0, 0], I'=[0, 0, 0],
Y=/0, 0.5, 0], M=/0, 0.5, 0.5], Z=[0, 0, 0.5] in the monoclinic reciprocal lattice. The pDOS are projected to Zr/Nb-d
and S-p orbitals, respectively.
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Figure S30. Electronic band structures projected to d.g (d:2 and dx2.y2) and di2g orbital contributions of Zr/Nb atoms
of (4) ZrSs3, (B) NbS3-V, and (C) NbS;-1, respectively. B and C illustrates the opening of the gap from the lowering
in energy of the bonding d:> and dx2.y2 states in the dimerized NbSs-I phase. This stabilization of the bonding states
arises due to the more pronounced orbital overlap as a consequence of the in-chain dimerization.
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A.2 Supplementary Figures and Tables for Chapter 3
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Figure S1. Width distribution and morphology of Mol; crystals. (4) Histograms of crystal widths from 8-day and
1-day reactions using elemental Mo and I precursors. (B) Representative SEM images of Mols crystals as grown on
Si/SiO: substrates from an 8-day reaction and (C) a 1-day reaction. Scale bars, 40 um (B). Scale bars, 50 um (C).
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Figure S2. Le Bail refinement of the PXRD pattern of bulk Mol crystals. Powder X-ray diffraction pattern fitted
using the Pmmn structural model. Fit quality parameters: Rwp = 3.36, Rexp = 2.76, y° = 1.48 and goodness-of-fit =

1.22.
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Figure S3. EDS analysis of bulk Mol; crystals. (4) Representative EDS spectrum of Mols crystals obtained from
bulk growth, showing the Mo and I atomic composition. (B) Corresponding SEM images and EDS elemental maps

showing the uniform distribution of Mo and I. Scale bars, 5 um.
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Table S1. Atomic composition of bulk Mol; crystals shown in Figure Ss. Atomic percentages of Mo and I determined
by SEM-EDS.

in O
Crystal o Atomic % -
1 25.55 74.45
2 24.15 75.85
3 24.30 75.70
4 25.50 74.50
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Figure S4. XPS analysis of bulk Mols. XPS spectra of the I 3d, I 4d, Mo 3p, and Mo 3d regions with their
corresponding peak-fitting profiles.
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Figure S5. Thermogravimetric analysis of bulk Mol crystals. TGA (black) and derivative thermogravimetric (DTG,
orange) curves showing two major mass-loss steps at 474.5 °C and 686.9 °C.
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Figure S6. HRTEM images of Mol nanowires. (4) Low-magnification HRTEM images. Scale bars, 800 nm. (B)
High-magnification HRTEM images of the nanowires indicated by the red arrows in (4). Scale bars, 10 nm.
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Figure S7. Width distribution and morphology of Mol nanowires grown from bulk Mol; precursors. (4) Histogram
of nanowire widths obtained from a 5-day reaction using bulk Mol as precursors. (B) Representative SEM images of
Mol nanowires as grown on Si/SiO: substrates. Scale bars, 30 um.
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Figure S8. EDS analysis of Mol; nanowires. (A) Representative EDS spectrum of Mol; nanowires, showing the
Mo and I atomic compositions. (B) Corresponding SEM images and EDS elemental maps showing the uniform

distribution of Mo and I. Scale bars, 3 um.
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Table S2. Atomic composition of Mol; nanowires shown in Figure Ss. Atomic percentages of Mo and I determined
by SEM-EDS.

in O
Crystal o Atomic % -
1 25.95 74.06
2 25.07 74.93
3 24.70 75.28
4 25.65 74.35
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Figure S9. Temperature-dependent Raman characterization of a representative bulk Mols crystal. Raman spectra
of a Mol; crystal grown using Method 1.
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Figure S10. Raman characterization of Mols nanowires. (A1) Normalized Raman spectra of six representative Mols
nanowires grown using Method 2. (B) Corresponding optical microscopy images of the nanowires labeled 1-6 in (4).
Scale bars, 40 um.
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Figure S11. SEM images of Mol; nanowires used for optical scattering measurements. SEM images of the
nanowires analyzed in Figure 44-D, with the indicated heights measured by AFM. Scale bars, 1 um.
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A.3 Supplementary Figures and Tables for Chapter 4
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Figure S1. Influence of Ta alloying on the nanocrystal structure and morphology of vapor-phase grown NbS3-1.
(A) Representative Raman spectra of Ta-alloyed nanocrystals of NbSs-1 at various Ta loading conditions (as loaded
X in NbixTaxSs from x = 0.02 to 0.5). (B) Representative dark field optical micrographs of the nanocrystals grown on
Si/Si0: substrates at various Ta loading. Scale bar, 245 um.
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Figure S2. Effect of necking circumference on the growth of Nbi.xTaxSs-s nanostructures. (4) Representative dark-

field optical micrographs of Nbi.xTaxSs-6 nanostructures (top row: nanorings and nanowires) and bulk structures
(bottom row) as-grown on Si/SiO: substrates from the corresponding ampoules shown in B. Scale bars, 50 um (top
row) and 245 um (bottom row). (B) Image of four reaction ampoules (I-1V) with progressively narrowed outer
circumferences (3.5, 3.2, 3.0, and 2.5 cm) of the necked region while all other growth parameters were held constant.
Necking the ampoule between 3.0-3.2 cm (ampoule 11 and I11) targeted higher density of nanostructure growth on the
substrates.
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Figure S3. Substrate mapping of Nbi.xTaxS3.s nanoring structures. Graphical illustration of the substrate, with red
regions marking where nanoring and nanowire structures are concentrated and the blue region marking the area
where bulk crystals dominate. On the right are the representative dark-field macrographs. Nanoring structures scale
bars, 50 um. Bulk crystals scale bars, 245 um. Nanowires and nanoring structures are found at higher concentrations
~1 mm from the edges of the substrate. Below the substrate are the calibrated temperatures at each substrate region,
measured using an external probe, during the 700-600 °C temperature gradient.
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Figure S4. Representative SEM images of Nbi1xTaxS3.s nanoring structures. SEM images of the as-grown nanoring
structures on Si/SiOz. Scale bars, 1 um.
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Figure S5. Bulk NbSs-I1 and Nbi.xTa.Ss.s crystals grown on Si/SiO: substrates. (4) NbS;-1 forms straight, uniform,
needle-like crystals radiating from a nucleation spot. Scale bars, 245 um. (B) Nb1xTaxS3-s exhibits similar needle-like
structures but with nanowires that splinter away from the main structure. Scale bars, 245 um.
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Figure S6. Bulk Nbi«TaxSs-s crystals grown on Si/SiO: substrates. (A) SEM images showing different regions of the
bulk crystal structures. Scale bars, 5 um. (B,C) SEM images highlighting two regions showing the ends of the bulk
structures forming ring-like morphologies. The boxed regions labeled I and II are enlarged and shown to the right.
Scale bars, 50 um (left) and 5 um (panels I and II).
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Figure S7. Representative SEM image and SEM-EDS elemental maps of an Nbi1.xTaxS3.s nanoring. (1) SEM image
of a transferred nanoring onto a lacey carbon TEM grid and (B) its corresponding SEM-EDS elemental maps. Scale
bars, 5 um.
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Figure S8. SEM-EDS spectrum and SEM images of NbixTaxS3-s nanoring structures. (4) Representative SEM-
EDS spectrum showing the elemental composition of NbixTaxS3.s nanorings. (B-D) SEM images of transferred
nanorings onto a copper substrate for SEM-EDS analysis. Scale bars, 2 um.
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Table S1. Atomic composition of Nbi1.xTaxSs.s nanoring in Figure S8B. Atomic percentages of S, Nb, and Ta of the
nanorings shown in Figure S8B as derived from the SEM-EDS analysis. Eight measurements were done at different
spots around the nanoring structure.

Spot SK NbL  TaL

1 71.88  22.94 5.19
70.48  24.55 4.98
7176 23.72 4.53
69.78  24.94 5.28
72.21 23.1 4.69
7197  23.95 4.08
70.51  24.25 5.24
7272 23.18 4.1

Avg. 71.41  23.83 4.76

0 1 N L A WD
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Table S2. Atomic composition of Nbi1.xTaxSs.s nanoring in Figure S8C. Atomic percentages of S, Nb, and Ta of the
nanorings shown in Figure S8C as derived from the SEM-EDS analysis. Eight measurements were done at different
spots around the nanoring structure.

Spot SK Nb L TaL

1 71.27 23.64 5.09
71.17 23.07 5.76
71.33 22.72 5.95
68.7 25.08 6.22
72.71 22.06 5.23
72.32 21.86 5.83
71.55 22.87 5.57
72.06 22.70 5.24
Avg.  71.39 23.00 5.61

03 N L WD
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Table S3. Atomic composition of Nbi.xTa.Ss.s nanoring in Figure S8D. Atomic percentages of S, Nb, and Ta of the
nanorings shown in Figure S8D as derived from the SEM-EDS analysis. Eight measurements were done at different
spots around the nanoring structure.

Spot SK NbL TaL

1 67.73 24.49 7.78
70.74 23.79 5.47
68.61 26.05 5.34
66.59 27.49 5.92
69.67 24.93 54
71.03 23.91 5.06
68.18 27.46 4.36
70.68 22.09 7.23
Avg.  69.16 25.03 5.82

0N N L W

203



Figure S9. SEM-EDS spectrum and SEM images of Nbi~TaxSs3-snanowires. (4) Representative SEM-EDS spectrum

showing the elemental composition of Nbi«TaxSs-s nanowires. (B—D) SEM images of transferred nanowires onto a
copper substrate for SEM-EDS analysis. Scale bar, 2 um.
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Table S4. Atomic composition of Nbi1.xTaxSs.s nanowires in Figure S9B-D. Atomic percentages of S, Nb, and Ta of
the nanowires shown in Figure S9B-D as derived from the SEM-EDS analysis.

Sample SK Nb L TaL
B 73.19 22.02 4.79

C 72.6 22.66 4.73

D 73.04 22.58 4.39
Avg. 72.94 2242 4.64
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Figure S10. Polarization-resolved Raman spectroscopy of representative Nbi.xTa.Ss.s nanoring. (A) Raman spectra
collected at different positions around a single nanoring where, 0° corresponds to the ring segment parallel to the
polarization direction of the 532 nm laser and 90° corresponds to the perpendicular orientation. (B). Image of
corresponding NbixTaxSs.s nanoring indicating the angular measurement positions. Scale bar, 10 um. (C) Polar plots
of the normalized Raman intensities for modes I, 11, and Il demonstrating the polarization-dependent Raman response
of the nanoring.
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Figure S11. Comparison of Raman spectra of Nbi.«TaxSs-s nanorings to NbSs-I crystal. (A) Raman spectra of six

samples shown in (B). Spectra 1—4 correspond to different NbixTaxSs.s nanorings, while spectra 5-6 correspond to
NbBSs-1. (B) Optical images of four different nanorings (1-4) as-grown on Si/SiO: substrates and NbS;-1 (5—-6) matching
the orientation used for the Raman measurements compared with the nanoring structures. Scale bars, 10 um.
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Figure S12. Vibrational mode shifts in the Raman spectra from Figure S11. Raman shifis of six vibrational modes
(I-V1) are plotted for each sample (1-6) corresponding to those shown in Figure S11. Raman peaks were fitted using
Lorentzian functions. Samples 1-4 (NbixTaxS3.s nanorings) red shift compared to samples 5-6 (NbS;-1).
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Figure S13. Full width at half maximum (FWHM) of Raman modes I-VI from Figure S11. FWHM values are
plotted for each vibrational mode (I-VI) across the six samples shown in Figure S11. Raman peaks were fitted using
Lorentzian functions. Samples 1-4 (NbixTaxS3.s nanorings) exhibit broader modes compared to samples 5-6 (NbSs-1).
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Figure S14. Raman spectra of Nb1xTaxSs-s bulk crystals compared with NbSs-1. (A) Raman spectra of Nbi«TaxSs3.s
bulk crystals (blue) and NbS;-I crystals grown at 700-600 °C (gray) and 750-650 °C (black). Characteristic modes
(I-V1) are highlighted for comparison. (B) Optical images of the corresponding samples from panel (4). Scale bars,
10 um. NbS;3 grown at both temperature ranges (700-600 °C and 750-650 °C) yields Raman peaks consistent with
NbS3-1. NbixTaxSs-s bulk crystals show a red shift in the Raman modes, similar to that observed for the nanoring
structures.
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Figure S15. Raman spectra of representative NbS3-I rings. Raman spectra collected from two individual rings

(Crystal A and Crystal B) are shown alongside the corresponding bright-field and dark-field optical images. Scale
bars, 25 um.
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Table S5. Atomic composition of NbS3-I rings in Figure S15. Atomic percentages of S and Nb of the rings shown in
Figure S15 as derived from the SEM-EDS analysis. Several measurements were done at different spots around the
rings Crystal A and Crystal B.

Atomic %
SK Nb L
72.74 27.26
72.53 27.47
Ring A 73.44 26.56
74.3 25.7
72.72 27.28
67.98 32.02
75.48 24.52
Ring B 77.14 22.86
64.49 35.51
75.52 24.48
Avg. 72.63 27.37
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Figure S16. Raman spectra of representative NbS3-V rings. Raman spectra collected from four individual rings
(Crystal A, B, C, and D) are shown alongside the corresponding SEM images. Scale bars, 10 um.
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Table S6. Atomic composition of NbSs-V rings in Figure S16. Atomic percentages of S and Nb of the rings shown in
Figure S16 as derived from the SEM-EDS analysis. Several measurements were done at different spots around the
rings Crystal A, B, C, and D.

Atomic %

SK Nb L

67.27 32.73

A 65.93 34.07
70.27 29.73

70.04 29.96

70.55 29.45

B 66.49 33.51
73.54 26.46

70.13 29.87

68.78 31.22

C 69.33 30.67
69.78 30.22

70.64 29.36

73.24 26.76

D 64.6 354
71.43 28.57

70.12 29.88

Avg. 69.51 30.49
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Figure S17. Computed structural distortion in pristine and Ta-alloyed NbS; chains. Side views along the [010]
orientation for the (A) bulk, (B) pristine NbSs-I chains, and (C) “Nbi1.TaxS3” chains with x = 0.167. The pristine NbS3-
I nanowire exhibits two triangular motifs (Triangle-1 and Triangle-2, where S2 is bonded to Nb atoms). Triangle-1
and Triangle-2 are staggered along the nanowire direction. In addition to the distortion of triangular motifs, Ta
doping introduces a misalignment of the Nb and Ta atoms along the nanowire direction.
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Table S7. Independent elastic stiffness constants Cij of NbS3-1 and “NbixTaxS3” chains.

Elastic stiffness constant NbS3-1 “Nbi1xTaxS3”
Cij (GPa)
Cn 0.45 -0.68
Cn -0.04 -0.22
Ciz 0.50 -0.49
Cis -0.01 0.45
Cis -0.14 -0.05
Cis 0.17 -0.08
Co 15.17 6.47
Cas -0.48 -0.53
Co4 1.18 0.80
Cos 0.12 0.05
Cas 0.08 -0.18
Cs3 -0.93 -1.13
Cs4 1.36 1.01
Css 0.10 0.06
Cse -0.03 -0.60
Cas -0.51 -1.91
Css -0.30 -0.11
Cas 0.14 0.81
Css -0.08 -0.03
Css -0.04 -0.03
Ces -0.17 -0.78

216



E, =-312470eV  (C)= ¢ E, =-312.916eV

&0

( =-312.407 eV

Figure S18. Different alloying configurations for 16.7% Ta-alloyed “Nbi.xTaxS3” chains. The total energy of “Nbi.
«TaxS3” chain is lowest for the configuration in (C).
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Figure S19. Polarization-dependent scattering spectra of NbixTaxS3-s nanorings. (A,C) Hyperspectral images of
the nanorings from Figure 5A,F acquired with the polarizer (P) and analyzer (4) in the cross-polarization
configuration. Regions A and B correspond to ring segments oriented parallel and perpendicular to the polarization
direction, respectively. Scale bars, 6 um (4) and 3 um (C). (B,D) Scattering spectra from Regions A and B in (4,C).
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Table S8. Dimensions of the nanoring structure from Figure 5A. Width and circumference values were obtained
from ImageJ analysis of SEM image Figure 5C. Height values were determined from the maximum of the height
profiles shown in Figure SE. Reported averages represent measurements across distinct spots around the nanoring.

Width  Height . ¢ _ Outer
Spot Circumference Circumference
(nm) (nm)
(um) (um)
1 155 173.74 45.98 47.2
2 155 186.15
3 166 172.67
4 184 157.94
5 178
6 165
7 197
8 165
Avg. 171 172.63
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Table S9. Dimensions of the nanoring structure from Figure SF. Width and circumference values were obtained
from ImageJ analysis of SEM image Figure 5H. Height values were determined from the maximum of the height
profiles shown in Figure 5J. Reported averages represent measurements across distinct spots around the nanoring.

Width  Height .. " _ Outer
Spot Circumference Circumference
(nm) (nm)
(um) (um)
1 550 129.9 18.02 21.83
2 613 117.17
3 631 84.46
4 622 88.27
5 615
6 612
7 582
8 619
Avg. 606 104.95
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Figure S20. Effective optical constants of bulk NbSs-I crystal extracted from spectroscopic ellipsometry using
uniaxial birefringence model. The measured NbS3-1 ribbon has a cross-sectional width of 65 um, thickness of 4175
nm, and length exceeding 1 mm. Wavelength-dependent refractive indices and extinction coefficients measured
parallel (np, k) and perpendicular (ns, ki) to the crystallographic b-axis are shown over the spectral range of 193-
1500 nm. Inset shows the corresponding NbSs-I crystal used for the ellipsometry measurements. Scale bar, 245 um.
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A.4 Supplementary Figures and Tables for Chapter 5
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Figure S1. Synthesis and characterization of pristine ZrSs. (4) Images of fused quartz ampoules after CVT growth
of ZrS; using two reaction conditions: (I) 0.34 g total precursor mass in a larger ampoule and (1) 0.48 g total mass
in a smaller ampoule. (B) Representative bright-field (BF) and dark-field (DF) optical images of ZrS3 crystals grown
on sapphire substrates from the reactions shown in (A). Scale bars, 245 um. (C) Representative TEM image with the
corresponding FFT inset indexed along the [-1-13] zone axis. Scale bar, 5 nm. (D) Representative PXRD pattern of
the product from reaction A(Il), fitted using Le Bail method to the monoclinic ZrSs (P21/m) crystal structure (¢’ =
0.78). (E) Orientation-dependent Raman spectra of a rotated ZrSs crystal measured from 0 to 90° relative to the
polarization direction of the 532 nm excitation laser.
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Figure S2. Temperature profile and schematic of chemical vapor transport (CVT) setup. (Left) Temperature profile
used for CVT growth, consisting of an isothermal dwell followed by controlled slow cooling to room temperature over
2 days. (Right) Schematic of the two-zone furnace used for CVT growth. The precursor pellet was vacuum sealed in a
fused quartz ampoule and positioned in the high-temperature (T1) zone.
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Figure S3. Optical images of representative ZrSs.s crystals. Each division on the ruler corresponds to 1 mm.
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Figure S4. SEM side-view images of layered ZrSs.s crystals. Representative SEM images showing side views of ZrSs.
scrystals, revealing the layered crystal morphology. Scale bars, 2 um.

225



A

—~ 6x10° 0°
3 4x10° —— 45°
© s 1\ A A —— 90°
— 2x10
> o N A
2 6x10° o
g 4x10° 45°
= 2x10° —90°

0 i AN l

LA DL LA L L |

100 200 300 400 500 600
Raman Shift (cm™)

— 6x10° 0°
S 4x10° — 45°
© s ] — 90
~— 2x10 t_LLL__
2 0 A
2 6x10° 0°
PC.’. 4x10° 45°
= 2x10° — 90°
0 N l
LA L L LA LA |
100 200 300 400 500 600
Raman Shift (cm™)
—~ 6x10° 0°
S 4x10° —— 45°
S oxs 1 A A 4 [——090°
2 6x10° 0°
g :x1g:—_ 45°
= 2x10° —90°
0 ] AN A
LA DL LA L L |
100 200 300 400 500 600
Raman Shift (cm™)
—~ 6%10° 0°
S 4x10° —— 45°
i“, 2x105 : A AN A — 90°
=2 o4 A
2 6x10° 0°
-g 4x10° 45°
= 2x10° —90°
0] P A
T T T T T T T

100 200 300 400 500 600
Raman Shift (cm™)

Figure S5. Polarization-dependent Raman spectroscopy of ZrSs-s crystals. (A) Raman spectra collected from regions
containing spiral hillocks (red to yellow spectra) and from adjacent flat crystal regions away from the spiral hillocks
(light to dark blue spectra), measured at polarization angles of 0°, 45° and 90°. (B) Corresponding optical images of
the crystals. Blue arrows indicate the measurement locations on flat crystal regions, and yellow arrows indicate the
locations containing spiral hillocks. Scale bars, 245 um.
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Figure S6. Representative PXRD pattern of ZrSs.s crystals. PXRD pattern of ZrSs.s crystals ground into a powder
and mixed with glass powder to reduce preferred orientation, fitted using the Le Bail method to the monoclinic ZrS;3

(P21/m) crystal structure (y*=12.0).
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Table S1. Elemental composition of regions containing spiral hillocks. Atomic percentages of Zr and S determined
by SEM-EDS analysis from four selected regions containing a spiral hillock. The measurements correspond to the
same four crystals analyzed in Table S2.

Atomic %

Crystal SK Zr L

1 70.55 29.45

2 71.60 28.40

3 70.50 29.50

4 72.16 27.84
Standard deviation 0.82 0.82
Average 71.20 28.80
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Table S2. Elemental composition of flat crystal regions. Atomic percentages of Zr and S determined by SEM-EDS
analysis from four selected flat regions away from spiral hillocks. The measurements corresponded to the same four
crystals analyzed in Table SI.

Atomic %
Crystal SK Zr L
1 74.73 25.27
2 78.40 21.60
3 76.98 23.02
4 71.46 28.45
Standard deviation 3.03 2.99
Average 75.39 24.59

229



A B
ZrS, (P-3m1)

12000 4 ZrS, (P-3m1) Observed ZrS, (P-3m1)
—~ —— Calculated
4 = g Difference -
=3 = Background 3 A,
—_ =3 = P g
£ 8000 - S 5 = <
3 N 8 T =
~ T - 9 ‘B
g §T7 ¢ £
= = IS
3 4000 -
2
=
R e
0 -
h UL L L L L T ! T I Y T ¥ T
10 20 30 40 50 60 70 80 200 400 600 800
26 (°) Raman Shift (cm™)

Figure S7. Formation of ZrS: side products on the hot/source zone (T1). (4) Crystal structure of ZrSz2 (P-3ml). (B)
Optical image of the ZrS: side product localized at the hot/source zone (T1) following the reaction. Scale bar, 1 cm.
(C) Representative PXRD pattern of the side product, fitted using the Le Bail method to the ZrS: (P-3ml) crystal
structure (y*=1.9). The peak corresponding to ZrO: is labeled. (D) Representative Raman spectrum of the side
product showing vibrational modes consistent with ZrS: and ZrO:. The inset shows the corresponding crystal. Scale
bar, 245 um.
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Figure S8. SEM images of spiral hillocks in ZrSs.s crystals. (4) SEM images of a single crystal showing multiple
spiral hillocks (outlined by dashed lines). Scale bars, 200 um. (B) SEM image with magnified views of the boxed
regions highlighting a spiral hillock originating from the crystal edge. Scale bars, from top to bottom: 100 um, 40

um, and 10 um.
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Figure S9. SEM images of spiral hillocks on ZrSs.s crystals. (Left) Representative SEM images showing spiral

hillocks on the surface of ZrSs-s crystals. (Right) Corresponding magnified views of the regions outlined by the red
boxes. Scale bars, 40 um (left) and 10 um (right).
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Figure S10. Comparison of crystallographic and spiral hillock angles in ZrSs. (Left) Selected Zr—Zr—Zr, S—S—S,
and S—Zr—S angles projected onto the a/b plane of the ZrSs crystal structure. (Right) Representative spiral hillocks
illustrating measured interior angles that closely match the Zr—Zr—Zr angles projected parallel and perpendicular
to the crystal long axis (b-axis). Scale bars: 40 um (top, left), 10 um (top, right), 100 um (bottom, left), and 40 um

(bottom, right).
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Figure S11. Geometric analysis of a representative spiral hillock in ZrSs.s. (A) Tracing of a representative “super”’-
spiral hillock in Figure 2E-H using ImageJ. Colored lines represent successive spiral turns, and red points denote the
coordinates extracted for the geometric analysis. Scale bar, 50 um. (B) Linear fit of In(r) versus angle (radians),
where r is the radial distance from the spiral center, for comparison with an ideal logarithmic spiral. (C) Linear fit
of radius (v) versus angle for comparison with an ideal Archimedean spiral. (D) Linear fit to a subset of points near
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the spiral center (boxed region in (C)) to evaluate the local Archimedean behavior of the spiral.
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Figure S12. Polarization-dependent absorbance spectroscopy of a ZrSs.s crystal. (A) Absorbance spectra obtained
from transmission measurements with the incident polarization oriented parallel and perpendicular to the crystal long
axis, showing a polarization-dependent absorption edge. (B) Optical micrograph of the crystal, with the boxed region
indicating the area analyzed in (A). Scale bar, 245 um. (C) SEM side-view image of the corresponding crystal region
showing a crystal thickness of 15.8 um. Scale bar, 20 um.
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