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Engineering Novel Nanostructures via Chemical and Morphological
Transformations

Abstract

Materials at the nanoscale have revolutionized the world around us by enabling the discovery of novel size
dependent properties and experimental verification of untested theoretical concepts. However, most
nanomaterials today are phases of matter that are well known and have been studied extensively at the bulk
scale. For example, II-VI semiconductors, which are widely studied today at the nanoscale, were employed in
photovoltaic applications at the microscale for nearly half a century. The question that arises is whether
material processing at the nanoscale can allow us to go beyond the limitations of conventional synthesis
techniques? We believe that the next pathbreaking step in nanotechnology is to synthesize novel phases of
materials which are metastable by thermodynamic considerations and hence challenging to achieve through
established one-step synthesis processes. At the core of such an approach is the desire to gain in-depth
scientific understanding of the chemical and morphological transformation mechanisms that enable the
engineering of novel nanomaterials with exotic physical properties.

Our research revolved around synthesizing novel nanomaterials from preexisting nanostructures via chemical
and morphological transformation in a chemical vapor deposition system while preserving the morphology
and atomic arrangement of the parent material through, what we like to call, “atomic templating”. We explored
chemical transformation in II-VI semiconducting nanostructures via anion exchange to synthesize metastable
phases of materials such as zincblende CdS and CdSe while retaining the crystal structure and twin
boundaries of the parent zincblende CdTe. We later extended the concept of atomic templating to explore
chemical substitution in II-VI semiconductors with elements from dissimilar groups of the periodic table such
as IV A and V A that possess different bonding characteristics with chalcogenides as compared to elements of
group II B. We also studied chemical substitution in a covalently bonded compound, GeTe. Finally,
morphological transformation of CdS nanobelts into periodically branched nanostructures was studied
through environmental TEM. The resulting nanostructures were thoroughly characterized via electron
microscopy, photoluminescence and Raman spectroscopy. Through first principles calculations via density
functional theory, experimental observations were explained and novel physical properties targeted at specific
applications were predicted.
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ABSTRACT

ENGINEERING NOVEL NANOSTRUCTURES VIA CHEMICAL AND
MORPHOLOGICAL TRANSFORMATIONS
Rahul Agarwal
Ritesh Agarwal

Materials at the nanoscale have revolutionized the world around us by enabling
the discovery of novel size dependent properties and experimental verification of
untested theoretical concepts. However, most nanomaterials today are phases of matter
that are well known and have been studied extensively at the bulk scale. For example, I1-
VI semiconductors, which are widely studied today at the nanoscale, were employed in
photovoltaic applications at the microscale for nearly half a century. The question that
arises is whether material processing at the nanoscale can allow us to go beyond the
limitations of conventional synthesis techniques? We believe that the next pathbreaking
step in nanotechnology is to synthesize novel phases of materials which are metastable by
thermodynamic considerations and hence challenging to achieve through established one-
step synthesis processes. At the core of such an approach is the desire to gain in-depth
scientific understanding of the chemical and morphological transformation mechanisms
that enable the engineering of novel nanomaterials with exotic physical properties.

Our research revolved around synthesizing novel nanomaterials from preexisting
nanostructures via chemical and morphological transformation in a chemical vapor
deposition system while preserving the morphology and atomic arrangement of the parent
material through, what we like to call, “atomic templating”. We explored chemical
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transformation in I1-VI semiconducting nanostructures via anion exchange to synthesize
metastable phases of materials such as zincblende CdS and CdSe while retaining the
crystal structure and twin boundaries of the parent zincblende CdTe. We later extended
the concept of atomic templating to explore chemical substitution in 11-VI
semiconductors with elements from dissimilar groups of the periodic table such as IV A
and V A that possess different bonding characteristics with chalcogenides as compared to
elements of group Il B. We also studied chemical substitution in a covalently bonded
compound, GeTe. Finally, morphological transformation of CdS nanobelts into
periodically branched nanostructures was studied through environmental TEM. The
resulting nanostructures were thoroughly characterized via electron microscopy,
photoluminescence and Raman spectroscopy. Through first principles calculations via
density functional theory, experimental observations were explained and novel physical

properties targeted at specific applications were predicted.
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transformation into CdSe. D) Raman spectrum also confirming complete chemical
transformation with presence of only Cd-Se LO phonon peaks. E) PL spectrum
displaying band edge emission corresponding to pure CASe..........ccocvviveiiienieinieiinnnn. 31

Figure 2.7 Characterization of NB after undergoing complete anion exchange from ZB
CdTe into ZB CdS. A) Bright-field TEM micrograph of a NB after undergoing complete
chemical transformation. Inset: SAED pattern of the NB confirming retention of ZB
crystal structure, twinning and <112> growth axis. B) EDS map scan of the NB showing
uniform chemical transformation into CdS. C) EDS point scan of the NB confirming
complete chemical transformation. D) Raman spectrum displaying LO phonon peaks
corresponding only to Cd-S bond thereby confirming complete chemical transformation.
E) PL spectrum displaying band edge emission corresponding to pure Cds. .................. 32

Figure 2.8 Characterization of nanostructures after undergoing partial anion exchange
from CdS to CdS,Se;«x. A) Bright-field TEM micrograph of CdSxSe;x NW after anion
exchange at 300 °C. Inset: SAED pattern of the NW confirming single-crystalline WZ
structure with split and elongated spots (red circles). B) EDS line scan of the same NW
confirming the core-shell morphology of the alloyed NW (along the dotted line in A). C)
Bright-field TEM micrograph of CdS,Se;.x NW after anion exchange at 450 °C. Inset:
SAED pattern of the NW confirming single-crystalline WZ structure of CdS,Se;x. D)
EDS line scan of the same NW confirming the core-shell morphology of the alloyed NW
(taken along the dotted line in C). E) Raman spectrum of an alloyed CdS,Se;x NW
showing LO phonon peaks corresponding to both Cd-S and Cd-Se bonds...................... 34

Figure 2.9 PL spectrum of a partially anion exchanged CdS.Se;.x NW displaying band
edge emission corresponding to regions with different stoichiometry (x) ranging from
pure CdS (505 nm) to highly red shifted peak at 642 nm corresponding to CdSSe;x.....35

Figure 2.10 A) Starting CdS nanostructure with smooth surfaces and well defined
morphology. B) Condensation of the anion precursor vapor (Se) on the surface of the
nanostructure and beginning of anion exchange with surface ions (S*). C) Domain
formation of CdS.Se;.x alloy spreading through surface and bulk anion exchange. Inset:
Zoomed up schematic of surface diffusion process of various chemical species. D)
Complete transformation of the surface into CdSe and the anion exchange reaction
progressing towards the core. E) The reaction stops after either the precursor is exhausted
or the system is COOIEd UOWN. .........coiuiiiiiic e 38

Figure 2.11 Schematic representation of atomic templating where allotropes (WZ and
ZB) of a compound (CdSe) can be produced by performing anion exchange in starting
compounds with different crystal structures (WZ CdS versus ZB CdTe).........ccccccveeene. 39

Figure 3.1 Characterization of nanostructures after undergoing partial and complete
chemical transformation from ZB CdTe to RS PbTe. A) Bright field TEM micrograph of
a ZB CdTe-RS PbTe heterostructure obtained from partial chemical transformation of ZB
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CdTe NB by introducing Pb at 475 °C. Inset: SAED pattern indicating single crystalline
close-packed cubic structure (ZB/RS) while retaining TBs from parent ZB CdTe in the
CdTe-PbTe heterostructure. B) EDS line scan across the NB shown in A (along the red
dotted line in inset) confirming presence of CdTe-PbTe heterostructure. C) Bright field
TEM micrograph of a RS PbTe NW obtained from complete chemical transformation of
ZB CdTe NW by introducing Pb at 500 °C. Inset: SAED pattern indicating single
crystalline close-packed cubic structure (ZB/RS) while retaining periodic TBs from
parent ZB CdTe. D) EDS point scan of the NW shown in C confirming complete
chemical transformation from CdTe into PbTe. E) Atomic model of ZB CdTe viewed
along <110>. Orange atoms correspond to Cd whereas yellow atoms correspond to Te.
Both Cd and Te are present in tetrahedral coordination. F) Reaction of ZB CdTe with Pb
leading to replacement of Cd in tetrahedral coordination (orange atoms) with Pb in
octahedral coordination (green atoms) while Te remains stationary (yellow atoms). G)
Further introduction of Pb leads to complete chemical transformation of ZB CdTe into
S d 0 =TSR PP SRR 47

Figure 3.2 Crystal and band structure of PbTe near twin boundary. A) Rocksalt PbTe
with {111} twin boundary depicted by green dashed line. B) Band structure of rocksalt
PbTe in the vicinity of the twin boundary. Fermi level (zero energy red line) intersects
with the valence and the conduction band at different points in k-space thereby giving the
material @ Metallic CRArACTEr. .........ccuvi it 48

Figure 3.3 Characterization of nanostructures after undergoing complete chemical
transformation from ZB CdTe to RS BiTe. A) Bright field TEM micrograph of an as-
grown ZB CdTe NW with periodic {111} TBs along the growth direction <111>. Inset:
SAED pattern confirming presence of twin boundaries in ZB CdTe NW. B) Bright field
TEM micrograph of RS BiTe NW obtained from complete chemical transformation of
ZB CdTe NW shown in A by introducing Bi at 525 °C. Inset: SAED pattern indicating
single crystalline close-packed cubic structure (ZB/RS) while retaining periodic TBs
from parent ZB CdTe NW. C) EDS point scan of the NW shown in B confirming
complete chemical transformation from CdTe into BiTe. D) Bright field TEM
micrograph of an as-grown ZB CdTe NB with {111} TBs perpendicular to the growth
direction <112>. Inset: SAED pattern confirming presence of twin boundaries in ZB
CdTe NB. E) Bright field TEM micrograph of RS BiTe NB obtained from complete
chemical transformation of ZB CdTe NB shown in D by introducing Bi at 525 °C. Inset:
SAED pattern indicating single crystalline close-packed cubic structure (ZB/RS) while
retaining periodic TBs from parent ZB CdTe NB. F) EDS point scan of the NB shown in
E confirming complete chemical transformation from CdTe into BiTe...........cccccvvevnnn.ns 49

Figure 3.4 Band structure of BiTe in a rocksalt geometry. The Fermi energy is set to zero
(green dashed lIN). .....c..eeiiiiie e 50

Figure 3.5 Characterization of a single NW at different stages of chemical transformation
from WZ CdSe to RS PbSe via hex-PbSe phase. A) Bright field TEM micrograph of a
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CdxPb;xSe NW obtained by reacting WZ CdSe NW with Pb at 450 °C. Inset: SAED
pattern indicating superimposed WZ and cubic close-packed crystal structure such that
the closed packed planes are parallel to each other in both structures. B) EDS point scan
of the NW shown in A indicating incorporation of Pb in CdSe NB. C) Bright field TEM
micrograph of RS PbSe- hex-PbSe heterostructure obtained by reacting the NW shown in
A with Pb at 475 °C. Upper left inset: SAED pattern of the lighter contrast NW region
(red circle) indicating hexagonal crystal structure (hex-PbSe). Bottom right inset: SAED
pattern of the darker contrast NW region (orange circle) indicating cubic closed packed
crystal structure (PbSe). D) HRTEM micrograph of NW shown in C at the domain
boundary confirming the lighter region corresponds to hexagonal structure where as
darker region corresponds to cubic closed packed structure. E) EDS point scan of the NW
shown in C confirming complete chemical transformation into PbSe with no residual Cd.
F) Bright field TEM micrograph of RS PbSe NW obtained by reacting the NW shown in
C with Pb at 500 °C. SAED pattern of the lighter contrast NW region (red circle) in the
upper left inset and bottom right inset SAED pattern of the darker contrast NW region
(orange circle) in the bottom right inset both indicating cubic closed packed crystal
SETUCLUNE (PDSE). ..t 52

Figure 3.6 Band structure of PbSe in hexagonal geometry. The Fermi energy is set to zero
(green dashed TINE). ....coveiiii e 53

Figure 3.7 Characterization of a single NB at different stages of chemical transformation
from WZ CdSe to RS PbSe via hex-PbSe phase. A) Bright field TEM micrograph of a
CdxPb;4«Se NB obtained by reacting WZ CdSe NB with Pb at 450 °C. Inset: SAED
pattern indicating superimposed WZ and cubic close-packed crystal structure such that
the closed packed planes of both are parallel. B) EDS point scan of the NW shown in A
indicating incorporation of Pb in CdSe NW. C) Bright field TEM micrograph of WZ
CdSe-PbSe heterostructure obtained by reacting the NB shown in A with Pb at 475 °C.
Inset: SAED pattern of the NB indicating superimposed WZ and cubic close-packed
crystal structure such that the closed packed planes of both are parallel. D) EDS line scan
across the NB shown in C (along the red dotted line in the inset) confirming the presence
of CdSe-PbSe heterostructure. E) Bright field TEM micrograph of PbSe NB obtained by
reacting the NB shown in C with Pb at 500 °C. Inset: SAED pattern of the NB indicating
superimposed WZ and cubic close-packed crystal structure such that the closed packed
planes of both are parallel. F) EDS line scan across the NB shown in E (along the red
dotted line in the inset) confirming complete transformation into PbSe with no residual
O o SO P R PRPRRPROPROS 54

Figure 3.8 Schematic illustrating the transformation mechanism of WZ CdSe into RS
PbSe via hexagonal PbSe,. A) Atomic model of WZ CdSe viewed along a-axis. Orange
atoms correspond to Cd whereas yellow atoms correspond to Se. Both Cd and Se are
present in tetrahedral coordination. B) Reaction of WZ CdSe with Pb leading to
replacement of Cd in tetrahedral coordination (orange atoms) with Pb in octahedral
coordination (green atoms) while Te remains stationary (yellow atoms). Incomplete

XiX


file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999085
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999085
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999087
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999087
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999087
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999087
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999087
file:///C:/Users/rahul/Dropbox/Dissertation/dissertation.docx%23_Toc424999087

replacement of Cd with Pb leads to formation of CdSe-PbSe heterostructure. C) Further
introduction of Pb leads to complete chemical transformation of WZ CdSe into hex-PbSe
(RS PbSe with {111} twin boundaries). D) Further introduction of Pb leading to growth
of Pb rich domains finally causing twin boundaries to heal through creation and
migration of partial dislocations. E) The entire system converting to RS PbSe upon
further dislocation motion thereby relaxing all the twin boundaries in the system. ......... 56

Figure 3.9 A) DFTEM micrograph of CdSe-PbSe heterostructure NB (corresponding to
Figure 3.7 C) obtained by selecting (1100) diffraction spot of the hexagonal structure.
Line contrasts correspond to domain boundaries between Cd rich and Pb rich selenide
regions and stacking faults separating hexagonal and rocksalt PbSe phase. B) DFTEM
micrograph of PbSe NB (corresponding to Figure 3.7 E) obtained by selecting (1100)
diffraction spot of the hexagonal phase. Line contrasts correspond to stacking faults
separating hexagonal and rocksalt PhSe phase. ..........ccccoviiiiiie i 58

Figure 3.10 A) CdS NB with long axis perpendicular to c-axis showing sublimation at the
edges and beginning of formation of line contrasts towards the center of the material.
Inset: SAED pattern of the NB confirming the WZ crystal structure and growth
orientation. B) Elongation of line contrasts by separation between leading and trailing
partial dislocations. C) Partial dislocations migrating along the close packed plane
towards the surface and eventually annihilating there leaving behind a step. .................. 60

Figure 4.1 A) TEM micrograph of as-grown GeTe NW growing along <110> with zone-
axis along <111> confirmed by SAED pattern (Inset). B) Crystal structure of GeTe
closed packed planes stacked along <111> (red arrow) and viewed along <110> depicting
short (thick white) and long (thin gray) bonds. .........ccccceeiii i 64

Figure 4.2 A) TEM micrograph of chemically transformed GeSe, nanowire such that the
zone-axis is along c-direction and the long axis is at an angle of 60° with respect to the b-
direction. B) EDS point scan of the completely chemically transformed NW in A
confirming no residual Te. C) Raman spectrum of the same NW matching the spectrum
of pure GeSe, confirming that the transformed product is indeed GeSes.........cccveevuveene. 65

Figure 4.3 Crystal structure of a unit cell of GeSe, viewed along the a-axis. Every unit
cell consists of two layers of GeSe, tetrahedra connected to each other by corners and
edges as can be Seen iNthe SIFUCIUIE. .........cciiiei i 66

Figure 5.1 Structural characterization of branched CdS nanostructures obtained by
heating CdS nanobelts in moderate vacuum. A) Transmission Electron Microscope image
of an as-grown wurtzite CdS nanobelt growing perpendicular to the c-axis. Inset: selected
area electron diffraction (SAED) pattern of the nanobelt. B) and C) TEM images of two
periodically branched nanobelts obtained by heating CdS nanobelts inside a tube furnace
(pumped down to moderate base pressure of ~25 mTorr) at 600 °C under Argon flow
(100 Torr at 15 sccm). D) High-resolution TEM micrograph of the branched region
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confirming retention of single crystallinity and crystal orientation of the entire structure
after the morphological transformation. .............cocveiiiiieiii e 70

Figure 5.2 Energy dispersive X-ray spectroscopy map of a branched wurtzite CdS
nanobelt obtained after heating in a tube furnace at moderate vacuum of 25 mTorr. The
branched nanobelt remains chemically uniform after the morphological transformation. 71

Figure 5.3 In-situ TEM heating of CdS nanobelts in ultra-high vacuum at 600 °C. A)
Transmission Electron Microscope image of an as-grown Wurtzite CdS nanobelt growing
perpendicular to the c-axis. Inset: SAED pattern of the belt. B) TEM micrograph of the
CdS nanobelt shown in A) after sublimation has started taken place along the pyramidal
planes on heating the belt inside a TEM at 600 °C under UHV (~ 107 Torm)................. 72

Figure 5.4 Real-time observation of morphological transformation in wurtzite CdS
nanobelts upon heating in environmental TEM under various atmospheric conditions. A)
- C) Snapshots from movie showing real-time sublimation but no branching in a wurtzite
CdS nanobelt in the presence of inert helium (0.16 Torr) inside an environmental TEM
upon heating to a temperature of 600 °C. Inset: SAED pattern of the nanobelt. Scale bar:
200 nm D) - F) Snapshots from movie showing real-time branching of a wurtzite CdS
nanobelt in the presence of oxygen (0.16 Torr) inside an environmental TEM at 500 °C.
Inset: SAED pattern of the nanobelt. Scale bar: 100 nm G) - 1) Snapshots from movie
showing real-time branch formation in a wurtzite CdS nanobelt in the presence of
hydrogen (0.16 Torr) inside an environmental TEM at 500 °C. Inset: SAED pattern of the
nanobelt. Scale bar: 100 MM .......ooiiiiii e 73

Figure 5.5 Real-time observation of morphological transformation in wurtzite and
zincblende CdTe nanobelts upon heating in environmental TEM under various
atmospheric conditions A) - C) Snapshots from movie showing real-time branching of a
wurtzite CdTe nanobelt in the presence of oxygen (0.16 Torr) inside an environmental
TEM at 500 °C. Inset: SAED pattern of the nanobelt. D) - F) Snapshots from movie
showing real-time sublimation but no branching of a zincblende CdTe nanobelt in the
presence of oxygen (0.16 Torr) inside an environmental TEM up to 600 °C. Inset: SAED
pattern of the nanobelt. G) — 1) Snapshots from movie showing real-time branching and
sublimation of a CdTe nanobelt in the presence of oxygen (0.16 Torr) inside an
environmental TEM at 600 °C. The nanobelt contains both zincblende and wurtzite
phases and branching is only observed in the wurtzite phase while sublimation is
observed in the zincblende phase. Inset: SAED pattern of the nanobelt. ......................... 75

Figure 5.6 Schematic of the branching mechanism in 11-VI wurtzite nanobelts. A) SEM
micrograph of an as-grown CdS nanobelt clearly displaying periodic vicinal surfaces
along the basal plane. Inset: AFM micrograph of a nanobelt displaying periodic vicinal
surfaces. B) Schematic of an as grown wurtzite CdS nanobelt with periodic vicinal planes
(exaggerated for clarity) along the basal plane. C) Subsequent etching of the prismatic
planes (top surface) of the nanobelt owing to oxidation/reduction (depending on the
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environmental conditions) leading to periodic thickness variation along the length of the
nanobelt. D) Further etching into both the prismatic and basal planes leads to periodic
thickness contrasts in the nanobelt. E) Complete etching of the thinner regions leaves
behind the relatively thicker parts in CdS nanobelts, leading to the formation of
periodically branched NanOStIUCLUIES. ...........ccuiiiiiiiieic e 77

Figure 5.7 Schematic of a CdTe nanobelt undergoing etching along the {110} surfaces
(orange planes) in other directions in addition to the [111] direction thus leading to a
MOre iSOtropiC SUBITMALION. ........ooviiii i 80

Figure 5.8 A control experiment comprising of ex-situ heating of CdS nanobelts in a tube
furnace at moderate vacuum levels followed by in situ TEM heating under HV. A) — B)
SEM micrograph of wurtzite CdS nanobelts after heating in a tube furnace for 10 minutes
at 550 °C (base pressure 25 mTorr). Evolution of the etched surfaces on both the basal
and prismatic planes can be clearly observed leading to the formation of notches. C) — E)
Snapshots from movie showing real-time branch formation in a pre-notched wurtzite CdS
nanobelt, whose long axis is at an angle of 105° with respect to c-axis, upon heating
inside a conventional TEM under UHV at 500 °C. Inset: SAED pattern of the nanobelt
confirming the crystal structure and growth direction.............cccceevve e, 81

Figure A.1 Structural analysis of wurtzite CdS nanowire grown along the c-axis (c||NW)
from photoluminescence and optical SHG polarimetry. A) Dry-transferred CdS NWSs on
e-beam transparent SiNx membrane (TEM grids). Inset indicates the coordinate systems
(see main text). B) TEM micrograph of a CdS NW grown along the c-axis (a0=0°,
c|[NW) confirmed by the selected area electron diffraction (SAED) pattern (top inset) and
high resolution TEM image (bottom inset). C) SHG and PL spectrum from the selected
CdS NW (c|[INW). The excitation laser is polarized along NW and tuned at a wavelength
of 950 nm. D) TM- (I2w,p) and TE- (I12w,s) polarized SHG as a function of excitation
polarization angle (Ow), fitted (solid lines) using Eq. S14 for [2w,p and Eq. S15 for 12w,s
E) Polarimetric plot of total SHG intensity (I2w) under TM (black, 60=0°) and TE (red,
B=90) EXCIEATION. 1.vtiieesiiitiiiiiiiie e e e e e ettt e e e e e e s e bbb e et e e e e s s et bbb et e e e e s s s asb bbb e raaeeeeeanns 99

Figure A.2 Structural analysis of wurtzite CdS nanowire grown perpendicular to the c-
axis (cLNW) from optical SHG polarimetry. A) TEM micrograph of CdS NW (0=90°,
CLNW). Inset: SAED pattern of the NW indicating WZ crystal structure and cLNW
growth orientation. Scale bar: 500 nm. B) TM- and TE-polarized SHG signal as a
function of the excitation polarization angle. C) Polarimetric plot of total SHG intensity
(I20) under TM (black, 6,=0°) and TE (red, 8,=90°) excitation...............ccceevevvrerrurrenne. 102

Figure A.3 Structural analysis of wurtzite CdS nanowire grown at an angle of 56° relative
to the c-axis (c4NW) and CdS nanoflake from optical SHG polarimetry. A) TEM
micrograph of a selected CdS NW (c2NW). Inset: SAED indicating WZ crystal structure
and c2ZNW growth orientation. B) TM- and TE-polarized SHG signal as a function of the
excitation polarization angle. C) Polarimetric plot of total SHG intensity (l,.,) under TM
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(black, 6,=0°) and TE (red, 6,=90°) excitation. D) TEM micrograph of a CdS triangular
nanoflake. Inset: polarimetric SHG pattern obtained from the nanoflake and fitted using
Eq. 3, showing that the strongest SHG was polarized along the horizontal axis (bottom
edge of the nanoflake). Scale bar: 2 um. E) Selected area electron diffraction (SAED) of
the CdS nanoflake, indicating the c-axis is along the bottom edge of the nanoflake. Inset
depicting the bottom-right corner of the NF. ........c.oooiiie i 104

Figure A.4 Determination of nonlinear optical coefficients and in-coupling coefficient in
wurtzite CdS nanobelts via optical SHG technique. A) TE-polarized SHG signal in a
tapered CdS NB. Inset: SEM image of the NB indicating p1 (~150 nm), p2 (~200 nm)
and p3 (=250 nm). B) In-coupling coefficient obtained as a function of NB width. ...... 106

Figure A.5 Determination of crystal structure of wurtzite and zinc blende CdTe
nanostructures using optical SHG polarimetry. A) TEM micrograph of a WZ CdTe NW
grown along c-axis. Inset: SAED pattern indicating WZ crystal structure and c-axis
growth orientation. Scale bar: 200 nm. B) SHG signal at two different excitation
polarizations (TM and TE). C) TEM micrograph of a ZB CdTe NW grown along [111].
Inset: SAED pattern indicating ZB crystal structure and [111] growth orientation. Scale
bar: 200 nm. D) and E) TM- and TE- polarized SHG as a function of excitation
polarization angle (6,,), fitted (solid lines) using Eq. S25 for TM- and Eq. S26 for TE-
polarized SHG signal. F) TEM micrograph of a ZB CdTe NB growing along [112]. Inset:
SAED pattern indicating ZB crystal structure and 112 growth orientation. Scale bar:
1500 nm. G) and H) Polarimetric SHG signal under TE (6,=90°) excitation (d), and
under TM (6,=0°) XCILALION (). .veeovvveeirieeeiiieesieeesiee e ere e e e e ra e e srae e seeeeenes 107

Figure B.1 A) Atomic model of twin boundaries (TB), upright TB (red dotted line)
formed at the interface between A" (blue shaded region) and B* (green shaded region)
and inverted twin boundary (ITB) (blue solid line) formed at the interface between A*
and B~ (orange shaded region). B) Schematic of SHG polarimetry performed on a
twinned CdTe nanostructure which is composed of domains A (or A*) and B (or BY). C)
TE-excited SHG signal from domains A* and B* of a CdTe nanobelt (d~1500 nm). ....123

Figure B.2 Different response of TE-excited second harmonic generation (SHG) from
different region of a twinned CdTe nanobelt. A) Bright field TEM micrograph of a
twinned CdTe NB. Dark field TEM micrograph (inset) exhibits a non-uniform sized
domain pattern. Scalar bar: 200 nm. B) SAED pattern confirming the twinned structure of
the nanobelt. C)-F) SHG polarization plots of TE-excited SHG signal (l,,,) from different
excitation regions 0f the CATe NB. .......ccocveiiiii i 127

Figure B.3 Properties of second harmonic generation (SHG) from a twinned CdTe
nanowire under TE excitation. A) Bright field TEM micrograph of a twinned NW (inset:
SAWD). Scale bar: 50 nm. B) TE-excited SHG signal polarized perpendicular to the
NW. C) Atomic model of polarization in domains across an inverted twin boundary
(ITB). The parallel component (along [111]) is vanishing owning to the cancelation of
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domains A" and B~ along [111]. However in the perpendicular direction, they are
constructively interfered and leading to the enhancement of perpendicular component.128

Figure B.4 Polarized SHG signal (l2,) from the annealed nanowire (e.g. points P4, P, and
P3) under TE excitation. A) Bright field TEM micrograph of twinned NW (same as
Figure 3) after heat treatment (inset: SAED). Scale bar: 100 nm. B)-D) Three distinct TE-
excited SHG polar plots in three different excitation regions (P1, P2 and Ps). ............... 130

Figure C.1 Characterization of ALD deposited TiO; film before and after annealing (a)
XPS O 1s spectra of the as-grown TiO, film. Open circles and the red line indicate the
raw data and the fitted data, respectively. Deconvoluted sub peaks which are assigned as
TiO,, OH and H,0 are shown underneath the spectra. (b) XPS O 1s spectra of annealed
TiO, film. Open circles and the red line indicate the raw data and the fitted data,
respectively. TiO, and OH peaks are assigned. (c) Contact angle measurement of as-
grown TiO, film showing a contact angle of 16.7° (d) Contact angle measurement of
annealed TiO, film showing a contact angle of 54.3°. TiO, becomes more hydrophobic
after annealing treatment in inert atmosphere. (¢) SAED pattern of TiO, film after
annealing treatment in an inert atmosphere confirming the presence of TiO, in anatase
crystal structure (Space group: 141/amd). ......cccoeeiiieiiiieeiie e 137

Figure C.2 Characterization of a lateral Pt/TiO2/Pt device before and after the
electroforming process in ambient conditions (a) Schematic of a lateral nanogap
Pt/TiO2/Pt device with Pt electrodes stacked between SiNx membrane and TiO2 film. (b)
SEM image of a nanogap Pt/TiO2/Pt device prior to TiO2 deposition. (¢) SEM image of
the Pt/TiO2/Pt device after electroforming. The electrode polarity is indicated by ‘+’
(anode) and ‘-’ (cathode). Brighter region corresponds to higher atomic number material.
(d) 1-V characteristic curves during electroforming (red filled circles) and after
electroforming (black filled circles) in Pt/TiO2/Pt device at the compliance current of 30
HA. (e) TEM image of Pt/TiO2/Pt device after forming. (f) Magnified TEM micrograph
of the conductive filament. (g) Pt O-edge EFTEM map of the nanogap region showing a
continuous Pt filament across the electrodes. (h) Nano-beam diffraction (NBD) pattern of
conductive filament (region inside the circle in Fig. 1 (f)) shows pure-Pt face-centered
(010 o] Tl o] g TSP SRSPSRSPR 139

Figure C.3 Snapshots from the movie S1 showing in situ BF-TEM observation of
electroforming process in a lateral Pt/TiO2/Pt device. (a) The virgin device before
applying bias, (b) Initiation of the conductive filament formation along with O2 bubble
formation near the anode (lighter contrast). (c) Complete filament formation (d) The
electroformed device after the electrical bias was removed. ...........cccccvvveiiieiieninennn, 140

Figure C.4 Electroforming process in a lateral Pt/SiO2/Pt device (a) I-V characteristic

curves of Pt/SiO2/Pt device during electroforming (red circles) and after electroforming
(black circles). The forming voltage is ~ 37 V with the compliance current set at 1 pA.
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(b) SEM image of the Pt gap before SiO2 deposition. (¢) SEM image after the
electroforming process showing severely disfigured electrodes due to high fields. ....... 142

Figure C.5 Characterization of Pt/SiN,/Pt nanogap device (a) SEM image of a 30 nm Pt
nanogap region on SiNx membrane with no TiO; film deposited on top of the electrodes.
(b) 1-V characteristic curve of the device for an applied bias up to 18 V (~5 MV/cm)
showing no electroforming event. The current value is two orders of magnitude below the
set compliance level. (¢) TEM image of the nanogap region after applying electrical bias
shows no Pt motion from either electrode (d) Pt-O edge EFTEM image of the nanogap
region confirming no Pt motion or filament formation in the device............cccccoevvenee. 142

Figure C.6 Atmosphere dependent electroforming process in a lateral Pt/TiO,/Pt devices
(a) 1-V characteristic curves of the device during (red circles) and post (black circles)
electroforming process in H, atmosphere. Forming voltage is ~ 13 V with the compliance
level set at 300 pA. Inset shows the current level of the same device before the
electroforming process in ambient conditions and 300 torr of H,. (b) TEM image of the
device after the electroforming process in H,. (c) Pt O-edge mapped EFTEM image of
the nanogap region shows continuous Pt filament formation. (d) SEM image of a
Pt/TiO,/Pt device prior to TiO, deposition. (e) 1-V characteristic curves of the device
under O, at 300 torr during the failed electroforming attempt (red filled circles),
successful electroforming under air (green filled circles) and subsequent LRS under air
(black circles). The device did not switch under 100 % Oz.......cccoveeiiveeiiieeniiee e, 144

Figure C.7 Schematic of the electroforming process. (a) Pt/TiO,/Pt device after annealing
and before application of electrical bias showing partially reduced TiO,.« film with Pt
atoms from both electrodes detaching into the film. (b) Creation and annihilation of
oxygen vacancies near the anode (+) and the cathode (-) respectively under an applied
bias and their subsequent motion by drift and diffusion towards the cathode. (c)
Migration of atomic Pt along with oxygen vacancies from the anode towards the cathode
under an applied bias by enhanced SMSI between Pt and partially reduced TiO,. film.
(d) Formation of a continuous Pt conductive filament once sufficient metal has detached
from the anode and migrated towards the cathode.............c..cccoveiiiiiiie i, 146

Figure C.8 Characterization of a Pt/TiO,/Pt device before and after electroforming under
high vacuum. (a) SEM image of the device prior to TiO; deposition. (b) I-V characteristic
curves during (red circles) and after (black circles) the electroforming event in the
Pt/TiO,/Pt resistive memory device. The compliance level is set at 30 pA and the forming
voltage was 12 V. The Iyrs/lirs ratio is ~130. (c) TEM image of the device after the
electroforming process showing a dendrite shaped Pt filament formed between the two
electrodes circumventing the delaminated TiO; film (red dotted circle). (d) Pt O-edge
EFTEM map of the device with the same region as (c) confirming the dendrite shaped
filament is made of Pt. (e) Ti L-edge EFTEM map of the device with the same region of
(c) showing the delaminated TiO, film between the two electrodes (darker region inside
red dOtted CIFCIE)......ocieeee e 147
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CHAPTER 1: Introduction

Adapted and reprinted in parts from:

B.Piccione, R. Agarwal, Y. Jung and R. Agarwal, “Size-dependent chemical
transformation, structural phase change, and optical properties of nanowires”,

Philosophical Magazine 93, (2013), p.2089. Reproduced with permission.

B. Zhang, Y. Jung, H.-S. Chung, L. K. Van Vugt and R. Agarwal, “Nanowire
Transformation by Size-Dependent Cation Exchange Reactions”, Nano Letters, 10,

(2010), p.149. Reproduced with permission.
1.1 One Dimensional Nanostructures

Nanowires and nanobelts, quasi-one-dimensional structures that exhibit high
anisotropy between their nanometer-scale diameters and micrometer-scale lengths, have
received significant attention in the last decade for their unique physical and chemical
properties as well as for their promise for applications in a variety of devices and
systems®. Synthesized as early as the 1960s by Wagner and Ellis?, these novel
nanostructures have since been actively researched for their potential use as active device
components such as field effect transistors®, logic devices*, microprocessors and

complete programmable circuits®, sensors®*°, nanogenerators***?, light-emitting

1314 electrically driven lasers™, solar cells'®, and lithium-ion battery anodes'’

diodes
among many notable examples. Benefits gained from high surface-to-volume ratios, as
well as electrical or optical confinement in the radial direction, are accessible due to the

long lengths of the nanowires, which allow electrical connections and interconnection to
1



be made via conventional lithographic techniques. In the cases where benefits gained
from radial confinement are unaffected by nanowire length, nascent techniques have
potential for scaling single-nanowire devices to multi-nanowire systems: microfluidic

22-24 25-27

18,19 , dielectrophoresis™ =", mechanical transfer ", and

assembly’®* electric field®**
optical tweezers”®!, for instance, have potential for aiding in precise placement within
smaller-scale systems, while techniques such as Langmuir—Blodgett®>**, branched

38,39

nanowire growth®*" or 3-D assembly®**° could eventually mature sufficiently for large-

scale deterministic system assembly.
1.2 lon-Exchange Reaction at the Nanoscale

The unique properties of nanostructured materials enable their transformation into
complex and occasionally kinetically controlled morphologies, which cannot be obtained
during their growth. Solution-phase cation-exchange reactions can transform sub-10 nm
nanocrystals and nanorods into varying compositions and superlattice structures;
however, due to their small size, ion-exchange reaction rates are extremely fast, which
limits control over the transformed products and possibilities for obtaining new
morphologies. On the other hand, ion-exchange phenomena in bulk materials are quite
slow, occur at very high temperatures, and also damage the material due to the large
stress that builds up during the course of the reaction. Recent efforts in transforming
nanowires with length scales that bridge the gap between nanocrystals and bulk materials
into kinetically controlled products using ion-exchange reactions in the gas phase are
discussed. These studies also shed new insights into how diffusion, domain growth, and

percolation occur at the nanoscale, leading to novel transformations.
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lon exchange is a useful technique for chemically transforming one material to
another, partially or completely, in order to modify its structural, chemical and physical
properties. In bulk materials, ion exchange is mainly circumscribed to the surface due to
the high activation energy required for diffusion of atoms, thus making the
transformation extremely sluggish*. However, nanostructures, owing to their high
surface-to-volume ratios, effectively reduce the kinetic barrier for diffusion®®. This
enables their fast and complete chemical transformation while undergoing ion exchange.
Researchers have displayed controllability of ion exchange both in terms of the extent of
composition and volume transformation. Moreover, nanostructures have shown not just
compositional but morphological transformation as well, which makes ion exchange at
the nanoscale an exciting method of making novel multi-component materials with
highly complex structures, morphologies, and composition modulation. In this section,
we will look at some of the notable work in the field of ion exchange in nanostructures
that promise to deliver the next generation of engineered nanomaterials and focus on our
group’s work in the area of controlled gas-phase transformation of semiconductor
nanowires. For ionic compounds, it is well known that anions form the rigid framework
of the crystal lattice, whereas the cations are relatively mobile*’. Therefore, it is
Kinetically more challenging to perform anion exchange, which often involves complete
transformation of the crystal framework as opposed to cation exchange, which is a much
simpler diffusion process. In fact, anion exchange often leads to more drastic
morphological changes than its cationic counterpart. Hence, the latter has been studied

more widely due to the ease with which it can be accomplished.



1.3 Cation-Exchange Reaction

Some of the early work in the field of cation exchange in nanostructures was
reported by Alivisatos and coworkers on the rapid (t < < 1 s) and reversible
transformation of CdS nanocrystals into Ag,Se in solution phase under ambient
conditions in a very short period*’. The extremely fast transformation was attributed to
the lowering of the Kkinetic barrier for diffusion in nanostructures. They also studied the
size-dependent  morphological transformation in  anisotropic  non-equilibrium
nanostructures such as rods. It was found that if the initial diameter of the nanostructure
is smaller than the reaction zone width, then the entire structure becomes unstable during
transformation and can equilibrate in the form of a lower surface energy morphology
such as a sphere, but if not, the initial morphology remains stable and the reaction zone
continues progressing from the surface toward the core. The same group demonstrated
superlattice formation in nanorods as a result of partial cation exchange*®. The starting
material was chosen as CdS nanorods, which on reaction with a limited source of Ag”
ions resulted in the formation of alternating segments of CdS and Ag.S. Formation of
such a superlattice was explained by limited cation exchange in the CdS nanorods that led
to small islands of Ag,S on the surface. These islands found it energetically favorable to
merge into segments through Ostwald ripening since it would reduce the surface area
between CdS and Ag,S domains. This process continued until the point that these
segments spanned the entire diameter of the rod and joining of these segments would be
kinetically unfavorable. Regular spacing of the stripe pattern was explained by elastic

repulsion between Ag,S segments due to the strain in CdS region in between. This elastic



strain was generated so that Ag.S lattice can match the basal lattice constant of CdS. This
phenomenon has been further studied with some theoretical explanation for the formation
of these superlattices and their elastic properties are predicted based on experimental and
structural data**. Diffusion-limited growth and ordering due to epitaxial strain is believed
to drive the spontaneous pattern formation. Another important work by the same group
showed how the anionic framework is conserved in ionic nanocrystals when they undergo
cation exchange®. This was proven by performing cation exchange on CdS nanorods
embedded with a CdSe nanocrystal (CdSe/CdS) to obtain a PbSe/PbS product via a
Cu,Se/Cus,S structure. During this two-step exchange process, the size and the position of
the selenide nanocrystal within the nanorod was preserved. Alivisatos and co-workers
also looked at synthesis of nanocrystal heterostructures as a result of selective cation
exchange on different facets of the parent nanocrystal*. Experimental and theoretical
models of cation exchange by Cu on different crystallographic facets of CdS nanorods
were studied. They observed and justified, based on interfacial energy arguments, how

Cu,S segments were formed on the ends of the CdS nanorods.

Jeong and coworkers transformed Ag,Te nanowires into CdTe (also ZnTe and
PbTe) nanowires and then into PtTe, nanotubes through cation exchange in solution
phase®’. In this work, they showed how solubility products (Ksp) of ionic solids can be
used to predict whether transformation is thermodynamically favorable or not. Ideally, an
ionic solid with a relatively high K, value will undergo cation exchange to form another
ionic solid with relatively low Kgp. The solubility product itself can be adjusted as a

function of temperature, presence of common ions, and also the size of the ionic solid.



The change in morphology was explained by the volume transformation that takes place
during cation exchange: if the volume change in the material is large, then it can lead to
stress accumulation, which relieves itself leading to morphological changes. For example,
severe axial stress in a nanowire can cause it to fracture into smaller nanorods, and radial
stress can cause migration of material from or toward the surface. Formation of PtTe,
nanotubes was also explained by a large volume change on cation exchange in CdTe
nanowires, which causes stress accumulation that forces Te to be driven out from the
core, leading to a hollow one-dimensional nanostructure. Jeong and coworkers also
synthesized uniform CdSe nanowires from Ag,Se nanowires in the solution phase

Such48,49

that both the morphology and the single crystallinity of the parent phase were
preserved*®*®. Ma and colleagues synthesized trigonal Se nanowires from amorphous Se
nanoparticles and transformed them into Ag,Se and CdSe nanowires through cation

exchange™.
1.4 Anion-Exchange Reaction

Even though energetically and structurally challenging, several successful
attempts have been reported to obtain anion exchange in nanostructures. Kénenkamp and
coworkers converted columnar ZnO films into ZnS-coated ZnO nanocolumns (aspect
ratio ~ 10) in the vapor phase by reaction with H,S at 400 °C°. The core of the column
was etched away by H,SO,, leaving behind ZnS nanotubes. Kénenkamp and coworkers
further extended their work by substituting zinc with copper in the solution phase to yield
CuyS nanotubular structures®. Similar work was done to create PbS/PbSe® and

CdS/CdSe core—shell nanostructures in the solution phase. Metal hydroxides have been

6



used by numerous researchers to obtain metal chalcogenides by employing an anion
exchange reaction. Shim and coworkers®® used Cd(OH), nanowire bundles as a starting
template to synthesize CdSe nanotubes in the solution phase, and the resulting tubular
morphology was a result of the Kirkendall effect due to faster outward diffusion of Cd in
comparison with inward diffusion of Se>®. Another novel work is the spatial confinement
of anion exchange reaction in a single-walled carbon nanotube (SWCNT)®"; metal
halide/SWCNT core—shell system was synthesized via impregnation of SWCNTs with
low-melting cadmium iodide. Subsequently, anion exchange was carried out by
sulfidation in molten sulfur to obtain CAS/SWCNT core—shell structure. This experiment
was extended to other systems to yield similar MX/SWCNT core—shell morphologies (M

= Cd, Zn, Pb; X=S, Se, Te).
1.5 Vapor Phase lon-Exchange Reaction

Most of the ion-exchange work has focused on transformations in the solution
phase of nanocrystals in the sub-10 nm size scale, where the transformations occur very
rapidly. It would be interesting to extend ion-exchange work for larger systems (10-100
nm) and in the gas phase to make it more compatible with a wide range of nanomaterials
grown using gas-phase techniques. Park and coworkers have attempted cation exchange
on nanowires by chemical vapor transport; in their earlier work, they converted CdS
nanobelts into ZnS nanobelts by Zn vapor (evaporated Zn metal) transport at 800 °C>%.
They also showed that the reverse reaction cannot be achieved completely even at higher
temperatures pointing out the thermodynamic stability of one phase over the other. In

another similar work, they transformed ZnTe nanowires into CdTe nanowires through an

7



intermediate ZnCdTe-CdTe core—shell nanowire structure®®. The extent of transformation
was controlled by the reaction time, which dictated how deeply the CdTe growth front

would penetrate inside the wire.

<10 ms pulse

30 ms pulse ’

Cd Zn, S alloy nanowire Zn-Cd Zn, S nanotube-
Extent of cation- alloy superlattice

exchange reaction
50 ms pulse & annealing

> 1s pulse 7al § :
= n

100 ms pulise

Intensity (a. u.)

2 4 6 8 10
Energy (keV)

Zn nanowire

Zns nanotube

Figure 1.1 Schematic showing the overview of nanowire transformations precisely
controlled by cation-exchange reactions. Initial CdS nanowires are transformed into
various morphologies as the extent of cation exchange reactions are controlled by the
amount (ms pulse) of DMZn delivery in the gas phase. Reprinted with permission from
reference 60.

The first successful attempt at a precisely controlled composition and morphology
in nanostructures via cation exchange in the gas phase was reported by Zhang and
coworkers in our group®. Starting from CdS nanowires, they were able to obtain
compositionally tunable CdyZnu.S nanowires, Znwpe—CdxZnuxS superlattices, ZnS
nanotubes, ZnS nanowires, and pure Zn nanowires as a function of increasing Zn

precursor dimethyl Zn, (DMZn) inside an atomic layer deposition furnace (Figure 1.1).
8



They also observed size-dependent variation in transformation in nanowires performed
under different reaction temperatures. It was observed that at elevated temperatures (220
°C), thin nanowires (<25 nm) completely transformed into ZnS nanowires, slightly
thicker ones (30-90 nm) formed CdyxZn@x)S nanowires (‘x’ decreases as a function of
decreasing nanowire diameter) and the thickest ones only displayed cation exchange 25—
30 nm from the surface, whereas the core remained intact. Nanowires that were less than
10 nm in size could undergo complete transformation even at temperatures as low as 50
°C. They measured the decrease in the activation energies of the exchange reactions with
decreasing nanowire diameters, which is a sum of diffusion and exchange reaction
energies. This provided a concrete proof of how cation exchange is a much faster
phenomenon in nanostructures as compared to bulk mainly due to the dramatic decrease

in diffusion activation energies.

To study the morphological transformations obtained upon increasing amount of
Zn precursor, nanowires of a tight distribution range (~50 nm) were chosen and reactions
were carried out at 350 °C. The results and proposed mechanisms were as follows. As
shown in Figure 1.2, on introducing a small amount of DMZn, CdxZnu-»\S nanowires
were formed as a result of partial cation exchange with the morphology intact due to very
little strain in the system. On increasing the DMZn, Znwwe—CdyxZn1-S superlattices were
formed as a result of segregation between Zn-rich and CdyZn1xS segments. On further
increasing DMZn concentration and subsequent annealing, ZnS nanotubes were formed.
This result was explained by a complete radial stress from ZnS shell formation, which

pushes unbound Cd and S toward the core—shell interface where they are trapped. Upon



annealing, these materials eventually escaped, leaving behind a ZnS nanotube. Upon a

further increase in DMZn concentration, complete cation exchange occurred and ZnS

(C) ..‘\-‘:éd ) — ————
- Zn
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_—

L 90 120 « 8 10
Distance (nm) Energy (keV)

Intensity (a. u.)

Figure 1.2 (a) High-resolution TEM (HRTEM) of an intermediate sized CdS nanowire
(70 nm) transformed to a single-crystalline ZnxCd1-xS with x0.7 structure (top inset) and
the corresponding EDS line scans along the radial direction (bottom inset). (b) TEM
image of nanowire super-lattices showing alternating segments of solid and tubular
regions. HRTEM images obtained from the solid region (red) shows single-crystalline
structure (inset: corresponding fast Fourier transform (FFT)) while the nanotube region
(blue) is a mixture of polycrystalline and amorphous regions. (c) EDS line spectrum
shows that the solid region (top, and red box in panel (b) are alloyed ZnyCd-%S with
x~0.35 and the tubular regions (bottom, and blue box in panel (b) are highly Zn-rich with
negligible Cd and S. (d) TEM image of a ZnS nanotube formed by annealing the
core/shell-like nanowires. Inset shows a zoomed-in image of the body of the nanotube.
(e) HRTEM image and the corresponding FFT of the region enclosed by the red box in
panel (d). (f) Point-scan EDS spectrum obtained from the body of the nanotube clearly
showing that it is ZnS. (g) TEM image of a ZnS nanowire completely transformed from a
50 nm CdS nanowire obtained with a 100 ms DMZn pulse. Top inset: HRTEM image
and the corresponding FFT showing the single-crystalline structure of the transformed
nanowire. Bottom inset: EDS line-scan spectrum from the same nanowire showing that it
is stoichiometric ZnS with no Cd. (h) TEM of Zn nanowires obtained with als DMZn
pulse with the corresponding EDS line scans superimposed showing almost no Cd or S.
Inset: HRTEM of the Zn nanowire showing the roughened surface with polycrystalline
and amorphous grains. Reprinted with permission from reference 60.
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nanowires were formed. Higher concentrations caused severe diffusion and system
instability, resulting in the formation of pure polycrystalline zinc nanowires by rapid

outward diffusion of cadmium and sulfur.

Accomplishments in the field of nanostructure ion exchange have provided us
with novel materials exhibiting very promising electrical, thermal, and optical properties.
The study of the underlying science of ion exchange promises to open new frontiers in
the field of nanomaterial synthesis. Cation exchange is now a well-studied field, and even
though anion exchange has not been probed into as much as it deserves, it will be
interesting to see how the chemical and structural evolution occurs at the nanoscale when
the structural pillars (anions) in an ionic solid are replaced. The underlying science is still
being probed carefully and promises to open new frontiers in the field of nanomaterial

synthesis.

1.6 Crystal Structure and Lattice Parameter of Relevant Materials
1.6.1 Wurtzite Crystal Structure

Several compounds, including those of II-VI and 11I-V semiconductors,
crystallize in wurtzite crystal structure where each atom of one type is in tetrahedral
coordination with atoms of the other type (Figure 1.3). A wurtzite crystal can be obtained
by stacking close packed two dimensional alternating layers of atoms in the sequence A a
BbAaBb... where ‘A’ and ‘B’ denote different stacking sequence of one type of an
atom and ‘a’ and ‘b’ denote different stacking sequence of the other type of an atom.

Waurtzite has a hexagonal unit cell with the long axis perpendicular to the close packed
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plane referred to as the c-axis and the other two axis in plane of the close packed plane as
a and b respectively. The most common planar defects in wurtzite materials are stacking
faults, a local anomaly in the stacking sequence of close packed planes which leads to
formation of a small region of zincblende crystal structure. Some common examples are

CdS, CdSe, ZnO and GaAs.

Table 1.1 Lattice constants of relevant 11-VI semiconductors in wurtzite phase.

Compound Lattice constant a (A) Lattice constant ¢ (A)
CdS 4.135 6.75
CdSe 4.3 7.02
CdTe 455 7.45

Figure 1.3 Waurtzite crystal structure (Space group: P6smc) of a binary compound viewed
along a-axis. Each atom is in tetrahedral coordination with atoms of the other species.
The stacking sequence of any one atomic species is of the type AB AB A B.
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1.6.2 Zincblende Crystal Structure

Several compounds, including those of 11-VI and I1I-V semiconductors, also
crystallize in zincblende phase where each atom of one type is in tetrahedral coordination
with atoms of the other type (Figure 1.4). A zincblende crystal can be obtained by
stacking close packed two dimensional alternating layers of atoms in the sequence A a B
b Cec... where ‘A’, ‘B’ and ‘C’ denote different stacking sequence of one type of an atom
and ‘a’, ‘b’ and ‘¢’ denote different stacking sequence of the other type of an atom.
Zincblende has a cubic unit cell. The most common planar defects in zincblende
materials are stacking faults, a local anomaly in the stacking sequence of close packed
planes leading to formation of wurtzite crystal structure and twin boundaries which act as

a mirror plane. Some common examples are CdTe, ZnS, ZnTe and GaSh.

Table 1.2 Lattice constants of relevant I11-VI semiconductors in zincblende phase.

Compound Lattice constant a (A)
CdS 5.81
CdSe 6.08
CdTe 6.48

Figure 1.4 Zincblende crystal structure (Space group: F43m) of a binary compound
viewed along <110>. Each atom is in tetrahedral coordination with atoms of the other
species. The stacking sequence of any one atomic species is of thetype ABCABCAB
C.
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1.6.3 Rocksalt Crystal Structure

Several compounds, especially I-VII and IV-VI materials, crystallize in rocksalt
phase where each atom of one type is in octahedral coordination with atoms of the other
type (Figure 1.5). A rocksalt crystal can be obtained by stacking close packed two
dimensional alternating layers of atoms in the sequence A ¢ Ba Cb... where ‘A’, ‘B’ and
‘C’ denote different stacking sequence of one type of an atom and ‘a’, ‘b’ and ‘c’ denote
different stacking sequence of the other type of an atom. Rocksalt has a cubic unit cell.
The most common planar defects in rocksalt materials are stacking faults, a local
anomaly in the stacking sequence of close packed planes leading to formation of trigonal
prismatic structure and twin boundaries which act as a mirror plane. Some common

examples are NaCl, CdO, PbTe and PbSe.

Figure 1.5 Rocksalt crystal structure (Space group: Fm3m) of a binary compound
viewed along <110>. Each atom is in octahedral coordination with atoms of the other
species. The stacking sequence of any one atomic species is of the type ABCABC.

Table 1.3 Lattice constants of relevant compounds in rocksalt phase.

Compound Lattice constant a (A)
PbSe 6.13
PbTe 6.48
BiTe 6.48
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1.7 Thesis Outline

This document mainly consists of our efforts in the direction of engineering next-
generation nanomaterials through chemical and morphological transformations. Chapter
2 explains high temperature vapor phase anion exchange reaction in II-VI
semiconducting nanostructures exploring the chemical and structural transformation at
the nanoscale as the structural pillars (anions) of a material are systematically and
completely replaced. The products of chemical transformation are characterized by TEM
based microscopy and Raman and photoluminescence spectroscopy techniques.
Mechanism of the observed chemical transformation is described in detail and the idea of
‘atomic templating’ is discussed as a novel route of synthesizing metastable phases of
well-known compounds while retaining the morphology and crystal structure of the
parent compound even upon complete chemical transformation. This understanding is
utilized to engineer metastable phases such as zincblende CdS and CdSe with controlled

defect distribution.

Chapter 3 explores high temperature vapor phase reactivity of [I-VI
semiconducting nanostructures with elements of dissimilar periodic groups (IV A and V
A) resulting in cation exchange leading to formation of a variety of products ranging
from chemical and structural heterostructures to completely transformed products. The
concept of ‘atomic templating’ is once again observed to be central to the chemical and
structural transformation in spite of change in bonding nature (ionic to covalent) and
coordination (tetrahedral to octahedral) and the results are explained in this framework.

Zincblende CdTe is reacted with Pb and Bi leading to formation of rocksalt PbTe and
15



metastable rocksalt BiTe with twin boundaries retained from parent CdTe, a strong
signature of atomic templating. More interestingly, wurtzite CdSe, upon reaction with Pb,
is transformed into rocksalt PbSe via hexagonal PbSe phase. The transformation
mechanism is explained and the role of atomic templating is clearly underlined. With the
help of first principles calculations using density functional theory, relative stability of
obtained phases is calculated along with predicted physical properties aimed at specific

applications.

Chapter 4 looks at chemical transformation in a covalent compound, GeTe, by
replacing the chalcogenide species (Te) with Se in high temperature vapor phase reaction
leading to formation of a metastable layered 1V-VI semiconductor, GeSe, while
preserving the morphology and close packed plane orientation of the parent compound.
Chapter 5 discusses morphological transformation in wurtzite CdS nanobelts into
periodically branched nanostructures upon heating in reactive atmospheres. The
underlying mechanism is uncovered by performing similar experiments in environmental
TEM at Brookhaven national lab and observing the morphological transformation in real
time. A series of control experiments are devised to understand the role of crystal
structured based anisotropy in the transformation mechanism and the results are

discussed in detail.

Chapter 6 explores possibilities of future work in the area of chemical
transformation in nanostructures with specific applications in mind. Replacement of
group Il B elements in I1-VI semiconductors with group Il A elements such as Indium

may lead to many interesting possibilities since these elements can exist in both
16



octahedral and tetrahedral coordination. Also, chemical reactivity of highly popular and
useful transition metal dichalcogenides such as MoS; and WSe, can open newer avenues
in the field of materials engineering. Besides the work on chemical and morphological
transformation in nanostructures, a large fraction of my effort at Penn was concentrated
on developing a new characterization technique, optical second harmonic generation
polarimetry, in studying crystallography and defect distribution in non-centrosymmetric
nanostructures in collaboration with Dr. Ming-Liang Ren, a postdoc in our group. It is
used to distinguish between wurtzite and zinc blende crystal structures in 11-VI
semiconducting compounds, to ascertain their growth orientation with respect to the close
packed plane normal and to detect presence of twin boundaries while differentiating
between upright and inverted twin boundaries in single-crystalline nanostructures. The
results are verified by TEM. The technique and results are discussed in detail in

Appendices A and B of this thesis.

Finally, Appendix C discusses our work in the field of resistive memory devices
which was another area of research during my tenure at Penn. In collaboration with Dr.
Moon Hyung Jang, a postdoc in our group, we developed an indirect method of tracking
oxygen vacancy dynamics in Pt/TiO,/Pt resistive memory during the electroforming
process eventually leading to formation of a conductive oxygen-vacancy filament. The
oxygen vacancies were tracked via Pt migration owing to strong metal-support
interaction between Pt metal and reduced TiO, in region with high oxygen vacancy
concentration thereby providing a concrete proof of a widely believed electroforming
mechanism. The experiments consist of in-situ TEM and atmosphere dependent
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switching coupled with ex-situ TEM observations. The mechanism of electroforming is

explained in detail.
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CHAPTER 2: Atomic Templating via Anion Exchange in 11-VI Semiconducting
Nanostructures

Adapted and reprinted in parts from:

R. Agarwal, N. M. Krook, M.-L. Ren, L.Z. Tan, W. Liu, A. M. Rappe and R. Agarwal,
“Atomic Templating via Anion Exchange in II-VI Semiconducting Nanostructures”

Under preparation for submission.

2.1 Synthesis and Characterization of 11-VI Semiconducting Nanostructures

All nanostructures involved in various experiments throughout this thesis were
synthesized via the Vapor-Liquid-Solid (VLS) mechanism in a chemical vapor deposition
(CVD) system at elevated temperatures under an inert gas flow. The specific details of

the growth and characterization of concerned nanostructures are mentioned below.

2.1.1 Synthesis of CdS Nanostructures

CdS nanowires and nanobelts were synthesized in a quartz tube furnace using
evaporation of 99.995% pure CdS powder (Sigma-Aldrich). 5 mg of CdS powder was
placed in a quartz boat in the middle of the tube, and Si substrates covered by a 8 nm
thick Au layer using e-beam evaporation were placed 15 cm downstream (referenced to
the middle of the tube). The tube was evacuated to 20 mTorr and argon carrier gas was
introduced at a flow of 15 SCCM to reach a stable pressure of 5 Torr. The tube was
rapidly heated to 760 °C and maintained there for 120 minutes after which the furnace

was cooled by a forced airflow.
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2.1.2 Synthesis of CdSe Nanostructures

CdSe nanowires and nanobelts were synthesized in a quartz tube furnace using
evaporation of 99.995% pure CdSe powder (Sigma-Aldrich). 5 mg of CdSe powder was
placed in a quartz boat in the middle of the tube, and Si substrates covered by a 8 nm
thick Au layer using e-beam evaporation were placed 15 cm downstream (referenced to
the middle of the tube). The tube was evacuated to 20 mTorr and argon carrier gas was
introduced at a flow of 15 SCCM to reach a stable pressure of 5 Torr. The tube was
rapidly heated to 850 °C and maintained there for 120 minutes after which the furnace

was cooled by a forced airflow.

2.1.3 Synthesis of CdTe Nanostructures

CdTe nanowires and nanobelts were synthesized in a quartz tube furnace using
evaporation of 99.995% pure CdTe powder (Sigma-Aldrich). 5 mg of CdTe powder was
placed in a quartz boat in the middle of the tube, and Si substrates covered by a 8 nm
thick Au layer using e-beam evaporation were placed 15 cm downstream (referenced to
the middle of the tube). The tube was evacuated to 20 mTorr and argon carrier gas was
introduced at a flow of 15 SCCM to reach a stable pressure of 5 Torr. The tube was
rapidly heated to 750 °C and maintained there for 120 minutes after which the furnace

was cooled by a forced airflow.

23



2.1.4 Characterization of Nanostructures

As-grown nanostructures were dry-transferred to a TEM compatible platform
(lacey carbon on copper support or SiNy membrane on Si support) and analyzed for
structure via selected area electron diffraction (SAED) and high-resolution TEM imaging
and for chemical composition via energy dispersive X-ray spectroscopy (EDS) on the
JEOL 2010F TEM. CdS and CdSe nanostructures always grow in the form of wires and
belts in the wurtzite crystal structure (Figure 2.1) whereas CdTe nanowires and nanobelts
mostly grow in the zincblende crystal structure, often with twin boundaries along the
closed packed plane of the crystal structure ({111} twin boundaries) as shown in Figure

2.2 and Figure 2.3. However, CdTe nanostructures may also grow in the wurtzite crystal

structure and sometimes as heterostructure of zincblende/wurtzite.

Figure 2.1 A) TEM micrograph of a CdS NW grown along the c-axis confirmed by the
selected area electron diffraction (SAED) pattern (top inset) and high resolution TEM
image (bottom inset). B) TEM micrograph of CdS NW. Inset: SAED pattern of the NW
indicating WZ crystal structure and cL.NW growth orientation.
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Figure 2.2 A) TEM micrograph of an as-grown CdTe nanowire growing along [111]
with periodic twin boundaries running across the diameter throughout the length. B)
HRTEM micrograph of the same nanowire showing phase contrast across twin
boundaries in separate domains. Inset: SAED pattern of the same nanowire.

Figure 2.3 A) DF-TEM micrograph of an as-grown CdTe nanobelt growing along [112]
with twin boundaries running along the length of the belt. B) SAED pattern of the same
nanobelt confirming ZB crystal structure with twin boundaries present. Inset: BF-TEM
micrograph of the nanobelt.
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2.2 Introduction

lon-exchange, defined as chemical substitution of one ionic species in a material
with another, has been utilized as an effective route for chemical transformation of
nanostructures to design novel materials with unique physical, chemical and structural
properties and to understand the distinctive transformation mechanism at the nanoscale™
3 However, most of the work has focused on cation exchange in sub-10 nm crystals in
solution phase thereby limiting its scope in understanding chemical transformations in
intermediate length scale nanostructures (>100 nm) such as nanowires (NWSs) and
nanobelts (NBs), which find extensive applications owing to the ease of growth,
manipulation and device fabrication. We previously reported cation exchange in CdS
NWs with Zn via high temperature vapor phase reaction thus enabling Kinetically
controlled and size dependent chemical transformation products ranging from alloyed
NWs to metal-semiconductor heterostructures which highlights the importance of
chemical transformation in nanostructures for the synthesis of novel materials™.

Moreover, there is limited emphasis on anion exchange®>#

owing to anionic species
forming the rigid crystal framework and possessing sluggish diffusivity thus rendering
the reaction structurally and energetically challenging to achieve?. In this chapter, we
present anion exchange in I1-VI semiconducting nanostructures via high temperature
vapor phase reaction while retaining the atomic template of the parent compound in the
form of its crystal structure, defect distribution and morphology thus permitting us to
engineer well-known semiconductor compounds in kinetically controlled phases which

are difficult to obtain otherwise. 11-VI semiconductor nanostructures were selected as the

model system since the nature of bonding is predominantly ionic in these materials?® and
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they have been extensively studied in the last two decades for interesting physical

properties thereby finding applications in a variety of fields?*%.

2.3 Anion Exchange in CdS with Se

To explore the potential of anion exchange in chemical transformation of
nanostructures and to study the accompanying evolution in crystal structure and physical
properties, single-crystalline wurtzite (WZ) CdS nanostructures were synthesized via the
vapor-liquid-solid (VLS) method in a tube furnace set-up?’ and anion exchange was
performed on as-grown CdS nanostructures with Se. As-grown CdS nanostructures were
dry transferred to a Si TEM grid with an electron beam transparent 50 nm thick SiNy
window at the center and the grid was placed on the downstream side of the furnace such
that the reaction temperature was uniform throughout. 5 mg of the precursor (Se) in
powdered form (Sigma-Aldrich) was loaded at the center of the furnace in a quartz tube
and the furnace was pumped down to 20 mTorr (Figure 2.4). After flushing several times
with Ar, the system was stabilized under a continuous flow of 15 SCCM and 5 Torr of
Ar. The reaction temperature varied for different experiments but the reaction time was

fixed at 1 hour after which the furnace was opened and left to cool until it reached room

temperature.
Heating Colls
Precursor
TEM grid with Vapor e Argon«
nanostructures - Powder gas -
Heating Coils

Figure 2.4 Schematic of the experimental set-up for anion exchange in a tube furnace.
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The experimental conditions were optimized after extensive trials involving
variation of precursor type, quantity, reaction temperature and time and it was established
that reaction time and temperature were the two most important factors which determined
the final product. Overheating for delayed periods caused excessive sublimation and
underheating for short durations lead to negligible chemical transformation. Anion
exchange reaction at 600 °C for one hour leads to complete chemical transformation of
CdS into CdSe while retaining the single-crystalline WZ structure, morphology and
growth orientation of the parent nanostructure (Figure 2.5 A-D). The results were
reproduced for a wide range of sizes and morphologies of WZ CdS ranging from sub-100
nm NWs to 500 nm wide NBs. Raman spectroscopy, performed on a confocal micro-
Raman system equipped with a 532 nm continuous-wave laser at room temperature and
pressure, of a completely transformed CdSe nanostructure shows that longitudinal optical
(LO) phonon peaks corresponding to pure CdSe”® were present while those
corresponding to pure CdS*® or CdS,Se: alloy®* were absent confirming presence of
only Cd-Se bonds in the product (Figure 2.5 E). Photoluminescence (PL) spectroscopy,
carried out on individual nanostructures using a home-built optical set-up with a
continuous-wave argon ion laser at 458 nm, of a completely transformed CdSe NW
indicates band edge emission corresponding to pure CdSe* (~716 nm) (Figure 2.5 F)
confirming that the physical properties, such as the band gap of the anion exchanged
material, matched WZ CdSe. Achieving complete chemical transformation in such large
nanostructures via anion exchange while retaining the structural integrity of the parent

material has been challenging thus far and this is one important result in the field. It is
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interesting to note that while the anions, structural pillars of the lattice, were being

replaced; the cations remained frozen in their position thereby retaining the single-

crystalline structure of the parent compound.
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Intensity (a.u.)
_ Intensity (a.u.)

Absent 1LO

Raman Shift (cm”)

Figure 2.5 Characterization of nanostructures after undergoing complete anion
exchange from WZ CdS into WZ CdSe. A) BF-STEM micrograph and EDS map scan
of a chemically transformed CdSe NW showing uniform anion exchange in starting
CdS. B) BF-TEM micrograph of the same NW confirming morphological integrity
along the entire length after anion exchange. Upper Left Inset: SAED pattern
corresponding to single-crystalline pure WZ CdSe NW grown along c-axis. Bottom
Right Inset: EDS point scan of the NW confirming complete chemical transformation
from CdS to CdSe with no residual S. C) BF-TEM micrograph of a NB after undergoing
complete chemical transformation. Upper Right Inset: SAED pattern corresponding to
single-crystalline WZ CdSe NB grown at an angle to c-axis. Bottom Right Inset: EDS
point scan of the NB confirming complete chemical transformation from CdS to CdSe.
D) BF-STEM micrograph and EDS map of the same CdSe NB showing uniform
chemical transformation. E) Raman spectrum of a completely transformed CdSe
nanostructure showing LO phonon peaks corresponding to only Cd-Se bond. F) PL
spectrum of a completely transformed CdSe nanostructure showing band edge emission
corresponding to pure CdSe.
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2.4 Anion Exchange in CdTe with Se

Motivated by lattice framework preserving anion exchange mechanism in WZ CdS, the
concept was extended to other phases of I1-VI semiconductors in order to obtain
metastable crystal structures which are not possible to obtain during conventional growth
processes such as VLS mechanism. CdTe and CdSe are thermodynamically stable in
zincblende (ZB) crystal structure whereas CdS is stable in WZ crystal structure under
room temperature and pressure®* **. In spite of thermodynamic stability of ZB CdSe at
room temperature and pressure, it typically grows in WZ phase through most bottom-up
synthesis techniques® %, Numerous efforts have focused on synthesizing CdSe and CdS
in zincblende (ZB) crystal structure to study novel semiconducting properties®®™.
However, it has met with limited success, mostly in small nanocrystals (<10 nm), and is
yet to be reproduced in larger nanostructures such as NWs and NBs. Considering the
lattice framework preserving nature of the anion exchange mechanism discussed before,
it was expected that complete chemical transformation in ZB CdTe nanostructures by
introducing Se/S will produce ZB CdSe/CdS. As-grown CdTe nanostructures,
synthesized via VLS mechanism®, often possess planar growth defects such as twin
boundaries (TBs) owing to low stacking fault energy of the material*® (Figure 2.2 and
2.3). CdTe NW with periodic TBs was chosen (Figure 2.6 A) for anion exchange reaction
with Se (450 °C) and the same nanostructure was characterized both before and after the
anion exchange reaction through a TEM comparative study to understand the evolution of
crystal structure and defect distribution as a function of chemical transformation. The
resulting NW, retained the single-crystalline ZB crystal structure, the <111> growth

direction and periodic TBs of the parent material (Figure 2.6 B) upon undergoing
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complete chemical transformation into CdSe, confirmed by energy dispersive X-ray
spectroscopy (EDS) point scan (Figure 2.6 C). Raman and PL spectroscopy also confirm
the complete chemical transformation by displaying LO phonon and band-edge emission

47,48

PL peaks corresponding to pure CdSe (Figure 2.6 D-E). This result is universal for all

ZB CdTe nanostructures, NW and NBs, with and without TBs.
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Figure 2.6 Characterization of NW after complete anion exchange from ZB CdTe
into ZB CdSe. A) Dark-field TEM image of a periodically twinned CdTe NW before
anion exchange. Upper Left Inset: SAED pattern confirming the ZB crystal structure,
twinning and <111> growth axis. Bottom Right Inset: Bright-field TEM micrograph of
the same NW. B) Dark-field TEM micrograph of the same NW after complete anion
exchange into CdSe. Inset: SAED pattern confirming retention of the ZB crystal structure,
twinning and <111> growth axis with lattice parameters matching pure ZB CdSe. C) EDS
point scan of the above NW confirming complete chemical transformation into CdSe. D)
Raman spectrum confirming complete chemical transformation. E) PL spectrum
displaying band edge emission corresponding to pure CdSe.
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2.5 Anion Exchange in CdTe with S

A B
600
’.?500
3
o
~400
>
=
2 300
7]
3
E 200
100 Cu
0 L L
0 1 2 3 4 5 6 7 8 9 10
Energy (keV)
350000 T 1.00 T T : T T
D 410 E 505 nm PureCdS
300000 |- 0.83
Cds
250000 |- CdTe phonon — 067
;-‘ peak missing s
@ 200000 - K 8 os0
z z
= 150000 [ 0 033
4 c
o 2
-
© 100000 - £ o017
50000 0.00
0 ! -0.17
0 500 4 1000 420 440 460 480 500 520 540
Raman Shift (cm™) Wavelength (nm)

Figure 2.7 Characterization of NB after undergoing complete anion exchange from
ZB CdTe into ZB CdS. A) Bright-field TEM micrograph of a NB after undergoing
complete chemical transformation. Inset: SAED pattern of the NB confirming retention
of ZB crystal structure, twinning and <112> growth axis. B) EDS map scan of the NB
showing uniform chemical transformation into CdS. C) EDS point scan of the NB
confirming complete chemical transformation. D) Raman spectrum displaying LO
phonon peaks corresponding only to Cd-S bond thereby confirming complete chemical

transformation. E) PL spectrum displaying band edge emission corresponding to pure
CdS.

On performing anion exchange under similar experimental conditions on CdTe
nanostructures with S, complete chemical transformation into single-crystalline ZB CdS
was observed while retaining the TBs and <112> growth direction of the parent NB
(Figure 2.7). As discussed before, retention of the parent crystal structure upon chemical

transformation was expected, but the retention of planar defects such as twin boundaries
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reaffirms the lattice preserving nature of the anion exchange reaction. This is an
important result since it highlights the role of anion exchange based chemical
transformation in phase engineering of metastable structures which are challenging to
obtain otherwise with the additional ability to retain defect distribution of the parent
material which promises very interesting physical properties in applications ranging from

nanoscale photocatalysis to thermoelectricity*® *°.

2.6 Kinetically Controlled Anion Exchange Reaction

To further understand the mechanism behind this lattice framework preserving
chemical transformation, a series of control experiments were designed to study anion
exchange in WZ CdS model system by introducing Se. This model system was chosen
since the forward reaction (CdS converting into CdSe) is thermodynamically unfavorable
and therefore can be kinetically controlled®. Anion exchange was performed by lowering
the reaction temperature thereby decelerating the transformation kinetics while
maintaining all other experimental conditions constant to observe step by step structural
and chemical evolution. Upon performing anion exchange at 300 °C in a ~200 nm
diameter WZ CdS NW, we observed that the NW possesses a rough morphology with
periodic protrusions on the surface (Figure 2.8 A). Selected area electron diffraction
(SAED) pattern reveals single-crystalline WZ structure with split diffraction spots
corresponding to pure CdS and CdSe (Figure 2.8 A inset). EDS line scan along the radial
direction indicates that the NW possesses a compositional gradient, with Se rich phase on
the surface and S rich phase towards the core indicating incomplete anion exchange
reaction (Figure 2.8 B). However, upon performing anion exchange at 450 °C on another
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~200 nm diameter WZ CdS NW, we observe comparatively smoother surface
morphology and uniform lattice parameter (indiscernible diffraction spot splitting)
throughout the material (Figure 2.8 C). EDS line scan along the radial direction indicates
a compositional gradient however the penetration depth of Se towards the core is higher

than the NW obtained via anion exchange reaction performed at 300 °C (Figure 2.8 D).
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Figure 2.8 Characterization of nanostructures after undergoing partial anion
exchange from CdS to CdS,Se;x. A) Bright-field TEM micrograph of CdS,Se;x NW
after anion exchange at 300 °C. Inset: SAED pattern of the NW confirming single-
crystalline WZ structure with split and elongated spots (red circles). B) EDS line scan
of the same NW confirming the core-shell morphology of the alloyed NW (along the
dotted line in A). C) Bright-field TEM micrograph of CdS«Se;.x NW after anion
exchange at 450 °C. Inset: SAED pattern of the NW confirming single-crystalline WZ
structure of CdS,Seix. D) EDS line scan of the same NW confirming the core-shell
morphology of the alloyed NW (taken along the dotted line in C). E) Raman spectrum
of an alloyed CdS«Se;.x NW showing LO phonon peaks corresponding to both Cd-S

and Cd-Se bonds.
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Raman spectroscopy of the NW indicates LO phonon peaks corresponding to Cd-S and
Cd-Se bond in a CdS,Se1 type alloy besides a sum frequency peak ( ~480 cm™) (Figure
2.8 E) that corresponds to a two mode behavior alloy of the type CdS,Sei,>'. Such
control experiments underline the importance of temperature dependent diffusion and
reaction Kinetics in driving the anion exchange reaction forward. Also, controlled
chemical transformation via anion exchange in large nanostructures to produce
compositionally gradient materials is a promising technique to engineer novel materials

which may offer very interesting physical properties (Figure 2.9).
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Figure 2.9 PL spectrum of a partially anion exchanged CdS,Se;.x NW displaying band
edge emission corresponding to regions with different stoichiometry (x) ranging from
pure CdS (505 nm) to highly red shifted peak at 642 nm corresponding to CdSxSe; ..

2.7 Anion Exchange Reaction Mechanism

Based on the results obtained from partial and complete chemical transformation
in WZ CdS with Se, we propose the following hypothesis for the observed anion
exchange reaction. The reaction temperature influences the flux of the reactant species

(Se vapor) that the sample experiences, the driving force for the anion exchange to
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proceed forward and the diffusivity of atoms in the nanostructure, all of which determine
the chemical composition of the final product. At a particular reaction temperature, CdS
nanostructures (Figure 2.10 A) will be exposed to a constant flux of Se vapor which will
react and replace S* through anion exchange in CdS on the surface, thereby creating
domains of Se rich CdSxSe;« alloy and the excess vapor will condense as amorphous
selenium (a-Se) on top creating protrusions (Figure 2.10 B). Se can also occupy S
vacancies in CdS. Even though transformation of CdS into CdSe is thermodynamically
unfavorable, excess Se source and high temperature provide sufficient kinetic drive for
the forward reaction. Also, since the carrier gas is capable of instantaneously transporting
away rejected S vapor, which is a byproduct of the forward anion exchange reaction, the
system acts as an efficient sink for S. This helps in pushing the reaction forward and not
letting the reverse anion exchange reaction (CdSe transforming into CdS) take place at
all. The initial CdS,Se;x domain spacing and size will be directly proportional to the
incoming Se vapor flux which is dictated by the reaction temperature. Domain growth of
CdS,Sey will involve outward diffusion of Se” to the S rich regions while fresh Se® is
introduced into the system through constant anion exchange (Figure 2.10 C). Also,
surface diffusion, which is faster than bulk diffusion®®, will lead to preferential chemical
transformation at the surface before the core of the nanostructure thereby creating core-
shell type morphology instead of an axial heterostructure (Figure 2.10 D). Since the
source of Se vapor can be assumed to be infinite with respect to the limited nanostructure
volume available, the anion exchange reaction and CdS,Se;x domain growth will

continue until heating is stopped (Figure 2.10 E). Therefore, at the lowest reaction
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temperature (300 °C), pure CdS at the core is preserved and is surrounded by a shell of
CdSxSe1x alloy which explains the diffraction spot splitting in SAED pattern (Figure 2.8
A inset). The rough surface morphology is owing to Cd?** diffusing from nearby regions
into the accumulated amorphous Se protrusions, thus creating Se rich CdS,Se;.x in the
outermost shell. At an intermediate reaction temperature (450 °C), the entire
nanostructure transforms into CdS,Se; alloy with a radial composition gradient which
allows the system to relax close to an intermediate lattice parameter between pure CdS
and CdSe. The surface roughness is relatively lower since Se condensation rate will be
smaller at higher temperatures and the deposited amorphous Se will be consumed at a
faster rate through anion exchange. At the highest reaction temperature (600 °C), the
reaction front proceeds inwards all the way to the core, completely transforming CdS into
CdSe and the observed surface roughness, which is the least out of all the three reactions,
can be explained by negligible a-Se deposition on the surface. Another important factor
responsible for surface roughness is lattice expansion by ~ 4.5% as CdS converts into
CdSe. Since the fully transformed nanostructures show no signature of any residual
sulfur, it is believed to diffuse outwards to the surface and sublimate. At reaction
temperatures below 300 °C, no anion exchange is observed for similar reaction duration
since there is not enough kinetic drive to push forward both the chemical substitution
reaction and atomic diffusion. At reaction temperatures higher than 600 °C, the
nanostructures sublimate possibly owing to very fast chemical substitution reaction
thereby causing large scale bond breaking and thereby destabilizing the anion lattice

framework. The above hypothesis establishes the utility of vapor phase anion exchange
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reactions in chemically transforming large nanostructures to fully transformed or
compositionally graded nanomaterials while preserving the lattice framework of the

parent material which allows synthesis of metastable phases of materials at the nanoscale

A) B)
) D
~_

while preserving defect density of the parent material.

cds - Se - CdSe CdSSe, - Cd

Figure 2.10 A) Starting CdS nanostructure with smooth surfaces and well defined
morphology. B) Condensation of the anion precursor vapor (Se) on the surface of the
nanostructure and beginning of anion exchange with surface ions (S%). C) Domain
formation of CdS,Seix alloy spreading through surface and bulk anion exchange.
Inset: Zoomed up schematic of surface diffusion process of various chemical species.
D) Complete transformation of the surface into CdSe and the anion exchange reaction
progressing towards the core. E) The reaction stops after either the precursor is
exhausted or the system is cooled down.

2.8 Conclusion

We have developed anion exchange as a novel chemical transformation route to
synthesize well-known compounds in thermodynamically less stable crystal phases with
precise defect distribution which is retained from the parent nanostructure (Figure 2.11).

Besides, this work answers fundamental questions in the field of controlled chemical
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reactions at the nanoscale while preserving the structural integrity of the material in spite
of substituting anions which are considered structural pillar in a crystal framework. This
method, which we like to call “atomic templating”, is a promising tool that can hopefully
be extended beyond I1-VI semiconductors to engineer exotic materials at the nanoscale

for a variety of applications.
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Figure 2.11 Schematic representation of atomic templating where allotropes (WZ and
ZB) of a compound (CdSe) can be produced by performing anion exchange in starting
compounds with different crystal structures (WZ CdS versus ZB CdTe).
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CHAPTER 3: Cation Exchange in 11-VI Semiconducting Nanostructures

Adapted and reprinted in parts from:

R. Agarwal, Y. Kim, S. Liu, L.Z. Tan, W. Liu, A. M. Rappe and R. Agarwal, “Atomic
Templating Based Chemical Transformation in 11-VI Semiconducting Nanostructures”

Under preparation for submission.

3.1 Introduction
Chalcogenide compounds, in bulk and especially at the nanoscale, find diverse
applications in a variety of fields owing to their unique physical properties and bonding

characteristics!™2.

Therefore, there exists a tremendous scope of exploring unique
chalcogenide based chemical compositions in different crystal structures which may
further enhance their unique physical properties. Chemical transformation in
nanostructures is a promising route of creating such novel systems which are challenging

to synthesize otherwise'*?®

. In chapter 2, we discussed lattice framework and defect
distribution preserving anion exchange reaction in I11-VI semiconductors via atomic
templating which enabled synthesis of metastable phases of well-known compounds such
as zincblende (ZB) CdS and CdSe (Chapter 2). In this chapter, we extend the concept of
atomic templating by exchanging the cationic species in II-VI semiconducting
nanomaterials with elements from dissimilar groups such as IV A and V A of the periodic
table that possess different bonding characteristics as compared to elements of group 11 B.
ZB CdTe and wurtzite (WZ) CdSe, compounds with different crystal structures, were

chosen as the starting material owing to the ease with which Cd** cationic species can be

replaced'®?®. As a function of reaction temperature, we observe varied degrees of cation
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exchange leading to formation of unique chemical and crystallographic heterostructures
and completely transformed products. The structural and chemical transformation
mechanism has been explained through observations via TEM based characterization
techniques. The physical properties and relative chemical stability of the intermediate and
final products of cation exchange reactions are obtained by first-principles calculations
performed with density functional theory (DFT) and are utilized to predict possible

applications of these unique materials.

3.2 Cation Exchange in Zincblende CdTe with Pb

To gauge the reactivity of 11-VI compounds with elements from dissimilar groups
of the periodic table, ZB CdTe nanostructures, a cubic close-packed compound, were
exposed to Pb (group IV A) vapor in a chemical vapor deposition (CVD) set-up at
elevated temperatures. Cd and Te atoms are present in tetrahedral coordination with ionic
nature of bonding in ZB CdTe whereas Pb and Te atoms usually exist in octahedral
coordination with covalent nature of bonding in the Pb-Te compounds. Therefore,
reaction between CdTe and Pb could theoretically yield products ranging from layered
PbTe, to rocksalt (RS) PbTe. At 475 °C, the reaction between ZB CdTe nanostructures
and Pb resulted in a CdTe-PbTe heterostructure while the selected area electron
diffraction (SAED) pattern indicated single-crystalline cubic close-packed crystal
structure (Figure 3.1 A-B). On increasing the reaction temperature to 500 °C, ZB CdTe
nanostructures completely transformed into single crystalline cubic close-packed PbTe
(Figure 3.1 C-D). To inspect whether the transformed product, a cubic close-packed

structure, was present in ZB or RS configuration, optical second harmonic generation
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(SHG) technique was utilized® (see Appendix A). ZB compounds, which are non-
centrosymmetric, produce SHG signal whereas RS compounds which possess a
crystallographic inversion center, do not produce SHG signal. PbTe nanostructures
obtained via chemical transformation failed to produce SHG signal and therefore it was

confirmed that the compound was present in RS configuration.

The observed chemical transformation can be understood as follows. At lower
temperatures, only partial cation exchange is accomplished owing to slower reaction
kinetics and sluggish diffusion leading to formation of chemical heterostructures where
as complete cation exchange is accomplished at higher temperatures®. It is important to
note that CdTe-PbTe heterostructures are formed along the <111> direction since the
lowest interfacial energy between the two phases exist along the close packed {111}
planes®. Since both ZB and RS crystal structure have identical anionic framework (close-
packed layers in ABCABC... stacking as seen in Figure 3.1 E and 3.1 G), there is no
driving force for anions to be displaced during cation exchange. Therefore, chemical
transformation from ZB CdTe to RS PbTe only involves replacement of Cd atoms in
tetrahedral coordination with Pb atoms in octahedral coordination while Te atoms remain
stationary. Another proof of the anionic framework preserving nature of this cation
exchange reaction is the retention of planar defects from ZB CdTe, namely {111} twin
boundaries (TBs), into resulting PbTe nanostructures (Figure 3.1 A and 3.1 C). Besides
providing crucial information about the structural transformation mechanism, TBs in
PbTe offer interesting physical properties for thermoelectric application. PbTe is a small

band-gap semiconductor with relatively low thermal conductivity and is therefore a good
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Figure 3.1 Characterization of nanostructures after undergoing partial and
complete chemical transformation from ZB CdTe to RS PbTe. A) Bright field TEM
micrograph of a ZB CdTe-RS PbTe heterostructure obtained from partial chemical
transformation of ZB CdTe NB by introducing Pb at 475 °C. Inset: SAED pattern
indicating single crystalline close-packed cubic structure (ZB/RS) while retaining TBs
from parent ZB CdTe in the CdTe-PbTe heterostructure. B) EDS line scan across the NB
shown in A (along the red dotted line in inset) confirming presence of CdTe-PbTe
heterostructure. C) Bright field TEM micrograph of a RS PbTe NW obtained from
complete chemical transformation of ZB CdTe NW by introducing Pb at 500 °C. Inset:
SAED pattern indicating single crystalline close-packed cubic structure (ZB/RS) while
retaining periodic TBs from parent ZB CdTe. D) EDS point scan of the NW shown in C
confirming complete chemical transformation from CdTe into PbTe. E) Atomic model of
ZB CdTe viewed along <110>. Orange atoms correspond to Cd whereas yellow atoms
correspond to Te. Both Cd and Te are present in tetrahedral coordination. F) Reaction of
ZB CdTe with Pb leading to replacement of Cd in tetrahedral coordination (orange
atoms) with Pb in octahedral coordination (green atoms) while Te remains stationary
(yellow atoms). G) Further introduction of Pb leads to complete chemical transformation
of ZB CdTe into RS PbTe.

candidate as a thermoelectric material*?. Planar defects such as TBs act as efficient
phonon scattering centers which further reduce thermal conductivity of the material®".
Besides, first-principles calculations using DFT predict that PbTe in the TB region is
metallic (Figure 3.2) and therefore can provide channels with high electrical conductivity

thereby increasing the electrical conductivity of the entire material. Therefore, PbTe
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nanostructures with TBs, as obtained in our experiments, can prove to be highly efficient

thermoelectric materials with higher figure of merit than ordinary PbTe nanostructures.
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Figure 3.2 Crystal and band structure of PbTe near twin boundary. A) Rocksalt
PbTe with {111} twin boundary depicted by green dashed line. B) Band structure of
rocksalt PbTe in the vicinity of the twin boundary. Fermi level (zero energy red line)
intersects with the valence and the conduction band at different points in k-space
thereby giving the material a metallic character.

3.3 Cation Exchange in Zincblende CdTe with Bi

To further explore the reactivity of 11-VI compounds with elements from other groups in
the periodic table besides Il B?® and IV A, ZB CdTe nanostructures were exposed to Bi
(group V A) vapor in a chemical vapor deposition (CVD) set-up at elevated temperatures.
Upon reacting ZB CdTe nanostructures with Bi at 525 °C, complete chemical
transformation into BiTe was achieved while retaining the single crystallinity, close-
packed crystal structure and defect distribution of the parent CdTe (Figure 3.3). Since the
resulting products did not produce optical SHG signal, the crystal structure was
determined to be RS instead of ZB and therefore it was concluded that the transformed

products were RS BiTe, a metastable compound that has been rarely studied in the past*2.
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The most common compound of bismuth and tellurium is the layered compound Bi,Tes
where Bi and Te atoms exist in octahedral coordination and the nature of bonding is
predominantly covalent. However, unlike ZB and RS configuration, Te atoms in Bi,Te;

follow ABC x BCA x CAB stacking (where ‘x’ denotes van der Waal’s layer) and
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Figure 3.3 Characterization of nanostructures after undergoing complete chemical
transformation from ZB CdTe to RS BiTe. A) Bright field TEM micrograph of an as-
grown ZB CdTe NW with periodic {111} TBs along the growth direction <111>. Inset:
SAED pattern confirming presence of twin boundaries in ZB CdTe NW. B) Bright field
TEM micrograph of RS BiTe NW obtained from complete chemical transformation of
ZB CdTe NW shown in A by introducing Bi at 525 °C. Inset: SAED pattern indicating
single crystalline close-packed cubic structure (ZB/RS) while retaining periodic TBs
from parent ZB CdTe NW. C) EDS point scan of the NW shown in B confirming
complete chemical transformation from CdTe into BiTe. D) Bright field TEM
micrograph of an as-grown ZB CdTe NB with {111} TBs perpendicular to the growth
direction <112>. Inset: SAED pattern confirming presence of twin boundaries in ZB
CdTe NB. E) Bright field TEM micrograph of RS BiTe NB obtained from complete
chemical transformation of ZB CdTe NB shown in D by introducing Bi at 525 °C. Inset:
SAED pattern indicating single crystalline close-packed cubic structure (ZB/RS) while
retaining periodic TBs from parent ZB CdTe NB. F) EDS point scan of the NB shown in
E confirming complete chemical transformation from CdTe into BiTe.
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therefore transformation of CdTe into Bi,;Tes would require large scale atomic motion of
the anions. Even though theoretical calculations using DFT indicate greater chemical
stability of Bi,Te; as compared to RS BiTe, the reaction favors the compound which
requires least atomic rearrangement and can easily accommodate the heavy influx of Bi
atoms. We have calculated the cohesive energy of BiTe in a RS geometry and Bi,Tez in a
rhombohedral structure, defined by AE¢ = (Eangm — N Ea — m Eg)/(n+m). The cohesive
energies of BiTe and Bi,Te; are -2.54 eV and -4.17 eV at room temperature and pressure,
suggesting BiTe in a RS phase is meta-stable. The concept of atomic templating was once

again utilized to obtain a metastable nanostructure by
2
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Figure 3.4 Band structure of BiTe in a RS geometry. The Fermi energy is set to zero
(green dashed line).

Kinetically freezing the motion of anionic lattice framework while replacing the cationic
species thereby resulting in a compound which is very challenging to obtain otherwise®.
First-principles calculations predict that RS BiTe will be an n-type degenerately doped
metal with the fermi level present in the conduction band (Figure 3.4). However,
presence of TBs, which were retained from parent CdTe, might make this material
interesting for a number of applications ranging from thermoelectrics to phase change

memory materials®*.
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3.3 Cation Exchange in Wurtzite CdSe with Pb

Thus far, ZB CdTe was chosen as the starting compound which exists in cubic
close-packed structure and therefore could be easily transformed into RS crystal structure
upon chemical transformation. However, it would be interesting to observe how a
hexagonal close-packed I1-VI semiconductor such as WZ CdSe will chemically and
structurally transform under similar reaction conditions. Therefore, WZ CdSe
nanostructures were reacted with Pb vapor in a chemical vapor deposition (CVD) set-up
over a range of temperatures and the products were analyzed for chemical composition
and structure via TEM based techniques. Similar to ZB CdTe, Cd and Se atoms in WZ
CdSe are present in tetrahedral coordination with ionic bonding whereas Pb and Se are
present in octahedral coordination with covalent bonding in the only known line
compound, RS PbSe. At 450 °C, reaction between WZ CdSe nanowire (NW) and Pb
vapor resulted in a CdyPb;.«Se alloy and the SAED pattern indicated a mixture of
hexagonal WZ and cubic close packed phases such that the close packed plane of both
crystal structures remained parallel (Figure 3.5 A-B). Presence of cubic close packed
phase indicated the initiation of RS PbSe formation. Upon reacting the same alloyed NW
at 475 °C with Pb vapor, it was completely transformed into a PbSe compound with no
residual Cd, but structurally, the NW consisted of alternating domains of hexagonal and
cubic close packed phases while maintaining the parallel close packed planes of the two
crystal structures (Figure 3.5 C-E). On further increasing the reaction temperature to 500
°C, the NW remained chemically stable but structurally transformed into a uniform cubic

close packed phase similar to RS PbSe. Even though the final product of chemical
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transformation is the expected RS PbSe phase, the intermediate hexagonal PbSe

compound is intriguing and deserves greater attention. Also, it is important to note that
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Figure 3.5 Characterization of a single NW at different stages of chemical
transformation from WZ CdSe to RS PbSe via hex-PbSe phase. A) Bright field TEM
micrograph of a CdyPb;.,Se NW obtained by reacting WZ CdSe NW with Pb at 450 °C.
Inset: SAED pattern indicating superimposed WZ and cubic close-packed crystal
structure such that the closed packed planes are parallel to each other in both structures.
B) EDS point scan of the NW shown in A indicating incorporation of Pb in CdSe NB. C)
Bright field TEM micrograph of RS PbSe- hex-PbSe heterostructure obtained by reacting
the NW shown in A with Pb at 475 °C. Upper left inset: SAED pattern of the lighter
contrast NW region (red circle) indicating hexagonal crystal structure (hex-PbSe).
Bottom right inset: SAED pattern of the darker contrast NW region (orange circle)
indicating cubic closed packed crystal structure (PbSe). D) HRTEM micrograph of NW
shown in C at the domain boundary confirming the lighter region corresponds to
hexagonal structure where as darker region corresponds to cubic closed packed structure.
E) EDS point scan of the NW shown in C confirming complete chemical transformation
into PbSe with no residual Cd. F) Bright field TEM micrograph of RS PbSe NW obtained
by reacting the NW shown in C with Pb at 500 °C. SAED pattern of the lighter contrast
NW region (red circle) in the upper left inset and bottom right inset SAED pattern of the
darker contrast NW region (orange circle) in the bottom right inset both indicating cubic
closed packed crystal structure (PbSe).
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RS PbSe has a different anionic stacking sequence (ABCABCABC...) as
compared to the starting WZ CdSe (ABABAB...) and therefore it becomes important to
understand this transformation mechanism which requires in-plane atomic rearrangement
over several layers. Besides, RS PbSe-hexagonal PbSe heterostructures at the nanoscale
may resist heat flow better than pure RS PbSe nanostructures owing to enhanced phonon
scattering from the interface between the two phases. Also, DFT calculations suggest that
hexagonal PbSe will behave as a metal (Figure 3.6) thereby enhancing the electrical
conductivity of the heterostructure making it a very good candidate for thermoelectric

applications.
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Figure 3.6 Band structure of PbSe in hexagonal geometry. The Fermi energy is set to
zero (green dashed line).

To understand the transformation pathway between WZ CdSe and RS PbSe via
the unique intermediate hexagonal PbSe phase, a large WZ CdSe nanobelt (NB) was

chosen for the reaction with Pb. At 450 °C, the NB transformed into CdxPb;«Se alloy and
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the SAED pattern indicated a mixture of hexagonal WZ and cubic close packed phases

such that the close packed plane of both crystal structures remained parallel (Figure 3.7

A-B) similar to Figure 3.5 A-B. On increasing the reaction temperature to 475 °C, the
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Figure 3.7 Characterization of a single NB at different stages of chemical
transformation from WZ CdSe to RS PbSe via hexagonal PbSe phase. A) Bright field
TEM micrograph of a CdxPb;xSe NB obtained by reacting WZ CdSe NB with Pb at 450
°C. Inset: SAED pattern indicating superimposed WZ and cubic close-packed crystal
structure such that the closed packed planes of both are parallel. B) EDS point scan of the
NW shown in A indicating incorporation of Pb in CdSe NW. C) Bright field TEM
micrograph of WZ CdSe-PbSe heterostructure obtained by reacting the NB shown in A
with Pb at 475 °C. Inset: SAED pattern of the NB indicating superimposed WZ and cubic
close-packed crystal structure such that the closed packed planes of both are parallel. D)
EDS line scan across the NB shown in C (along the red dotted line in the inset)
confirming the presence of CdSe-PbSe heterostructure. E) Bright field TEM micrograph
of PbSe NB obtained by reacting the NB shown in C with Pb at 500 °C. Inset: SAED
pattern of the NB indicating superimposed WZ and cubic close-packed crystal structure
such that the closed packed planes of both are parallel. F) EDS line scan across the NB
shown in E (along the red dotted line in the inset) confirming complete transformation
into PbSe with no residual Cd.
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same alloyed NB transformed into a chemical heterostructure with alternating domains of
Cd rich and Pb rich selenide while the crystal structure remained similar as before in both
domains (Figure 3.7 C-D). On further increasing the reaction temperature to 500 °C, the
alloyed NB completely chemically transformed into spatially homogenous PbSe
compound while the crystal structure remained same as before (Figure 3.7 E-F). Any
further increase in reaction temperature led to sublimation of the NB and no structural or
chemical transformation was observed. This inability of large nanostructures to fully
transform from WZ to RS crystal structure revealed important information regarding the
transformation mechanism while establishing the capability of chemical transformation in

nanostructures to obtain unique phases of materials such as CdSe-PbSe heterostructure.

3.4 Mechanism of Rocksalt PbSe Formation from Wurtzite CdSe

The hypothesis explaining the observed transformation between WZ CdSe and RS PbSe
via the intermediate hexagonal PbSe phase is as follows. Upon reacting WZ CdSe with
Pb at elevated temperatures, Pb atoms will displace Cd atoms from their tetrahedral
position (Figure 3.8 A) while themselves occupying the preferred octahedral position
(Figure 3.8 B). Se atoms which are bonded to both Pb and Cd atoms will be highly
strained owing to different coordination numbers of the two elements and therefore it will
be energetically favorable for the Pb rich and the Cd rich domains to segregate until all
Cd is replaced by Pb. Complete replacement of Cd by Pb will lead to formation of a
hexagonal allotrope of RS PbSe (Figure 3.8 C) which can be visualized as RS PbSe with
every Se layer acting as a TB (red dotted line in Figure 3.8 C). In the hexagonal PbSe
phase, Se close packed layers continue to exist in WZ like ABABAB stacking, whereas
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Pb close packed layers occupy C position throughout thereby creating an identical
diffraction pattern as WZ CdSe. Formation of hexagonal PbSe with alternating TBs
highlights the role of atomic templating of the anionic species in dictating the crystal

structure of chemically transformed products. However, based on DFT calculations
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Figure 3.8 Schematic illustrating the transformation mechanism of WZ CdSe into
RS PbSe via hexagonal PbSe,. A) Atomic model of WZ CdSe viewed along a-axis.
Orange atoms correspond to Cd whereas yellow atoms correspond to Se. Both Cd and
Se are present in tetrahedral coordination. B) Reaction of WZ CdSe with Pb leading to
replacement of Cd in tetrahedral coordination (orange atoms) with Pb in octahedral
coordination (green atoms) while Te remains stationary (yellow atoms). Incomplete
replacement of Cd with Pb leads to formation of CdSe-PbSe heterostructure. C) Further
introduction of Pb leads to complete chemical transformation of WZ CdSe into hex-
PbSe (RS PbSe with {111} twin boundaries). D) Further introduction of Pb leading to
growth of Pb rich domains finally causing twin boundaries to heal through creation and
migration of partial dislocations. E) The entire system converting to RS PbSe upon

further dislocation motion thereby relaxing all the twin boundaries in the system.
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which predict that hexagonal PbSe is metastable as compared to RS PbSe, the hexagonal
PbSe phase will eventually transform into RS PbSe. We have calculated the cohesive
energy of PbSe in a hexagonal geometry and RS PbSe, defined by AE¢; = (Eangm — N Ea —
m Eg)/(n+m). The cohesive energies of hexagonal PbSe and RS PbSe are -3.0777 eV and
-3.1913 eV, respectively at the reaction temperature (500 °C), suggesting PbSe in a
hexagonal phase is meta-stable. This transformation, which will involve change in
stacking sequence of Se and Pb close packed layers from hexagonal close packed to cubic

close packed configuration, will most likely proceed through motion and separation of
Shockley partial dislocations with Burgers vector b = %< 112 > ¥% (Figure 3.8 D).

Change in stacking sequence of one atomic layer will directly influence the nearest
neighbor layer thereby catalyzing its transformation leading to an overall change from
hexagonal to cubic close packed system (Figure 3.8 E). In smaller nanostructures such as
NWs (Figure 3.5), especially when the close packed layers are < 100 nm, partial
dislocations can be created, separated and annihilated at the surface thereby changing the
atomic stacking sequence with relative ease. However, this process is much more
challenging in larger nanostructures such as NBs where the close packed layers are much
larger in size (> 1 um) and partial dislocations are incapable of changing the stacking
sequence of the entire close packed layer since it would involve two partial dislocations
separated from each other over large distances (Figure 3.7). From bright field TEM
micrographs (Figure 3.7 A,C and E) and dark field TEM micrographs (Figure 3.9), line
contrasts (corresponding to stacking fault contrasts), which originate and terminate inside

the NB, along the closed packed planes can be observed which support the partial
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dislocation mediated stacking sequence transformation mechanism. This transformation
mechanism explains our observations while highlighting the role of atomic templating in
directing the chemical and structural transformation in nanostructures and dictating the
final transformed product which may be controlled by varying the experimental
parameters such as size of the parent material and reaction temperature. The above
discussed transformation mechanism is similar to the observed transformation in I1-VI
compounds from WZ to RS phase upon application of pressure, a mechanical stimulus
that leads to atomic rearrangement®*®’. However, in our case, we are able to achieve such

a transformation through a chemical and thermal stimulus where atomic substitution is

the driving force for the observed phase transformation.

Figure 3.9 A) DFTEM micrograph of CdSe-PbSe heterostructure NB (corresponding
to Figure 3.7 C) obtained by selecting (1100) diffraction spot of the hexagonal structure.
Line contrasts correspond to domain boundaries between Cd rich and Pb rich selenide
regions and stacking faults separating hexagonal and rocksalt PbSe phase. B) DFTEM
micrograph of PbSe NB (corresponding to Figure 3.7 E) obtained by selecting (1100)
diffraction spot of the hexagonal phase. Line contrasts correspond to stacking faults
separating hexagonal and rocksalt PbSe phase.
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3.5 Stacking Faults in CdS Nanobelts upon In-Situ TEM Heating

To inspect the Shockley partial dislocation dynamics in a WZ II-VI
semiconducting nanostructure, we heated a WZ CdS NB inside TEM to 500 °C (to mimic
the temperature of the reaction conditions) and observed the structural transformation in
real-time. Along with sublimation at the NB edges, Figure 3.10 (snapshots from a movie)
indicates line contrasts originating and moving perpendicular to c-axis (along the close
packed plane) leaving behind a trail which we interpret as a stacking fault. The forward
moving tip of this line contrast is the leading partial dislocation where as the other tip,
trying to catch up with the forward tip, is the trailing partial dislocation. These
dislocations are observed to originate inside the NB and glide towards the surface (Figure
3.10 C) where they leave behind a step. The line contrast left behind is then cleaned up
by the trailing dislocation following the leading dislocation towards the surface. The
stacking fault is nothing but a monolayer of WZ material transformed into ZB structure
thereby changing the atomic stacking from A B A B A B typeto AB C A B C type
which is also the stacking sequence for RS crystal structure. This experiment establishes
the possibility of partial dislocation mediated transformation from hexagonal to RS phase
observed in our chemical transformation experiments between WZ CdSe and RS PbSe.
Also, it can be clearly seen that for the stacking fault to remain stable, which can be
interpreted in our experiment as the stability of the RS phase, partial dislocations have to
be separated from each other and desirably, annihilated at opposite facets such that there

is no possibility of stacking fault healing.

59



Figure 3.10 A) CdS NB with long axis perpendicular to c-axis showing sublimation at
the edges and beginning of formation of line contrasts towards the center of the material.
Inset: SAED pattern of the NB confirming the WZ crystal structure and growth
orientation. B) Elongation of line contrasts by separation between leading and trailing
partial dislocations. C) Partial dislocations migrating along the close packed plane
towards the surface and eventually annihilating there leaving behind a step.

3.6 Conclusion

In conclusion, we have demonstrated the ability of controlled chemical
transformations, by using 11-VI semiconducting nanostructures as a model system, in
engineering novel phases of materials ranging from pure compounds to chemical and
crystallographic heterostructures with the capacity to control the defect distribution. More
importantly, the underlying mechanism of such transformations have been explained
which opens up newer avenues for nanostructure engineering. Also, the ability to
substitute elements from dissimilar groups of the periodic table increases our capacity to
engineer materials with desired composition and crystal structure for targeted

applications.
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CHAPTER 4: Chemical Transformation in Covalent Compounds

Adapted and reprinted in parts from:

R. Agarwal and R. Agarwal, “Chemical Transformation in Covalent Compounds” Under

preparation for submission.

4.1 Introduction

Thus far, chemical transformation in ionic compounds of I1-VI semiconductors
has been studied where an ionic species, either the anion or the cation, was substituted by
another element. It would be interesting to explore the chemical reactivity of compounds
where the bonding is predominantly covalent in nature. Therefore, germanium telluride
(GeTe), a IV-VI compound semiconductor, was chosen to study chemical transformation
on reaction with selenium (Se), another chalcogenide material. Besides, the covalent
nature of bonding in GeTe, it is also known to possess 8-10% structural Ge vacancies®
which makes it an ideal material for any diffusion based chemical reaction study. It was
observed that GeTe was completely transformed into single crystalline GeSe,, a layered
direct band-gap semiconductor compound?, at appropriate reaction conditions. In this
chapter, we discuss the reaction conditions, results and possible transformation

mechanisms.

4.2 Synthesis and Characterization of GeTe Nanowires

GeTe nanowires were synthesized in a quartz tube furnace using evaporation of
99.995% pure GeTe powder® (Sigma-Aldrich). 5 mg of GeTe powder was placed in a
quartz boat in the middle of the tube, and Si substrates covered by a 8 nm thick Au layer

using e-beam evaporation were placed 15 cm downstream (referenced to the middle of
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the tube). The tube was evacuated to 20 mTorr and argon carrier gas was introduced at a
flow of 15 SCCM to reach a stable pressure of 5 Torr. The tube was rapidly heated to 720
°C and maintained there for 60 minutes after which the furnace was cooled by a forced
airflow. GeTe nanowires, which at room temperature possess a rhombohedral crystal
structure (Space group: R3m, a = 5.98 A, a = 88.35°) that can be imagined as a slightly
distorted rocksalt structure, generally grow along <110> axis such that the zone-axis is
<111> (Figure 4.1 A). Every Ge and Te atom is in an octahedral coordination (Six nearest
neighbors) in a perfect rocksalt crystal structure. However, because of Peirels’ distortion,
each atom is off-centered from its ideal rocksalt position, thereby possessing three short

and three long bonds instead of six uniform length chemical bonds*3(Figure 4.1 B).
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Figure 4.1 A) TEM micrograph of as-grown GeTe NW growing along <110> with
zone-axis along <111> confirmed by SAED pattern (Inset). B) Crystal structure of GeTe
closed packed planes stacked along <111> (red arrow) and viewed along <110> depicting
short (thick white) and long (thin gray) bonds.

4.3 Chemical Reaction of GeTe with Se
As-grown GeTe NWs were transferred onto a TEM compatible SiN,/Si grid and
were placed in an experimental set-up similar to the one described in Chapters 2 and 3.

After one hour of reaction at 350 °C with Se, the chemically transformed NWs were

64



characterized for structure and composition via TEM. The starting GeTe NWs were
completely transformed into a Ge-Se compound (Figure 4.2) while still preserving the
morphology and single-crystallinity of the parent nanostructure. However, the crystal
structure of the chemically transformed compound was drastically different from parent
GeTe and matched closest with GeSe, (Space group: P2i/c, a = 7.02 A, b = 16.8 A, c =
11.8 A, a = y = 90°,6=90.65°) which is a layered monoclinic crystal that is a direct band-

gap semiconductor with a band-edge emission in the green light region (Eq = 2.54 eV)**.
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Figure 4.2 A) TEM micrograph of chemically transformed GeSe, nanowire such that
the zone-axis is along c-direction and the long axis is at an angle of 60° with respect to
the b-direction. B) EDS point scan of the completely chemically transformed NW in A
confirming no residual Te. C) Raman spectrum of the same NW matching the spectrum
of pure GeSe, confirming that the transformed product is indeed GeSe,.

4.4 Chemical Transformation Mechanism in GeTe to form GeSe;

To fully understand the transformation mechanism of single-crystalline GeTe into
single crystalline, layered GeSe,, we need to first understand the crystal structure of
GeSe,. The compound consists of layers of GeSe, tetrahedra stacked along the c-
direction. Each layer consists of GeSe, tetrahedra connected to each other either at the
vertices or the edges thereby forming a continuous network in the plane perpendicular to

the c-axis (Figure 4.3). Even though the concept of close packed planes does not exist in
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this type of a monoclinic crystal structure, it can be seen that pseudo-close packed atomic
layers of Ge and Se are stacked in the c-direction. We believe that on introducing Se in
GeTe at elevated temperatures, Se atoms diffuse through Ge vacancies and react with Ge
atoms to replace Te and form Ge-Se bond. Since our reaction conditions introduce an

excess of Se as compared to the given Ge atoms in relatively small nanostructures, the

c-axis

b-axis

Figure 4.3 Crystal structure of a unit cell of GeSe; viewed along the a-axis. Every unit
cell consists of two layers of GeSe, tetrahedra connected to each other by corners and
edges as can be seen in the structure.

forward reaction forces the formation of GeSe, instead of orthorhombic-GeSe, even
though the latter is structurally more similar to rhombohedral GeTe. Orthorhombic GeSe
could very well be the intermediate phase during the chemical transformation from GeTe
into GeSe; but we did not observe any such phase during our experiments including low
temperature reactions. Therefore, we conclude that an excess of Se in the vicinity of Ge
forces it to obtain a tetrahedral coordination with Se while slightly readjusting its atomic

position locally to yield GeSe,. Since the material remains single-crystalline even upon
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complete chemical transformation, a large scale atomic diffusion of Ge is out of question
and therefore Ge atoms act as a pseudo template such that even upon change in the
crystal structure, single crystallinity of the nanostructure remains intact. Also, since Ge
has only three short and strong versus the three long and weak bonds with Te, it is easier
for Se to form bonds with Ge while replacing Te and thereby giving it enough room to
readjust into a tetrahedral configuration. In a GeTe nanowire growing along <110> and
zone-axis as <111>, there are two more <110> in the plane of the nanostructure. Upon
chemical transformation of GeTe into GeSe,, the c-axis continues to be aligned along the
previous <111> zone-axis as observed in our results (Figure 4.2 B). The b-axis however
aligns along the <110> of the previous structure, however it has three different <110> to
choose from in the plane of the nanostructure. That choice is made by considering the
least energy consuming transformation which corresponds to <110> direction not along
the NW’s long axis since atomic rearrangement in that direction would face severe
repulsion from the NW’s volume. On the other hand, choosing a <110> at 60° to the long
axis, which is relatively smaller volume to atomically readjust over, is a more
energetically favorable more and hence observed in our results (Figure 4.2 B). Also, for
every unit cell of GeTe, conversion into GeSe, would require almost no expansion in the
c-plane (close packed plane of GeTe) since the atomic densities remain almost the same
before and after conversion (pgere = 15.3 A%/atom and pgesez = 15.68 A%/atom). Most of
the expansion in readjusting the unit cell size will happen in the c-direction which is not

as energetically challenging since the NW dimension in that direction is the minimum
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(diameter). Expansion in c-direction (zone-axis) cannot be inferred from the TEM and

AFM type experiments will be more conducive to deduce such dimensional changes.

4.5 Conclusion

Through this work, we have displayed the capability of producing novel
nanostructures by performing chemical transformation in covalently bonded compounds
besides ionic materials thereby further expanding the opportunities that exist in materials
engineering. We also highlight the role of atomic vacancies as an important pathway for
chemical transformation to occur in large nanostructures. Unlike all of our previous work,
there is no strict atomic template that is followed in this chemical transformation,
however the host atoms (Ge) do retain their local arrangement so as to produce a single-
crystalline material even upon such a dramatic change in crystal structure thereby
retaining the morphology of the nanostructure as well. This work can lead to synthesis of
more such interesting materials the properties of which might be exciting for a range of

applications.
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CHAPTER 5: Morphological Transformations in 11-VI Semiconducting Nanobelts

Adapted and reprinted in parts from:

R. Agarwal, D. N. Zakharov, N. M. Krook, W. Liu, J. Berger, E. A. Stach and R.
Agarwal, “Real-time Observation of Morphological Transformations in [1I-VI
Semiconducting Nanobelts via Environmental Transmission Electron Microscopy” Nano

Letters 5, (2015), p.3303. Reproduced with permission.

5.1 Introduction

Semiconducting nanostructures of varied morphologies have been widely studied
for their useful physical properties leading to numerous potential applications ranging
from electronics, photonics, energy conversion and storage to sensors* ™. To realize their
full potential, it is desirable to develop techniques that can also transform them into
tunable and precisely controlled crystal structures and morphologies, which cannot be
obtained during growth, and to understand the exact physical mechanisms behind such

transformationst*?!

. We report transformation of single-crystalline wurtzite (W2Z)
cadmium sulfide (CdS) and cadmium telluride (CdTe) nanobelts (NBs) into a
periodically branched single-crystalline NB upon heating. To understand the atomistic
details of the branching mechanism, we studied the phenomenon in real-time in an
environmental transmission electron microscope (ETEM) with high spatial resolution
under different environmental conditions. The mechanism of branching is observed to be
due to surface reconstruction of high-energy surfaces and environment-dependent

anisotropic chemical etching of certain crystal surfaces. These studies, in addition to

providing atomic level insights about the structural transformations in materials also
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underscores the importance of in situ microscopy techniques for characterization of

complex materials phenomenon.

Figure 5.1 Structural characterization of branched CdS nanostructures obtained
by heating CdS nanobelts in moderate vacuum. A) Transmission Electron Microscope
image of an as-grown wurtzite CdS nanobelt growing perpendicular to the c-axis. Inset:
selected area electron diffraction (SAED) pattern of the nanobelt. B) and C) TEM images
of two periodically branched nanobelts obtained by heating CdS nanobelts inside a tube
furnace (pumped down to moderate base pressure of ~25 mTorr) at 600 °C under Argon
flow (100 Torr at 15 sccm). D) High-resolution TEM micrograph of the branched region
confirming retention of single crystallinity and crystal orientation of the entire structure
after the morphological transformation.
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5.2 Branching in Wurtzite CdS Nanobelts

CdS NBs were synthesized via the vapor-liquid-solid (VLS) mechanism in a tube
furnace set-up’ at 760 °C and were subsequently characterized for crystallography and
chemical composition via TEM equipped with energy dispersive X-ray spectroscopy
detector. All the measured NBs were single-crystalline and grew in the WZ crystal
structure (Space group: P6smc), with a majority of them grown along the < 1100 >
direction perpendicular to the c-axis< 0001 >. Therefore, the samples are
conventionally oriented along the <1120 > zone-axis during TEM imaging (Figure 5.1
A). When CdS NBs were heated at 600 °C for 1 hour inside the same tube furnace
initially pumped down to moderate vacuum levels of ~25 mTorr) in an inert atmosphere

(Argon), it is interesting to note that they transformed into branched nanostructures

Figure 5.2 Energy dispersive X-ray spectroscopy map of a branched wurtzite CdS
nanobelt obtained after heating in a tube furnace at moderate vacuum of 25 mTorr. The
branched nanobelt remains chemically uniform after the morphological transformation.

comprising of a central trunk from which nanoscale whiskers emanated in both
directions, with a periodicity of tens of nanometers (Figure 5.1 B-C). TEM study of the
new transformed morphology showed that the branched structures retained the
crystallographic characteristics (single crystallinity and WZ crystal structure, Figure 5.1

D) and chemical composition (Figure 5.2) of the parent CdS NB. The most surprising
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aspect of this transformation is the presence of nano-whiskers (branches) at a periodic

length scale pointing in the direction of c-axis along the entire length of the CdS NB.

Non-polar low surface  [1791]

energy pyramidal planes

[1120]

200 nm

Figure 5.3 In-situ TEM heating of CdS nanobelts in ultra-high vacuum at 600 °C. A)
Transmission Electron Microscope image of an as-grown Wurtzite CdS nanobelt growing
perpendicular to the c-axis. Inset: SAED pattern of the belt. B) TEM micrograph of the
CdS nanobelt shown in A) after sublimation has started taken place along the pyramidal
planes on heating the belt inside a TEM at 600 °C under UHV (~ 107 Torr).

This morphological anisotropy and uniqueness warrants a deeper investigation
into the exact transformation mechanism. Therefore, to observe the morphological
transformation process in CdS nanobelts in real-time, we performed in-situ heating
experiments inside a conventional TEM under high vacuum (HV) at a base pressure of
~107 Torr using the Gatan heating holder up to a temperature of 600 °C (ramping rate of
1 °C/sec). Upon heating the as-grown CdS NBs (Figure 5.3 A), we could only observe
sublimation of the material occurring at different regions of the NB without any
periodicity or correlation with each other, with the basal plane transforming into lower
energy pyramidal planes (Figure 5.3 B). Sublimation typically initiated at the lateral
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edges, which then proceeded towards the core of the nanobelt, thereby increasing the
surface area of the pyramidal planes at the cost of basal planes, eventually leading to the

disappearance of the entire nanostructure.
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Figure 5.4 Real-time observation of morphological transformation in wurtzite CdS
nanobelts upon heating in environmental TEM under various atmospheric
conditions. A) - C) Snapshots from movie showing real-time sublimation but no
branching in a wurtzite CdS nanobelt in the presence of inert helium (0.16 Torr) inside an
environmental TEM upon heating to a temperature of 600 °C. Inset: SAED pattern of the
nanobelt. Scale bar: 200 nm D) - F) Snapshots from movie showing real-time branching
of a wurtzite CdS nanobelt in the presence of oxygen (0.16 Torr) inside an environmental
TEM at 500 °C. Inset: SAED pattern of the nanobelt. Scale bar: 100 nm G) - 1) Snapshots
from movie showing real-time branch formation in a wurtzite CdS nanobelt in the
presence of hydrogen (0.16 Torr) inside an environmental TEM at 500 °C. Inset: SAED
pattern of the nanobelt. Scale bar: 100 nm
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5.3 Environmental TEM Experiments on Wurtzite CdS

Heating experiments inside a TEM under HV differs significantly from those
performed inside the tube furnace owing to the differences in the pressure and
composition of the two environments. Therefore, to replicate the tube furnace conditions,
i.e., higher base pressure and real gaseous environments, and also observe the mechanism
of morphological transformation of CdS NBs in real-time with high spatial resolution,
measurements in an ETEM are required. ETEM, a unique and powerful experimental
technique, allows real-time observation and detailed study of the morphological,
chemical and structural evolution of crystalline structures under a variety of atmospheric
conditions with high spatial resolution?”?’. We therefore heated CdS NBs inside the
ETEM in different atmospheric conditions. Upon heating CdS NBs in an inert
atmosphere (He ~0.16 Torr) up to 600 °C, only sublimation of the material was observed,
similar to the results described for heating inside a HV TEM (Figure 5.4 A-C).
Interestingly, upon repeating the ETEM experiment in an oxygen atmosphere (~ 0.16
Torr) at 500 °C, we observed that the CdS NBs did transform into periodically branched
nanostructures (Figure 5.4 D-F) similar to the results obtained from heating them in a
tube furnace (Figure 5.1). We observed that the transformation process initiated from the
basal plane (lateral surface of NBs) with the development of a periodic contrast along the
growth axis of the NB < 1100 >, which progressed inwards in the direction of the c-axis
(Figure 5.4 E). These periodic contrasts due to modulation in the thickness of the NB
gradually disappear, leaving behind what appears as the final branched product (Figure

5.4 F). The in situ ETEM heating experiment was repeated in a hydrogen atmosphere (~

74



0.16 Torr) and a similar morphological transformation as in the case of an oxidizing
atmosphere (Figure 5.4 G-1) was observed. The only observable difference is the
continuous carbon shell left behind on the transformed nanostructure which is a result of
different reaction and electron beam exposure conditions. These observations

demonstrate the role of reactive atmosphere in the branching mechanism of the CdS NBs.

g =it

Heterostructured CdTe .

Figure 5.5 Real-time observation of morphological transformation in WZ and ZB
CdTe nanobelts upon heating in environmental TEM under various atmospheric
conditions A) - C) Snapshots from movie showing real-time branching of a WZ CdTe
NB in the presence of oxygen (0.16 Torr) inside an environmental TEM at 500 °C. D) -
F) Snapshots from movie showing real-time sublimation but no branching of a ZB CdTe
NB in the presence of oxygen (0.16 Torr) inside an environmental TEM up to 600 °C.
G) — 1) Snapshots from movie showing real-time branching and sublimation of a CdTe
NB in the presence of oxygen (0.16 Torr) inside an environmental TEM at 600 °C. The
NB contains both ZB and WZ phases and branching is only observed in the WZ phase
while sublimation is observed in the ZB phase.
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5.4 Environmental TEM Experiments on Wurtzite and Zincblende CdTe

To further explore if the transformation to a branched structure occurs in other
chemical systems upon heating NBs, we performed similar in-situ ETEM heating
experiments in an oxygen atmosphere. CdTe NBs, synthesized via the VLS mechanism in
a tube furnace set-up were obtained in both the WZ and zincblende (ZB) crystal
structures. WZ CdTe NBs are identical to their CdS counterparts in terms of their
crystallography, whereas ZB CdTe NBs (Space group:F43m) grow along the <112>
direction, and their lateral surfaces are the polar {111} high surface energy planes.
Therefore, the top surface of ZB CdTe NBs are the non-polar lowest surface energy
{110} planes®. In the ETEM heating experiments, we observed that WZ CdTe NBs
undergo branching when heated up to 500 °C (Figure 5.5 A-C), similar to WZ CdS NBs,
whereas ZB NBs sublimate around 600 °C without any branching (Figure 5.5 D-F). Some
of the CdTe NBs naturally form heterostructures with the ZB structure in the center and
WZ structure towards the lateral edges; in situ heating these materials (until 600 °C)
under an oxidizing atmosphere displayed branching only in the WZ region and
sublimation in the ZB region (Figure 5.5 G-I). These observations establish that the
morphological transformation process is dependent on the crystal structure of the material

besides temperature and atmospheric conditions.
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Figure 5.6 Schematic of the branching mechanism in 11-VI wurtzite nanobelts. A)
SEM micrograph of an as-grown CdS nanobelt clearly displaying periodic vicinal
surfaces along the basal plane. Inset: AFM micrograph of a nanobelt displaying periodic
vicinal surfaces. B) Schematic of an as grown wurtzite CdS nanobelt with periodic
vicinal planes (exaggerated for clarity) along the basal plane. C) Subsequent etching of
the prismatic planes (top surface) of the nanobelt owing to oxidation/reduction
(depending on the environmental conditions) leading to periodic thickness variation along
the length of the nanobelt. D) Further etching into both the prismatic and basal planes
leads to periodic thickness contrasts in the nanobelt. E) Complete etching of the thinner
regions leaves behind the relatively thicker parts in CdS nanobelts, leading to the
formation of periodically branched nanostructures.
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5.5 Mechanism of Observed Morphological Transformation

Based on these observations, a mechanism for the branching phenomenon is
proposed. The branching mechanism is essentially a chemical etching process in a
reactive atmosphere that proceeds only along preferential crystallographic planes thereby
resulting in a highly anisotropic morphological transformation. It is well known that the
basal planes of polar compounds such as I1-VI semiconductors have the highest surface
energy in spite of being closed packed due to their polar nature (presence of only Cd** or
S% atoms), and therefore the system tries to reduce its free energy by minimizing the
surface area of these planes during crystal growth?*°. Therefore in CdS NBs, the high
surface energy basal plane, either entirely or to a large extent, often rearranges to form
lower surface energy vicinal planes of the pyramidal type while the lowest surface energy
top surface (non-polar prismatic plane) remains smooth®*2. This was confirmed via
scanning electron microscopy (SEM) and atomic force microscopy (AFM) of the lateral
surfaces, which show that either the entire basal plane or a large fraction of it consists of
vicinal surfaces with a periodicity of tens of nanometers (Figure 5.6A), similar to the
periodicity of the observed branches in the transformed structure. Therefore, the presence
of these periodic vicinal surfaces is instrumental in the branching process since they
provide a template for the chemical etching process to initiate while retaining the original

periodicity in the transformed nanostructure.

For the chemical etching process of the NBs, the etchant is either oxygen or
hydrogen gas that reacts with CdS at elevated temperatures, which leads to controlled
sublimation of the NB material. Periodic vicinal planes, present only on the lateral edges
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of as-grown WZ NBs, provide a nucleation site for the etching process to initiate (Figure
5.6 B). The initial etching should take place on the remainder of the basal plane owing to
its high surface energy and chemical reactivity and convert it into vicinal surfaces (Figure
5.6 B). The etching reaction may also initiate at high-energy planar defects such as
stacking faults and twin boundaries, which are often present in I1-VI semiconducting
materials, especially WZ/ZB heterostructured materials. This can be observed in Figure
5.5 G where etching is simultaneously initiated at stacking faults at the WZ/ZB interface
in addition to the lateral surface of the nanobelt. However, this etching process lacks
periodicity observed at the lateral surface since the defect plane is a continuous surface
and not corrugated. The reaction should then proceed at the vicinal planes and the top
surface, especially at the edges where the two meet creating notches (Figure 5.6 C). The
notches will expose the other set of low surface energy prismatic planes that are parallel
to the c-axis, thereby dictating the anisotropy in the process and ensuring that further
etching occurs only along the c-axis. This step is also important since the periodicity of
the final product is determined by the periodicity of the notches created at the edge,
which in turn is dependent on the initial periodicity of the vicinal planes. Further etching
of the top surface, initiated at the notches, along the c-axis leads to a periodic thickness
modulation observed as a thickness contrast (Figure 5.6 D). Once this thinnest part of the
NB is completely etched, we are left with the periodically branched NB structures (Figure
5.6 E). Inside our tube furnace set-up, which can be pumped at most to a base pressure is
~25mTorr, there is enough residual partial pressure of oxygen to cause etching of the
NBs. On heating WZ NBs in HV or an inert atmosphere inside ETEM, where the base

pressure (~ 107 Torr) reduces the residual oxygen to a negligible level, only sublimation
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(without any chemical etching) occurs at high temperatures (~ 600 °C) due to the lack of
any etching agents. As observed in our experiments, high temperature sublimation does
not necessarily follow the periodicity of the vicinal planes or other crystallographic
directions owing to higher sublimation rates such that the vicinal planes sublimate and
merge to form large voids even before periodic notch formation can be initiated (Figure
5.3) and therefore doesn’t lead to the formation of periodically branched NBs. Zincblende
CdTe NBs fail to exhibit branching mechanism for several key reasons; the lateral
surfaces of ZB NBs are polar high energy {111} surfaces, which may not reconfigure
into vicinal planes since one of the resulting vicinal surface will be another high energy
{100} polar surface?®. Another important factor is that the top surface of the ZB NB is the
non-polar low energy {110} surface: upon etching, this surface will tend to reconfigure
into another set of {110} low surface energy planes. However, unlike the case of the low
symmetry WZ crystal structure, these planes will not always be parallel to the [111]
direction and therefore the etching mechanism loses directionality leading to only random

sublimation (Figure 5.7).
Zone axis [110]
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Figure 5.7 Schematic of a CdTe nanobelt undergoing etching along the {110}
surfaces (orange planes) in other directions in addition to the [111] direction thus
leading to a more isotropic sublimation.
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5.6 Ex-situ TEM Control Experiment

Periodic
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Figure 5.8 A control experiment comprising of ex-situ heating of CdS nanobelts in
a tube furnace at moderate vacuum levels followed by in situ TEM heating under
HV. A) — B) SEM micrograph of wurtzite CdS nanobelts after heating in a tube furnace
for 10 minutes at 550 °C (base pressure 25 mTorr). Evolution of the etched surfaces on
both the basal and prismatic planes can be clearly observed leading to the formation of
notches. C) — E) Snapshots from movie showing real-time branch formation in a pre-
notched wurtzite CdS nanobelt, whose long axis is at an angle of 105° with respect to c-
axis, upon heating inside a conventional TEM under UHV at 500 °C. Inset: SAED
pattern of the nanobelt confirming the crystal structure and growth direction.

To further confirm our hypothesis, a control experiment was devised to
understand the role of vicinal surfaces and subsequent notch formation in the branching
mechanism. As-grown WZ CdS nanobelts were heated to 550 °C in a tube furnace under

ambient conditions for only 10 minutes since the purpose of the experiment was to
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initiate and arrest the branching process in its nascent stage for analysis. Characterization
of these partially transformed structures in SEM showed that the NBs displayed well-
defined vicinal planes on the lateral surface and the beginning of the development of
notches along with periodic corrugations on the top surface, which confirm the role of
these vicinal surfaces in the directional etching process leading to branching (Figure 5.8
A-B). These NBs were then heated under HV inside a regular HV TEM to ~500 °C.
Unlike the earlier experiments, where as-grown CdS NBs upon heating in-situ under HV
sublimate randomly, pre-notched CdS NBs now transformed into periodic branches
(Figure 5.8C-E), although not as well defined as the ones observed in ETEM experiments
owing to a higher sublimation rate in HV TEM, which competes with the etching process.
This observation illustrates the importance of the onset of the directional etching process
on the top surface of the NBs, which dictates the subsequent morphological transition,

and the absence of which leads to only random sublimation of the material.

5.7 Conclusion

In conclusion, we have succeeded in observing in real-time a complex
morphological transformation by using a powerful technique such as the ETEM under
various experimental conditions in 11-VI NBs. Upon heating I1-VI semiconducting NBs
in a variety of environmental conditions, we observe a controlled chemical etching
process which retains the original periodicity of the WZ vicinal surfaces leading to the
formation of a periodically branched nanostructure. In addition to obtaining new insights
into the atomistic mechanism of morphological transformations of nanostructures, a
simple route to engineer novel morphologies at the nanoscale has been realized. Based on
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these insights, new morphologies can be obtained in nanostructures, which can be utilized

for a variety of electronic, photonic and sensing devices.
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CHAPTER 6: Future Outlook

6.1 Introduction

Through our work on chemical and morphological transformation in
nanostructures thus far, we hope to have convinced the reader that these techniques are a
promising new avenue in the field of materials design and engineering at the nanoscale
capable of synthesizing phases of material impossible to obtain otherwise. Even though
we have shown a range of examples of chemical transformations, we believe that we
have only scratched the surface of this emerging new technique and there is an unlimited
scope of extending it to other material systems, only limited by scientific laws of bonding
and one’s imagination. In this section, we propose some future directions which are
worth pursuing to further expand the horizons of our understanding of nanoscale

materials engineering.

6.2 Replacing Cd in 11-VI Semiconductors with Group 111 A Elements

Thus far, we have shown how chemical transformation involving replacement of
Cd from 11-V1 semiconducting compounds with elements from group Il B* IV Aand V A
(Chapter 3) affects the crystal structure and chemistry of the resulting nanostructure.
However, in all these cases, the cationic species followed strict bonding coordination
number withr the chalcogenide atom which was evident from the observed results.
However, there are elements in the periodic table which may exist in both tetrahedral and
octahedral configuration in the same compound. For example, indium from group I A
of the periodic table is capable of forming In,Se; type layered compound where In atoms

exist in both tetrahedral as well as octahedral coordination?. Therefore, it would be
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interesting to study the structural transition upon chemical transformation in 11-VI
semiconducting nanostructures, where bonding coordination is tetraheadral, into 111-VI
compounds, where the possibility of both tetrahedral and octahedral bonding exists. It
might also be interesting to study the intermediate phases during the chemical
transformation to understand how the atoms decide between tetrahedral and octahedral

coordination.

6.3 Chemical Transformation in Transition Metal Di-Chalcogenides

After the emergence of graphene, the next generation of 2-D materials to attract
such attention has been transition metal di-chalcogenides (TMDCs). These layered
materials offer a range of physical properties as a function of their thickness in the
layered direction. For example, a monolayer of molybdenum disulphide is a direct band
gap semiconducting material whereas multilayer MoS, is an indirect band gap
semiconductor®*. So far, only layered materials or more specifically, materials bonded by
weak van der Waals forces in a particular direction have been isolated in unit cell
thickness while maintaining their chemical stability and structural integrity. This isolation
process, accomplished through bottom-up or top-down approaches, has uncovered many
interesting physical properties which are absent in bulk phase of these materials. Such
ultra-thin 2-D films of non-layered materials is difficult to isolate naturally owing to the
strong bonding nature between elements and lack of periodic and directional van der
Waals type bonds. We believe that the unique morphology (monolayer) of the layered

compounds can be exploited to synthesize non-layered compounds in ultra-thin film type
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geometry by chemically substituting elements in mono or few layers of layered structures

at elevated temperatures.

6.3.1 Substituting the chalcogenide species in MoS;

First, to explore the reactivity of as-grown MoS,, which is considered chemically
stable, we aim to introduce Se atoms into the system at elevated temperatures. This
chemical substitution reaction can utilize the sulfur vacancies in MoS;, which can serve
as primary reaction sites for incoming Se atoms. Also, since the substitution reaction
aims at replacing the surface atom (S in this case), it should be energetically less
challenging. The chemistry of the resulting product can be kinetically controlled by
precisely modulating the concentration of precursor species and the reaction temperature.
It will be interesting to study the chemically transformed products and we predict that
with increasing precursor concentration, we should notice a gradual change in MoSxSe;.x
alloy concentration which will eventually result in complete chemical transformation.
These experiments can then be extended to bigger chalcogenide atoms such as tellurium
to further explore the reactivity of MoS, to chalcogenide substitution. Besides chemical
transformation, other important questions that will be answered are the role of lattice
strain in physical properties of TMDCs and whether the structure retains its single
crystallinity and morphology even upon complete chemical transformation. A systematic
study of this nature will also help develop next generation of ternary and quaternary 2-D
TMDCs of the type MXyYyZ,.x+yy Where M = transition metal and X,Y and Z are

chalcogenide species where the physical properties such as band gap, spin —orbit
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coupling, lattice parameters etc. can be fine-tuned to meet the necessary application

requirements.

6.3.2 Substituting the transition metal in MoS;

The uniqueness about MoX; and WX, stems from the nature of their bonding
where the metal forms either an octahedral or a trigonal prismatic geometry having six
nearest chalcogenide neighbors. The chalcogenide atoms form three bonds each with the
metal atoms resulting in a unit cell consisting of two close packed layers of chalcogenide
atoms sandwiching a close packed layer of metal atoms. The above described
configuration stabilizes these compounds in a 2-D configuration with repeating layers of
the unit cell in the third dimension held together by weak van der Waals forces and is the
reason why they can exist as chemically stable monolayers when suitably grown or
exfoliated from the bulk sample. Other transition metals besides Mo and W are incapable
of forming such layered structures owing to a different number of d-shell electrons. For
example Fe and Ni form dichalcogenides as well but in a pyrite structure which is a non-
layered cubic structure held together by M-X and X-X homopolar bonds>®. Also,
monolayers of difficult to isolate layered compounds, such as PbS, and PbSe, can be
easily synthesized by chemically substituting the transition metal atom with Pb.

Substitution of Mo in MoS; with these elements will be interesting because:

1. It is of fundamental scientific interest if the transition metal in a relatively
chemically stable compound will undergo chemical substitution under kinetically suitable
conditions such as an excess of precursor concentration and high temperatures, aided by

the presence of a large surface area.
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2. 1t will be interesting to observe the structural and chemical evolution of such a
chemically transformed structure which is now forced to exist as an ultra-thin film (a few
unit cells thick) owing to the limited chalcogenide atoms originating from MoS;

monolayer.

3. Properties of these unique, ultra-thin materials will reveal unique behavior
owing to the unprecedented confinement of well-known bulk materials in one direction.
For example, scaling down NiS; results in an insulator to metallic phase transition’ and
can also be utilized as super capacitors®. Also, nanostructured FeS; is known to be an

excellent cathode material for Li* batteries’.
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APPENDIX A: Crystallographic Characterization of 11-VI Semiconducting
Nanostructures via Optical Second Harmonic Generation

Adapted and reprinted in parts from:

M.-L. Ren*, R. Agarwal*, W. Liu and R. Agarwal, “Crystallographic Characterization of
[1-VI Semiconducting Nanostructures via Optical Second Harmonic Generation”, Under

review at ACS Nano Letters. * Equal Authorship

A.1 Introduction

Semiconducting nanostructures, e.g. nanowires (NWs) and nanobelts (NB), have
witnessed tremendous development over the past several decades owing to their potential
applications ranging from nanoelectronics*® to nanophotonics®’. Building a direct
correlation between crystallographic structure and physical properties of a material
requires complex characterization techniques. Although transmission electron
microscopy (TEM) is one of the most powerful techniques to characterize nanomaterials,
it is challenging or impossible to study thick (> 300 nm) nanostructures, especially if
present on a non-electron transparent substrate as is often the case for functional devices.
Second harmonic generation (SHG), converting two photons with electromagnetic
frequency w into a new photon with frequency 2w, has been demonstrated as another
alternative technique to probe morphology and crystallography of non-centrosymmetric
materials owing to its distinct polarization properties®*2. Although polarized SHG has
been studied in various photonic NWs, e.g. ZnO*™, GaN'*, KNbO3**®, and ZnTe'’, and
hybrids systems, e.g. Ag-coated CdS NWSs™, it hadn’t been utilized until very recently to

ascertain the growth orientation of single ZnS NWs*®. Comparative studies on materials
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which can exist in different crystal structures such as wurtzite (WZ) and zincblende (ZB)
(e.g. CdTe) have been lacking thus far and are crucial to design functional devices with
precise physical properties. In the present work, we have adopted SHG polarimetry and
TEM techniques to investigate systematically semiconductor NWs and NBs with
different growth orientations and crystal structures. The distinct SHG polarimetric
patterns, intrinsically corresponding to materials’ optical nonlinear tensor, have been
observed and analyzed to determine the crystal structure (e.g. WZ or ZB) and growth
orientation of various nanostructures, which is in excellent agreement with TEM
observations. Moreover, materials’ intrinsic properties such as optical nonlinear
coefficients and geometry-dependent in-coupling coefficient have also been obtained by
this novel SHG technique, thus demonstrating its utility as a powerful tool to perform
crystallographic characterization in non-centrosymmetric nanostructures, especially in

non-TEM compatible device architecture.

A.2 Theoretical expression of second harmonic generation (SHG) form CdS and
CdTe nanostructures

Considering the coordinate systems: the crystal axes (exeye,) and lab coordinate
system (élézés) (inset of Fig. 1a). Here éx:(l,0,0), ey =(0,1,0) and e =(0,0,1). Assume
e = (a,,a,,a,) is along the long-axis of nanowires (NW) and nanobelts (NB), which is
perpendicular to the zone axis or propagation direction of the excitation light with a unit

wavevector K = (k. k, . k,)  (considered as ei-direction).  Thene, =k and

es=(b,,b,,b,) =e1xe, = (a,k, —ak, ak —ak

2 2 2
Koo Koak —ak). Here,fax+ay+az =1

91



and (k? +k? +k? =1. The electric field, E. =(E,,.E,,.E,,), is in the e;es plane and

has an angle of 6, with respect to e, ,

E.,=E,cos6,e.+7,,E,sind,es, (S1)
namely,

E, a,cosd, +y,..b,sind,

E,, |[=E,| a,c080,+y,,b,sing, |, (S2)

a,cosd,+y,..b,sing,

,Z

where y,.. =2/(1+¢,), stands for the in-coupling coefficient of the electric field which

is polarized perpendicular to the nanowire. &, indicates the dielectric constant of the

nanowire (CdS or CdTe) at the frequency of w. Therefore, the electric field of second

harmonic generation (SHG) signal, Ezo = (E,x1Esuyr Esw)» CaN be described by the
matrix’,
E2
E?
EZ{U,X E2‘y
Ezwyy :{dU} 2E{U y‘E(uZ 1 (83)
E2(uz ’ Y
Y 2Ew,ZEw,X
2E,,E,,

where {d;j} (i=1,2,3; j=1,2,3,4,5,6) represents second-order nonlinear tensor of the
nanowire (CdS or CdTe). Then the components of SHG which is parallel (EZa},p) or
perpendicular (EZQ},S) to the nanowire (or éz) is written as,

Ez0p = (E20-€2)€2, (S4)
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E20s = (V00 E20 - €3)3, (S5)
where y, .. depicts the out-coupling coefficient of the electric field which is polarized
perpendicularly to the nanowire. In nanobelts, the width is typically much larger than the

excitation wavelength and theny,, .. =7, =7.in ~1. The SHG intensity, whose

polarization is at an angle of 6., with respect toe, in the e,es plane, is given by the

expression

l, (6,,.6,)= ‘Ezw,p 0086, +Ezossing, | (S6)

20

A.2.1 SHG from CdS nanostructures

Due to the point group 6mm, CdS nanowires of wurtzite crystal structure

exhibit the second-order nonlinear coefficient tensor,

{dy=|0 0 0 dg 0 O (S7)

Substituting Eq. (S2) and Eq. (S7) into Eq. (S3),

2d,.E, E

®,2 —o,X

= 2d,E, E (S8)

®,y 0,1

d31Ea2),x + d31Ea2;,y + (:133E2

w,1

2m,%

20,y

E

2w,7

Therefore, the parallel and perpendicular SHG is derived from Eq. (S4) and Eq. (S5),
Ezop = (E20 - €2)€2 = ,EZ[u, COS* 6, +V, Sin 26, +W, sin” 4, ez, (S9)

Ezos = (75, E20 - €3)83 = ¥y, 0B [U, COS? 6, +V,SIN26, +wW,sin’6,Jes,  (S10)
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where

u [(2ds +d, ) —(2d}s +dg, - d33)az2]az
Vo |5 da_sl 7(u,in[d15 —(2d5+d,, — dss)azz]bz ' (S11)
7/5),in [dy, —(2dys +dg — dss)bzz]az

[d31 - (2d15 + d31 - dsa)azz]bz
Vs |= ds_e,l 7w,in[d15 —(2d;5+dy — dss)bzz]az (S12)
75),in [(2d15 + d31) - (2d15 + d31 - d33)b22]bz

If we consider k =(,-1,0)/+2,a, =a,and (b,,b,.b,) = (-a,,~a,,2a,)/+/2 . Assume the

X1 Py
long-axis (or e2) of CdS nanowire has an angle of oo with respect to e, where €, ranges
between (0,0,1) and (1,1,0), namely e, =cose,(0,0,1)+sin«, (—1,—1,0)/+/2. Also,

X

a, =a, =-sing, /\/2,a, =cosa,.

If the nanowire is growing along [001], which is the case for the majority of CdS

nanowires, then op =0 and €, =€, . es = (~1,—1,0)/v/2, then

u, 1 U 0
Vo |= 0 and | v, |= 7w,ind15d3_31
W, yf},ind31d3_31 W 0
Ezop = dgsEq (cos” 9, + 702),ind31d3?313in2 gw)éZ’ (S13)
EZ’U'S = wa,outj/a),indlS Eg Sln 29(063 (814)

In this case where 6, =0°, Ezos =0and Ezup =d,,E2e. = d,,EZe,. While if 6,, =90°,

E2w,s = 0 and EZa),p = 75,’ind31E0262 .

If 4 =90°, €, L e,. Then €, =(-1,-1,0)/+/2,65=(0,0,-1) =€,
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u, 0 u, —d,,dg
Vp =~ y(u,ind15d3_31 and VS = 0
Wp 0 Ws _751,in
Ezap = —E2y, 10455in 26, €2, (S15)
EZw,s = _wa,outdSBEg[d?:ld?:Bl COSZ gw + 702),in Sin2 010]63 (816)

In this case of 8, =0, Ezop=0and Ezus =7y, 00sE €2 = 1,y auds ELE2 . I 6, =90,

EZC&P =0and EZw,S = wa,outyaZ),indSSEgéz :

If & €(0,90°), Eonp =UyuE2U €2 and Eous = 1y, 000sE2U s by setting 6, =0° in
Egs. (S9) and (S10), and Ezup = d,E2W,€2 and Ezes = 7, o 0asECW, €3 When 6, =90° in
Egs. (S9) and (S10).

A.2.2 SHG from CdTe nanostructures

Note that CdTe nanowires/nanobelts of zinc-blende crystal structure belong to the

point group 43m, and its second-order nonlinear coefficient is written as,

0oo0oo0gd, 0 O
{d;}=(0 0 0 0 d, O (S17)
000 O 0 d
Substituting Eq. (S2) and Eq. (S17) into Eqg. (S3) and obtaining,
EZ(u,X 2d14Em,yE(u,Z
E2(u,y = 2d14 E(u,z Ew,x (818)
EZa),Z 2d14Ea),XEa),y
According to Eq. (S4) and Eqg. (S5), we obtain,
Ezop = (E20 - €2)€2 = 2d,,EZ[u, c0S §, +V, Sin 20, + W, sin” 6, ez, (519)
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E20s = (E20 - €3)€3 = ¥y, o 205, EZ[U, €OS* 6, +V, 5iN 26, + W, sin” 6, Jes,

where

< C

For k =(1,-1,0)/v2,

u, 3a,a,a,
v, [=|7.n(@ab +a,ab +aab,) |,

W Y (abb, +abb +ahbb)

(a,ab, +a,a,b +aab,) vp/;/&in
=| Vom(@bb, +abb +abb) =l w, /7,

y~z2x 29Xy

32,05 32,b.0,p

X~y ™z X~y ™~z

3a,a,a,

_ Yoin _ a2
= 72 {(a, +a))(a,a, —a,)}

75;” a,[a, +(a,+a,)][a, - (a, +a,)]

us Vp/yw,in
Vs = Wp/}/w,in

375;,in

a’(a, +a,)

(S20)

(S21)

(S22)

(S23)

(S24)

2\2

Similar to the CdS case, we assume the long-axis (éz) is at an angle ao with respect to

[001], therefore, a, =a, =—sina, /2,8, =cosq,.

If o, =—(180°—35.26"), coSa, =—2/3, sina, = —1/+/3, €2 =(1,1,—2)//6 and the

growth axis is [112]. Then a, =a, =1/\/6,a, =—2//6, s =(1,1,1)/4/3, and
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_ 1 1
A * ] w2
VP =1 "Ywoin T and | v, |= 0
Wp O WS 7/2 i
w,lnﬁ

1 sin 20, Jez, (S25)

23

1
—=c0s* 0, + 72,

28

dMEgéz and Ezos =

EZw p — 2d14E [ COS 0 yw,in

\@

E20s = 75y o 200, E2[~ L —sin*g, Jes. (S26)

e

— 2
When 6, =0",E20p=—

6
2 27
d,,E;es,then

= 72w,out7/5),in ﬁ

Zw( 20! m 900) = E

d,EZes; when 6,=90",

72@ out \F

EZw,p = 0 and EZ&),S

(S27)

20!

l,,(6,,,6,=0)=E |cos€2m+xsin02@|2, (S28)

72w0ut
where x =72 )
v

A.3 Experimental Set-up

20

In order to interpret the data, consider the following coordinate systems: lab
coordinate system (€162€3) and crystal axes (€e«eye.) with ex=(1,0,0), e,=(0,1,0) and
622(0,0,1), and assume €, is parallel to NW’s long-axis, e is parallel to propagation
direction of the incident laser beam, and the electric field E,, ( or E,) is polarized in the

€8s plane at an angle of 6, (or 6,,) with respect to e (Figure A.1 A, inset). The

subscript @ and 2w represents the frequency of fundamental wave (FW) and second
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harmonic generation (SHG) signal respectively. In the ézésplane, transverse magnetic
(TM) component of SHG with electric field polarized along the NW long-axis (62,=0°) is

written as (Eq. S9),
Ezop = EZ[u, C0S* 6, +V, Sin 26, +W, sin” 6, ez, (1)

and the transverse electric (TE) component of SHG with polarization perpendicular to the

NW long-axis (6.,=90°) is (Eg. S10),

Ezos = 7y, an EC[U, COS® 6, +V, 5iN 26, + W, sin” 6, es )

2

Then TM- and TE-polarized SHG intensity becomes, I, = ‘Ezw,p i

and IZw,S = ‘EZ(;),S

and polarimetric SHG is described as (Eq. S6),
,,(6,,.6,,0,) = ‘Ezw, »C0S6,, +Ezussin 6’2[0‘2 (3)

where E, represents the electric field of the incident light (FW), ao is the orientation angle
between Ez(or NW’s long-axis) and e, (c-axis), y,:,Is the in-coupling coefficient of FW
(w), while y,, .. is the out-coupling coefficient of SHG signal (2w), the parameter, y;

(y=u, v, w; and i=p, s), is dependent on the orientation angle (o) and second-order
nonlinear coefficients of the material (Egs. S11, S12, S21 and S22). Among these, ups

relates to TM-polarized component of FW ( E?

w,p

), Wps is associated with TE-polarized

component (E2,) while v,s for the cross term (E ) if the relative nonlinear

w,p Ew,s

coefficient is non-vanishing.
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Figure A.1 Structural analysis of wurtzite CdS nanowire grown along the c-axis
(c|INW) from photoluminescence and optical SHG polarimetry. A) Dry-transferred
CdS NWs on e-beam transparent SiNx membrane (TEM grids). Inset indicates the
coordinate systems (see main text). B) TEM micrograph of a CdS NW grown along the c-
axis (a0=0°, c|[NW) confirmed by the selected area electron diffraction (SAED) pattern
(top inset) and high resolution TEM image (bottom inset). C) SHG and PL spectrum from
the selected CdS NW (c||[NW). The excitation laser is polarized along NW and tuned at a
wavelength of 950 nm. D) TM- (I2w,p) and TE- (12w,s) polarized SHG as a function of
excitation polarization angle (Bw), fitted (solid lines) using Eq. S14 for [2w,p and Eq. S15
for I2w,s E) Polarimetric plot of total SHG intensity (I2w) under TM (black, 60=0°) and
TE (red, 60=90°) excitation.

Single-crystalline CdS and CdTe NWs and NBs were synthesized via the vapor-

liquid-solid mechanism in a tube furnace set-up®®?.

In order to perform TEM
characterization on the same nanostructures on which SHG polarimetry was studied,
nanostructures were dry-transferred onto TEM compatible, e-beam transparent SiN,/Si
grids (Figure A.1 A). NWs and NBs were first characterized via TEM for crystal
structure and growth orientation and then analyzed via optical SHG technique in an

optical microscopy cryostat (Janis, ST-500) equipped with x60, 0.7 NA objective

(Nikon). In order to perform SHG polarimetry, a linearly polarized Ti: sapphire laser
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(Chameleon) was utilized which can be tuned from 680 nm to 1080 nm with ~150 fs
pulse width and 80 MHz repletion rate focused onto individually selected nanostructures
with the laser spot size of ~2 um at ~5 mW (average) power. The polarization of the laser
was rotated in plane by using a half-wave plate (Thorlabs, AHWP05M-980). In
particular, on a CdS NW with the c-axis along NW’s long-axis (Figure A.1 B), low
temperature measurements were performed at 77K by tuning the excitation laser at 950
nm, and it exhibited polarized light emission, including SHG signal at 475 nm and two-
photon absorption induced photoluminescence (PL). In the PL emission, the A exciton
peak near 488 nm is observed to be polarized perpendicular to the c-axis (or NW’s long-
axis) while the B exciton peak is isotropic near 485 nm, as reported previously?.
Although the c-axis of a WZ structure can be detected from anisotropic polarization of A
exciton emission, the experiment usually requires low temperature for observing strong
and sharp A exciton peak. In contrast, the SHG signal polarized along the c-axis in WZ
CdS, originating from its nonlinear coefficient ds3, is a clear indication of the crystal
orientation of the nanostructure (more discussion below)®. This technique can work at
any arbitrary temperature and optical frequency (FW), and can be instrumental in
characterizing materials that display poor or no PL. In order to illustrate the utility of
optical SHG polarimetry in structural characterization, we studied SHG at room

temperature systematically in three WZ CdS nanostructures with different orientations (c-
axis or e,): c-axis parallel to the long-axis (c|[NW, ao=0), c-axis perpendicular to the

long-axis (c_LNW, ap=90°) and c-axis at an angle of 56° with respect to the long-axis in

100



the counter-clockwise direction (cZNW, oo = -56°). The excitation laser was tuned at

1020 nm which produced the SHG signal at 510 nm accordingly.

A.4 CdS Nanowire Growing Along c-axis

In a CdS NW shown in Figure A.1 B, the selected area electron diffraction
(SAED) pattern and high resolution TEM image reveal that the c-axis is aligned along the
NW’s long-axis (C|[|[NW, ap=0). In this simple case, TM- and TE-polarized SHG signal

was measured as a function of the excitation polarization angle (6,). As shown in Figure

A.1 D, TE-polarized SHG (1,, ) exhibits sinusoidal like shape (sin* 8,,) with the peaks

at +45° and dips at 0° and £90°, and fits well to Eqg. 2 and Eqg. S14. In this process, the
only non-vanishing nonlinear coefficient is dis which contributes to the SHG signal by

combining the cross term (E ). For TM-polarized SHG under TM excitation

m,pEw,s
(0.,70°), Ly, o d5; while under TE excitation (6,=90°), I, , < v ;,d3; (EqQ. S13).
The in-coupling efficiency (2, ) under TE excitation is smaller in comparison to TM

excitation in a small NW (dyw ~140 nm << Apg)?** &

. In addition, the nonlinear
coefficient, ds;, is approximately 50% smaller than the largest tensor element, da3*(Eq.

S13). Therefore, TM-polarized SHG intensity (1,,,) is much stronger under TM

excitation as compared to TE excitation and follows cos* 8,,profile’®. In Figure A.1 E, the
SHG signal measured under TM and TE excitation by rotating the polarizer in front of
the detector and fitted by Eq. 3 shows that the SHG signal was always TM-polarized
along NW’s long-axis (or c-axis in this case) regardless of TM and TE excitation, which

exactly matches the second-order nonlinear tensor of CdS (Eqg. S7).

101



-

B) 2% o B 7| C)
-~ X 7
s % hd
0 1 WVW /
3 o TN o | 270
3 £ jesrf »
U%) i a4 4 R

ol 4 Bd B,

100 -50 O 50 100
FW polarization 8x(¢)

180

Figure A.2 Structural analysis of wurtzite CdS nanowire grown perpendicular to
the c-axis (cLNW) from optical SHG polarimetry. A) TEM micrograph of CdS NW
(0=90°, cLNW). Inset: SAED pattern of the NW indicating WZ crystal structure and
CcLNW growth orientation. Scale bar: 500 nm. B) TM- and TE-polarized SHG signal as a
function of the excitation polarization angle. C) Polarimetric plot of total SHG intensity
(I20) under TM (black, 6,=0°) and TE (red, #,=90°) excitation.

A.5 CdS Nanobelt Growing Perpendicular to c-axis

For the case of WZ CdS NW with the c-axis perpendicular to the long axis of the

NW (c LNW, 2=90°) (Figure A.2 A), TM-polarized SHG intensity (1,, ) exhibits sin?

0, profile as a function of the excitation polarization angle 6, (Eg. S15), which only
depends on the nonlinear coefficient dis (Figure A.2 B). More interestingly, TE-polarized

SHG intensity (I, .) reveals features (dips and peaks), which were not observed for the

20,8
case where c-axis||[NW (Figure A.1 D). TE-polarized SHG intensity under TM excitation
(0,70°) is I, s < d3; while under TE excitation (6,=90°) is I, s « v2 ;»d3s (EQ. S16).
Owing to a relatively smaller value of nonlinear coefficient (ds; ~ dss/2), TE-polarized
SHG signal excited at 6,=0° (TM excitation) is approximately five times smaller than
that at ,=90° (TE excitation). As the excitation polarization angle 8, changes from 0° to

90°, TE-polarized SHG first decreases and then increases to the maximum at 4,=90°. The

dip feature observed in the SHG signal (Figure A.2 B, 1,,.) can be attributed to the
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destructive interference between TM-and TE-excited components of SHG and revealed
ds; possessing an opposite sign with respect to dss>. In Figure A.2 C, the polarimetric
SHG plotted under TM and TE excitation shows that the SHG signal is always TE-

polarized but again along the c-axis. Therefore, from the two cases (c|[NW and c_L NW),

we conclude that the SHG signal is always polarized along the c-axis under both TM and

TE excitation for WZ nanostructures.

A.6 CdS Nanobelt Growing at an Angle to c-axis

For a more complex case, we investigated another CdS NW where the c-axis was at an
angle of 56° to the NW’s long-axis in the counter-clockwise direction (cZNW, ag = -56,
Figure A.3 A). As compared to the previous two cases (¢ || NW and ¢ LNW), TM- and
TE-polarized SHG signal from this NW exhibits asymmetric response with respect to the
rotation of the excitation polarization (Figure A.3 B). The polarimetric SHG signal differs
under TM and TE excitation (Figure A.3 A), indicating its polarization does not follow
the c-axis direction. These observations can be explained by a combination of factors
such as the in- and out-coupling efficiency and different values of nonlinear coefficients
(d1s, ds1, and ds3). Therefore, TM-and TE-excited SHG patterns along with the excitation
polarization dependence of TM- and TE-polarized SHG was analyzed to extract NW
orientation (Eq. S9 and S10). From fitted and measured data, NW’s c-axis was
determined to be ~54° in the counter-clockwise direction with respect to NW’s long-axis,

in good agreement with TEM characterization.
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Figure A.3 Structural analysis of wurtzite CdS nanowire grown at an angle of 56°
relative to the c-axis (c4NW) and CdS nanoflake from optical SHG polarimetry. A)
TEM micrograph of a selected CdS NW (c£NW). Inset: SAED indicating WZ crystal
structure and c2ZNW growth orientation. B) TM- and TE-polarized SHG signal as a
function of the excitation polarization angle. C) Polarimetric plot of total SHG intensity
(I20,) under TM (black, 6,=0°) and TE (red, 6,=90°) excitation. D) TEM micrograph of a
CdS triangular nanoflake. Inset: polarimetric SHG pattern obtained from the nanoflake
and fitted using Eqg. 3, showing that the strongest SHG was polarized along the horizontal
axis (bottom edge of the nanoflake). Scale bar: 2 um. E) Selected area electron
diffraction (SAED) of the CdS nanoflake, indicating the c-axis is along the bottom edge
of the nanoflake. Inset depicting the bottom-right corner of the NF.

A.7 Arbitrary CdS Nanoflake

To demonstrate the utility of SHG polarimetry in crystallographic characterization
of any single-crystalline WZ nanostructure with c-axis perpendicular to the propagation
direction of the incident laser beam, a triangular nanoflake with no preferred growth
orientation (unlike NWs), was selected (Figure A.3 D). The chosen nanoflake was large
enough such that the in- and out- coupling efficiencies can be assumed to be 1. In such a

WZ CdS nanoflake, the polarimetric SHG pattern should exhibit the strongest signal
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when the excitation laser is polarized along the c-axis owing to the largest nonlinear
coefficient ds3, which was confirmed by SHG results (inset of Figure A.3 D) and TEM
experiments (Figure A.3 E). Therefore, SHG polarimetry can be utilized to determine in-
plane c-axis orientation of a single-crystalline WZ material irrespective of its size and

shape.

Besides structural analysis, anisotropy in SHG polarization can be utilized to
determine fundamental material constants such as non-linear optical coefficients (ds;, ds3
etc.), which can be perturbed by external stimuli, such as mechanical strain and electric
field. For CdS, five large sized as-grown WZ NBs (> 2 um wide), for which the c-axis
was perpendicular to the long-axis of the NB and the in-coupling efficiency should be
isotropic for any polarization angle, were tested. Similar to Figure A.2 B, TE-polarized
SHG signal as a function of excitation polarization angle is plotted, and the average ratio
of dszi1/d33 ~-0.45 (£0.01) was extracted from the SHG dip, which matched the values
reported in literature®. Similar analysis can be extended to determine dsi/dss ratio for
single crystals of other material compositions existing in WZ crystal structure (e.g. Agl,
CdSe, ZnO, GaN, a-SiC etc.) thereby enabling the determination of material’s

anisotropic SHG response.

A.8 Determining Non-linear Optical Material Constants

Moreover, SHG polarimetry technique was extended to determine the size-
dependent in-coupling coefficient of WZ NWSs/NBs. In a tapered CdS WZ NB growing
perpendicular to c-axis, TE-polarized SHG signal as a function of FW polarization

differed in different regions owing to dissimilar size-dependent in-coupling efficiency
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(Figure A.4 A). For example, in the narrowest region of the tapered NB (p1 ~150 nm,

Figure A4 A, inset), ds1 is much larger than y2, ds3 (Eq. S16) due to extremely small
;jSn and therefore, TE-polarized SHG signal exhibits cos* 6., shape as a function of

excitation polarization (similar to Figure A.1 D). However, as the width of the NB
increases, i.e. as the incident spot is moved from p1 (~150 nm) to p2 (~200 nm) and then
to p3 (=250 nm), the dip in the TE-polarized SHG signal shifts towards smaller angle
(0.). As the NB becomes wider, the SHG shape begins to resemble Figure A.2 B (1,,,).
Combining the ratio of dsi/ds3 extracted from CdS NBs and the shift in SHG intensity
dip, the in-coupling efficiency as a function of the NB width was extracted as shown in

Figure A.4 B. It is found that the in-coupling efficiency increases with the NB width

approaching Vi,in ~1 for larger diameters. Knowledge of size dependent in-coupling

efficiency is essential to carefully design high efficiency opto-electronic devices.
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Figure A.4 Determination of nonlinear optical coefficients and in-coupling
coefficient in wurtzite CdS nanobelts via optical SHG technique. A) TE-polarized
SHG signal in a tapered CdS NB. Inset: SEM image of the NB indicating p1 (~150 nm),
p2 (~200 nm) and p3 (~250 nm). B) In-coupling coefficient obtained as a function of NB
width.
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Figure A.5 Determination of crystal structure of wurtzite and zinc blende CdTe
nanostructures using optical SHG polarimetry. A) TEM micrograph of a WZ CdTe
NW grown along c-axis. Inset: SAED pattern indicating WZ crystal structure and c-axis
growth orientation. Scale bar: 200 nm. B) SHG signal at two different excitation
polarizations (TM and TE). C) TEM micrograph of a ZB CdTe NW grown along [111].
Inset: SAED pattern indicating ZB crystal structure and [111] growth orientation. Scale
bar: 200 nm. D) and E) TM- and TE- polarized SHG as a function of excitation
polarization angle (6,,), fitted (solid lines) using Eq. S25 for TM- and Eq. S26 for TE-
polarized SHG signal. F) TEM micrograph of a ZB CdTe NB growing along [112].
Inset: SAED pattern indicating ZB crystal structure and 112 growth orientation. Scale
bar: 1500 nm. G) and H) Polarimetric SHG signal under TE (6,=90°) excitation (d), and

under TM (6,=0°) excitation (e).
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A.9 Wurtzite CdTe Nanowire Growing Along c-axis

In order to show the ability of SHG technique to study different materials and distinguish
between different crystal structures, CdTe NWs of WZ and ZB crystal structures were
investigated. Similar to WZ CdS of c||[NW (Figure A.1 D), SHG measurements carried
out on WZ CdTe NW growing along the c-axis (Figure A.5 A) show that TM-polarized
SHG is always dominant over TE-polarized SHG under both TM (6,=0°) and TE
(60,=90°) excitation (Figure A.5 B). The weak signal observed for 8,= 90° was attributed
to the poor in-coupling efficiency and small nonlinear coefficient (ds;1). This experiment
shows the applicability of SHG polarimetry technique towards single-crystalline WZ

nanostructures irrespective of their chemical composition.

A.10 Zincblende CdTe Compared to Wurtzite CdS

ZB CdTe NW growing along [111] (Figure A.5 F) exhibits different SHG
response as compared to a WZ CdS NW growing along c-axis (Figure A.1 B). WZ
crystal structure’s c-axis is equivalent to ZB’s <111> since both directions are normal to
the close packed plane of the crystal structure and therefore SHG response in ZB CdTe
NB in Figure 5C can be compared with WZ CdS NW in Figure 1B to distinguish between
the two crystal structures. TM-polarized SHG intensity in CdTe NW (Figure 5D) is much
stronger under TM excitation as compared to TE excitation and follows cos*d,, profile

similar to the CdS NW (Figure A.1 D, I,,,, ;). However, TE-polarized SHG intensity as a

function of excitation polarization in CdTe NW (Figure A.5 E) is asymmetric with

respect to NW’s long axis and therefore differs from CdS NW (Figure A.1 D, 1, )

owing to crystal structure based anisotropy in ZB which is absent in WZ CdS?. The SHG
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response shows a stronger peak at 6, ~54° corresponding to [221] (resulting SHG is

polarized along [112] or TE polarized) as compared to the peak at 6, ~ -36°
corresponding to [114] (resulting SHG is polarized at an angle to [112]) as evident from
Eq. S26). To further highlight the difference between SHG response in WZ and ZB
nanostructures, ZB CdTe NB growing perpendicular to [111] (Figure A.5 F) was chosen
and compared with WZ CdS NW growing perpendicular to c-axis (Figure A.2 A). When
the excitation laser is polarized along [111] (6,=90°, TE), the SHG signal is observed to
be TE-polarized (also along [111]) (Figure A.5 G) (Eq. S27), similar to the case of WZ
CdS (red curve in Figure A.2 C). However, as shown in Figure 5H, TM- and TE-
polarized SHG signals are comparable under TM-excitation assuming perfect out-
coupling efficiency (2,00t ~1) and the maximum SHG intensity is observed along [221]
(Eq. S28). This is different from the WZ CdS NB case where the SHG signal is polarized
along the c-axis (TE-polarized in Figure A.2) irrespective of the incident polarization
(Figure A.2 C). Therefore, distinct SHG response can help us distinguish between WZ
and ZB crystal structures in single-crystalline materials and enables SHG polarimetry
technique to characterize materials such as I1-VI and I11-V semiconductors that exist in
both WZ and ZB crystal structures, which influences their physical properties to produce

different responses?#°%.

A.11 Conclusion
In summary, optical SHG polarimetry was utilized to study crystallography of I1-
VI semiconductor nanostructures. The SHG response of nanostructures observed for

different growth orientations and crystal structures (WZ and ZB) was intrinsically
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associated with materials’ nonlinear tensor and was analyzed to determine the
crystallography of these nanomaterials, which also enabled us to differentiate between
WZ and ZB crystal structures. Also, the technique allowed us to determine some
materials’ constants such as optical non-linear coefficients and size-dependent in-
coupling coefficients. These techniques are promising to obtaining the crystal structures
of nanostructure, especially on a device platform, which are not compatible with
conventional TEM techniques in order to make a direct correlation between structure-

property relationships, something that is critical yet still challenging in nanoscience.
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APPENDIX B: Nanotwin Detection and Domain Polarity Determination via Optical
Second Harmonic Generation

Adapted and reprinted in parts from:

M.-L. Ren*, R. Agarwal*, P. Nukala, W. Liu and R. Agarwal, “Crystallographic
Characterization of 11-VI Semiconducting Nanostructures via Optical Second Harmonic

Generation”, Under preparation. * Equal Authorship

B.1 Introduction

Structure-property relationship is strongly determined by the nature of defects in a
material, especially at the nanoscale. For example, defects such as dislocation pairs can
enhance carrier collection for highly efficient CdTe solar cells'. Moreover, planar defects
such as twin boundaries (TBs) and stacking faults (SFs), commonly found in I1-VI and
I11-V semiconducting nanostructures of zincblende (ZB) and wurtzite (WZ) crystal
structure grown by the vapor-liquid-solid (VLS) mechanism®”, have been observed to
enhance cathodoluminescence (CL)® and enable efficient charge separation for solar
hydrogen generation®. Therefore, detection and analysis of the nature of defects is of
critical importance for efficient materials design. While established techniques such as
diffraction and phase contrast transmission electron microscopy (TEM), and
combinations of conductive atomic force microscopy (c-AFM) and piezo-force
microscopy (PFM) are routinely used to characterize such extended defects such as
dislocation pairs and twin boundaries, each of them suffer from certain limitations. For
instance, conventional diffraction and phase contrast TEM techniques are limited in

distinguishing between intensities of diffraction spots with opposite k-vectors owing to
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Friedel’s law which renders the Fourier transform of a crystal centrosymmetric*®™*. This
translates to a fundamental limitation of diffraction contrast TEM in not being able to
detect the nature of the stacking TBs, upright or inverted, which can potentially show
different carrier generation/separation behavior in the context of solar cell applications™.
Optical second harmonic generation (SHG) polarimetry, which is sensitive to material

13-17

crystallography in non-centrosymmetric materials™™", is capable of overcoming certain

limitations of diffraction-contrast TEM, and reveal quantitative complimentary structural
information. Here we adapt this technique in the polarimetry mode to study ZB CdTe
nanostructures, which are known to contain both upright and inverted TBs, and show that
SHG is not only capable of detecting TBs, which was verified via TEM, but can further
quantitatively resolve the nature of the TBs (upright versus inverted), a task which is

challenging to accomplish using any alternate single technique.

B.2 Theoretical expression of second harmonic generation (SHG) form ZB CdTe

nanostructures

Considering the coordinate systems: the crystal axes (éxéyéz) and lab coordinate system (
eie.65) (inset of Fig. 1a). Here e,=(1,0,0), e,=(0,1,0) and e,=(0,0,1). Assume
e = (a,,a,,a,) depicts the long-axis of nanowires (NW) and nanobelts (NB), which is
perpendicular to the zone axis or propagation direction of the excitation light with a unite

wavevector k= (k. k, . k,)  (considered  as e:-direction).  Thene: =k and

es=(b,,b,,b,) =e1xe, = (a,k, —ak, ak —ak

2 2 2
Koo Koak —ak). Here,fax+ay+aZ =1

113



and [k’ +k2 +k? =1. The electric field, E. = (E,,E,,.E,,), is in the e.e: plane and

has an angle of &, with respect to e, |,

E. = E,cos,e2 +7,,,E,sing,es, (S1)
namely,

E, a, cos6, +y,i.b, sing,

E,, |=Eo| a,cos6,+7,,b,sing, |, (S2)

E,. a,cosd, +y,,b,sin 6,

where y,.. =2/(1+¢,), standing for the in-coupling coefficient of the electric field

which is polarized perpendicularly to the nanowire. &, indicates the dielectric constant of
the nanowire (CdTe) at the frequency of w. Therefore, the electric field of second

harmonic generation (SHG) from zincblende CdTe (point group 43m),

Ezo = (E,uxsEseys Es) - CaN be described by the matrix’,

d, O “r o, S3

14 26 E_ (S3)

0 d, v
2E, E

@,z — ®,X

2E_E

o,X —o,y

Then we obtain the components of SHG which is parallel (EZa},p) or perpendicular (

E 205 ) to the nanowire (or €,) is written as,
Ezop = (B2 -€2)€2 = 2d,,EZ[u, cOs? 6, +V, Sin 26, +w, sin’ 6, Jez, (S4)
Ezos = (E20-€3)€3 = 7, 0, 201, E2[U, COS? 6, +V, SiN 26, + W, sin® 6 Jes, (S5)
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where

u, 3a,2,3,
Vo |=| Yoin (azaybX + axazby + ayaxbz) , (S6)

w vem(@abb, +abb +abb, )

U, (a,ab +aa,b, +aab,) v, / Y win
Ve |=| 7om(@bb, +abb +abb) = w, / Voin |- (S7)
Ws 37/5421,inb>(bybz 37/021,inbxbybz

where 7, depicts the out-coupling coefficient of the electric field which is polarized

perpendicular to the nanowire. In nanobelts, the size is much larger than the excitation

wavelength and theny,, . =7,, =7.i» =1. The intensity, having an angle of & with

respect to e, in the e-es plane, is detected by

1,,(60,6,) =|Ez0 080 + Ezossing] (S8)

If considering k = 1,-1, O)/\/§,

3a,a,a,
up
j/a) in
Vo |= 72 {(a, +a,)(a,a, - )} , (S9)
WP 7/2_
2na,[a, +(a+a,)la, - (a,+2,)]
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us Vp/}/w,in

v, |= W, /Y in . (S10)
W 37iin 2
—d, (a, +a
2\/5 z( X y)

Similar to the CdS case, we assume the long-axis (€z) has an angle of g with respect to

[001], therefore, a, =a, =—sina, /v/2,a, =cosa,.

If ,=-5474", € =(,11)/J3 and the long-axis is [111]. Then

a‘x :a‘y :a‘z :]/ﬁ ’é3:(_1!_1!2)/\/€:

1 0
u, J3 U,
vV, |= 0 and | v, |= —i}/ .
p S 2\@ ,in
w, 1 , W, )
- }/w,in Yai
2+/3 Lo
J6
= 2 1 2 2 1 . 2 -
E2up =2d,,E [ﬁcos 90—7w,mﬁ5'n &,1e2, (S11)

. 1 i 1 . ~
EZ(u,s = 7/2(u,out2d14 E02 [_yw,in TES”} 290 + 702),in %Slnz Ho]es
2 1 2 + 75),in

=7 20,007 0,n 2d,,E, ﬁ 5 sin g, sin(6, _ﬂ)é&

where cosf = yw,in/" fZ +y2, and sinf=, /2/(2 +yia). If Vowow =10 the large

nanobelts, /= cos‘la/],/B =54.74, then E2.s =0 when 6,=p, corresponding to [001].

(S12)

: : - 2 .
If 7,,0x — O in the small nanowires, f=0".1f6, =0, Ez0, =$d14E562 and Ezus =0,

- = 1 - — 2 -
while if §, =90, Ez2up = =77, ﬁdMEjez and Ezos =75, 0n? cin %dMEjes, then
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1,,(6.6,=0) = [Ez0 cOS0+ Ezussin 0\2 o C0S? 6, (S13)

1,,(0,0,=90") = ‘Ezw,p 05O + E2us SiN 6"2 oc|cos @+ xsind|" o cos*(6—5), (S14)

where x=—\/§y2w’0ut,cos5 =]/ m andsino = x/ \/1+7 . It is seen that the output
SHG signal reaches the maximum when 6, =mz -6 (M=0,+1,42,---). If », . =1in
the large nanobelts, &=cos™,-2/3=-54.74". If y,, .. — 0in the small nanowires,

0=0".

If o, =—125.26°, cosa, =13, sina, =—/2//3, & = (1,1,~1)/+/3 and the long-

axis is [111]). Then a, =a, =1/\/3,a, = -1/\/3 ,es=(1,1,2)/6,

1 0
) | B o) |
vV, |= 0 and | V, |=| —=7uin |-
p S Z\E}/m
w, 1 ., W, )
%h,in Vi
2 ,In
J6
— 1 ., -
Ezop =2d,,EZ[- \/gcos O +72 2N@sm 6,]ez, (S15)

— 1 . 1 . -
E2os = 72w,0ut2d14Eg[7w,in 2\/§S|n 20, + 7i,in %sz 0,1es
(S16)

= 7/2w,0ut7/w in 2d E2 1 7/” =

140 \/_
where cosf = 7w,in/«f2 +y2. and sing=, /2/(2 +7200) - 1 70 =1in the large

nanobelts, #=cos™ Q/],/B =54.74°, then E2.s = 0 when 6, =-,3, corresponding to [001].

sin g, sin(6, +ﬂ)e3,
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2

NE

— L — 1 -~ — 2 -~
E2os =0, while ifg, =90",Ezup = 7/;in%de§ez and Ezos = ymouty;m%dMEgeg,

If ¥,,00 —0 in the small nanowires, B=0". 1f§,=0,Eznp=——=d,Ele.and

then

1,.(6,6,=0") = ‘Ezm,p cos 9‘2 oc c0s? 6, (S17)
1,,(0,0,=90") = ‘EZa),p €056 + E 20,5 SN 6"2 oc|cos @+ xsind|" oc cos?(6 - 5), (S18)

where X = \Eymm ,C0SO =]/«/1+ x> andsin g = x/«/1+ x* . It is seen that the output

SHG signal reaches the maximum when 6, =mz -6 (M=0,+1,+2,---). If , . =1in

the large nanobelts, 6 = cos‘l,/1/3 =54.74" . If y,, .. — 0in the small nanowires, 6 =0".

B.3 Nonlinear coefficient from different domains of CdTe

In the first section, SHG from CdTe is analyzed in the crystal axes (éxéyéz ). We can also
transfer the nonlinear tensor {7®} from the crystal axes to the lab axes ( e:e.es) by the

Imn

rotation matrix, R={Ri}={ei -&i } (i=1, 2, 3; I=x, y, z), namely®

Ziﬂiﬁ = Ri|ijRan|(n21r)\- (S19)

2

Here {y@}corresponds to {d, }of Eq.(S3) in Voigt notation. As defined above,
élz(l,—l,O)is always the zone-axis ([110]). In domain A", éz:(l,l,l) and

e = (-1,-1,2), therefore the rotation matrix,
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J5 V5O

S VA4 A (520
- - 2
A A
then, {5 "}can be obtained and expressed in Voigt notation x% (+A) ={d/},
-2 _
L A A
2O (+A) =d,, —yﬁ %5 —%@ o 0o 0 (S21)

¥ 0 Ye Vg 0 0
4G A

If rotating domain A" over 180° alonge:, we will have domain A~ and therefore derive
72(A7) from y@(A") by the rotation matrix,

1 0 0
R=|0 -1 0 |, (S22)
0O 0 -1
Then,
ZD(A) =— 22 (A). (S23)

As defined above, domain B* has the lab axes ofe;=(1,-1,0) e,=(-1-11) and
es = (-1,-1,-2), and exhibits the nonlinear tensor from that in the crystal axes (éxéyéz ),

0 0 0 0 9 -
VAIA:
Zl(alzt))(+B):d14 _}</§ y\/g _}</§ 0 0 0
2 0 —7 —y 0 0
76 & 7B

In terms of rotation, domain B* can be obtained by rotating domain A" over -109°

(anticlockwise) along e; or over 180° relative to the e.es plane, which will give the same
relation as Eq. (S24). Similarly domain B~ is the 71° rotation (clockwise) of domain A*

or 180° rotation of domain B* along e:, then

(S24)
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7 (B)=-22(B). (S25)

Therefore in the lab axes ( e:€2€3), under TE excitation, E,_ = E,e,

E—M(A+) =d14 f \F 3) d14E5)Z/(x2)

E—M(B+) =d14 E2 (2)

\/_ \/_ 3) dl4

E,.(B)=0,E (= 2)

d E
\/— \/—3) 14(7(

In this situation (TE excitation), domains A and B exhibit polar properties or polarities,
which relate to the effective nonlinear coefficients y?, y{? and — 4.

(2) _

2
22 =— @ _

1 - 2 -
e,and =——e, ——=¢@
f «F?’ As ﬁz %3

(S26)

B.4 Description of Domains and Twin Boundaries

To understand the nature of upright and inverted TBs, we need to consider four
different domains of ZB CdTe and their interface with each other. First domain or
domain A" can be arbitrarily selected. Second domain, domain B* can be obtained by
rotating domain A" by 109.35° along <110>. The intersection of domains A" and B*
along the {111} is called an upright TB*. The two other two domains, A~ (or B") are the
inversion of A* (or B*) or a 180° rotation of A* ( or BY) along <110> (Figure B.1 A).
Intersection of domains A"(A) and B'(B*) along the {111} is called an inverted TB.
Please note that an inverted TB is also an anti-phase boundary (APB) since the atoms
across {111} are similar and are in principle forming “wrong-bonds™** (Figure B.1 A).

Similarly, domains A"(B*) and A (B") can intersect along {111} to form an APB but not a
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TB (Figure B.1 A). In order to interpret our SHG polarimetry data, consider the following
coordinate system: assume domain A" with the lab axes of e = (1,-1,0), e = (4,1,1)and
es=(-1-1,2), and domain B* with €, =(1,-1,0) e,=(-1-11) and es=(-1,-1-2)
(Figure B.1A. e, is parallel to incident laser beam propagation direction. In a twinned

nanostructure {AB}, (Figure B.1 B), parallel (Ezw,p, 6=0°) or transverse magnetic (TM)

components of SHG is expressed as (Egs. S11 and S15),

Ezop = 2E2[(R, + FeB)igcos2 6, —(Ry+R)72 L gin? 6,]e:, (1)

\3 23

and the perpendicular (Ezw,s, 6=90°) or transverse electric (TE) components of SHG is

(Egs. S12 and S16),

= 1 . 1 . -
E20s = Y000 2E0 [(Rp + Rg )7 in —=5IN26, + (R, — Ry )72, —=S5in” 6 ]es, (2)

243 J6

where R, =dV, and R; =d.V;, Va (or Vg) is the interaction volume of single domain
A® (or BY) and |d, =d,,is the second-order nonlinear coefficient of ZB CdTe, the

polarization angle of fundamental wave (FW) (or SHG signal ) is 6y (or 6) set with

respect to éz,}fmn stands for the in-coupling coefficient of FW at frequency w, while

72e0u StaNds for the out-coupling coefficient of SHG at frequency 2. Then the parallel

— 2 — 2
and perpendicular intensity of SHG s, Izw’p=‘E2w,p and |2wys=‘E2(u,s , and
polarimetric SHG is described as,
— — 2
|2w(0,00)=‘E2w,pC059+ Ezw,sSinﬁ‘ oc|0030+xsin6'|2, (3)
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where x is the fitting parameter. Ezop =2/ 3 (Ry+ RB)Ejéz and Ezos =0 under TM
excitation (6,=0), while Ezup =—1/\B(R, +Ry)y2 ,E2€2 and
Ezos =2/67,, 0. (Ry —Ry)y2 E2€s under TE excitation (6, =90°). In the case of TE

excitation (6, =90°), the fitting parameter is x = ﬁ?ﬁwm (Rg —R,)/(Rg +R,), therefore

RA/RB = (ﬁyZ(u,out - X)/(ﬁyzw,out + X)’ (4)

which reveals domain information, such as polarity and volume fraction. If R, =Rg,
|R,—R; |<<{R,+R;| and thenx — 0, the TE-excited SHG will be TM-polarized (

I, <<1,,,). Also, this means that the material contains two domains of like sign,

2m,s

either A" and B* or A" and B~ with comparable volume fractions. Therefore, there is only

a possibility of wupright TBs in such a material. However, if R,=-R;,
|IR,—Rs P>|R,+R,| and x—>o , the TE-excited SHG will be TE-polarized (

I, . >>1, ). This means that the material contains two domains of opposite signs,

2w, 20,p
either A" and B™ or A" and B* with comparable volume fractions and hence only inverted
TBs can be present in the material. As discussed further in this work, most materials

often consist of a mixture of all four domains and contain both upright and inverted TBs

and therefore the observed SHG signal is in between the two cases described above.
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A)

Bifiit 130 2/ 6)

Figure B.1 A) Atomic model of twin boundaries (TB), upright TB (red dotted line)
formed at the interface between A" (blue shaded region) and B* (green shaded region)
and inverted twin boundary (ITB) (blue solid line) formed at the interface between A*
and B~ (orange shaded region). B) Schematic of SHG polarimetry performed on a
twinned CdTe nanostructure which is composed of domains A (or A*) and B (or BY). C)
TE-excited SHG signal from domains A™ and B* of a CdTe nanobelt (d~1500 nm).

B.5 Detection of Different Domains using SHG
In order to validate the efficacy of SHG polarimetry technique in detecting
different type of domains, we started with the simple case of ZB CdTe nanostructures

with single domain A (A®) or B (B®) without any TBs. The untwinned CdTe nanobelt
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(NB) was first analyzed via TEM to ensure the absence of TBs and later through optical
SHG polarimetry technique which has been well-established in our previous work
(Appendix A). Under TE excitation, the SHG polarimetry measurements carried out on
an untwinned CdTe NB (d~1500 nm) shows that TM- and TE-polarized SHG signals are
comparable if the out-coupling efficiency is not considered (32000t ~1) (EQs. S11 and

S12). The SHG signal is polarized in the second and fourth quadrants if the NB is

illuminated from the top side (k = [110]), which corresponds to single domain defined
as domain A" (Figure B.1 C). As previously mentioned, domain B* can be obtained by
rotating domain A" by 109.5° counterclockwise along the [110] axis or by 180° along the

[111] axis. Therefore, if the same NB was to be illuminated from the opposite direction

(E = [110]), then the NB should exhibit SHG polarimetry characteristics corresponding
to domain B*. When illuminated from the bottom (owing to the transparent SiNy
membrane on which the sample rests), the SHG signal is ploarized in the first and third
quadrants, which is indeed a signature of domain B* (Figure B.1 C). Therefore, SHG
polarimetry technique is capable of distinguishing between different domains (A and B)

of CdTe, thus enabling the detection of planar defects such as TBs in nanostructures.

B.6 Detection and Analysis of Twin Boundaries in CdTe Nanobelt using SHG
Formation of TBs in ZB CdTe nanostructures, grown by Vapor-Liquid-Solid
(VLS) mechanism, is attributed to low stacking fault energy (SFE) of this material and is
believed to happen during the growth process itself*2. Figure B.2 A is a bright field TEM
micrograph (inset: dark field TEM micrograph) of one such twinned CdTe NB displaying

distinct twin domains with varying contrast™ in dissimilar volume fractions spread across
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the entire NB. Twinning is also confirmed by the SAED pattern with superimposed
diffraction spots from the two crystallographically distinct twin domains (A and B) (Fig.
2B). The domains A and B are stacked alternatively along <111>, forming the domain
boundaries (or twin planes) along {111}. It is important to note that our TEM results
reveal the presence of TBs but is unable to distinguish between upright and inverted TBs

owing to inversion symmetry of the SAED pattern (Friedel’s law). TM-excited SHG

signal is TM-polarized (along e), which is analogous to the untwinned CdTe NB (CdS
reference). However, under TE excitation, the SHG signal generated from different
regions of the NB is distinct. At an arbitrary point Q4, the TE-excited SHG signal reaches
the maximum at #=160° (Figure B.2 C), similar to domain A", while it exhibits similar
behavior as domain B* at another arbitrary point Q, and reaches the maximum at
0=41.82° (Figure B.2 D). More interestingly, The TE-excited SHG signal is almost

polarized along e, (6=3.64°) at arbitrary point Qs (Figure B.2 E) while perpendicular to

e, (6=74.55°) at arbitrary point Q4 (Figure B.2 F).

In order to understand the observed phenomena, we assume domain A (or B)

includes A* (or BY) with second-order nonlinear coefficient of 4 (or +4?), and any

twinned CdTe NB is composed of all four domain types, A" and B*. Therefore, ZB CdTe
NBs can contain both upright and inverted TBs. According to our theoretical model,

domain fractions and their relative polarity can be obtained by the formula
RA/RB =(2-%)/(2+x). We find R,/R; =1.68at Q; with x = — 0.36 and therefore

A" (or A") seems to dominate over B (or BY). Similarly, R,/R; =0.21at Q, with x =
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0.92, showing that B* (or B") dominates over A" (or A7) . At Q;, x~0 and R,/R; ~1,

leading to the equivalent fraction of B* (or B") and A" (or A"). In contrast, X =3.57 and

R,/Rg =—0.43 at Qq4, which indicates that domain B* (or B”) dominates over domain A~

(or A"). From this analysis of the SHG polarimetry data in different regions of CdTe NB,
we can conclude that all four type of domains exist in twinned CdTe NBs simultaneously
but in random volume fractions, as commonly observed in other materials®*. Also, this
indicates the presence of both upright as well as inverted TBs. In a NB, besides the VLS
growth that occurs only in one dimension, vapor solid (VS) growth takes place at the
lateral edges of the material during the entire duration. This is an epitaxial growth process
where CdTe vapor condenses on spatially different locations along the belt as islands,
grows along the lateral surface and eventually coalesce with each other. The growth rate
of the above process is much faster and therefore there is a high probability of
randomization in TB formation, i.e. both upright and inverted TBs can be formed
simultaneously. In other words, the regions with distinct contrast in the TEM micrograph
do not have to be uniform or periodic domains (Figure B.2 A) but can be a mixture of A*
and B* domains. Therefore, these experiments have demonstrated the utility of SHG
technique as a reliable source to detect and distinguish complex defects such as upright
and inverted TBs irrespective of the nanotwin domain size, a task extremely difficult to
achieve via conventional TEM techniques® and impossible via PFM owing to its low

spatial resolution and need for low electrical conductivity samples®®.
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Figure B.2 Different response of TE-excited second harmonic generation (SHG)
from different region of a twinned CdTe nanobelt. A) Bright field TEM micrograph of
a twinned CdTe NB. Dark field TEM micrograph (inset) exhibits a non-uniform sized
domain pattern. Scalar bar: 200 nm. B) SAED pattern confirming the twinned structure of

the nanobelt. C)-F) SHG polarization plots of TE-excited SHG signal (1) from different
excitation regions of the CdTe NB.

B.7 Detection and Analysis of Twin Boundaries in CdTe Nanowire using SHG

In order to study the size effect of twinned nanostructures in resulting SHG signal,
we performed measurements on CdTe nanowires (NWSs) where the geometrical in-/out-
coupling efficiency needs to be considered. A twinned NW (d~170 nm) possessing
multiple periodic domains (A and B) was selected (Figure B.3 A) for comparison. In this
NW, the SHG signal is TM-polarized under TM-excitation, similar to the ordinary CdTe
NW which shows that TBs have little impact on the results under TM-excitation.
However, under TE excitation (laser excitation polarized along the TB plane), the SHG

signal is TE-polarized (Figure B.3 B). These results, considering our theoretical model,
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indicate that the fitting parameter x —oor R,/R; ~—1 (similar size but opposite

polarity) in the twinned NW, which alludes towards the presence of only inverted rather
than upright TBs. In fact, the twin domains in CdTe NWs are of uniform size (Figure
B.3A). Therefore the TE-polarized components of SHG from adjacent domains are
excited simultaneously and interfere constructively, while the TM-polarized components

are opposite and cancel each other out, leading to dominant SHG polarized perpendicular

to e, (TE). In contrast to NBs, the NW formation is solely via VLS process and since
there is only one nucleation event and subsequent steady state growth process via super
saturated Au catalyst, one would expect uniform TBs of only one type across the entire
length of the NW®”. Formation of higher energy inverted TBs as opposed to lower energy
upright TBs can be explained by periodic fluctuation of precursor concentration in the Au
catalyst droplet thereby leading to formation of an APB, also a SF and hence an inverted

TB, during growth.
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—
o

o
o

1 B:l
0 45 90 135 180
SHG polarization angle &)

=
o

Normalized /20 (a.u.) @

Figure B.3 Properties of second harmonic generation (SHG) from a twinned CdTe
nanowire under TE excitation. A) Bright field TEM micrograph of a twinned NW (inset:
SAWD). Scale bar: 50 nm. B) TE-excited SHG signal polarized perpendicular to the NW.
C) Atomic model of polarization in domains across an inverted twin boundary (ITB). The
parallel component (along [111]) is vanishing owning to the cancelation of domains A™ and
B~ along [111]. However in the perpendicular direction, they are constructively interfered
and leading to the enhancement of perpendicular component.
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B.8 Analysis of Twin Boundaries in CdTe Nanowire after Heat Treatment

To further explore the efficacy of SHG technique in detecting and differentiating
between different type of TBs in smaller nanostructures, CdTe NW (same as Figure B.3)
was analyzed after heat treatment which involved rapidly increasing the temperature up
to 500°C in high vacuum (10 Torr), maintaining it at 500°C for ~ 10 minutes, followed
by immediately cooling it down to room temperature. The purpose of this heat treatment
process was to disturb the uniform nature of inverted TBs in the NW and to transform a
fraction of TBs to upright TBs. As shown in Figure B.4 A, the image contrast owing to
TBs is still very clear, however their nature is under question. Under TE excitation, this
heat treated NW emits SHG signal which is observed to differ in different regions, very

similar to the twinned NBs with random mutli-domains (Figure B.2). For example, TE-

excited SHG exhibits a maximum at 6=5.45° (close toe,) at an arbitrary point P; (Figure
B.4 B), at #=68.69° at an arbitrary point P, (Figure B.4 D and at =127.27° at an arbitrary
point P; (Figure B.4 D). This observed change in resulting SHG can be explained as
follows. The twinned NW exhibits uniform domain pattern with only inverted TBs and
becomes non-uniform (or random) after heat treatment owing to partial change in the
nature of TBs from inverted to upright because of various factors such as vacancy
condensation and dislocation motion. Sublimation of CdTe is also possible in the
annealing process as evident from Figure B.4 A, which may also affect the SHG pattern.
However, TE-excited SHG should still be TE-polarized like before (Figure B.3 B) after
sublimation, assuming that domains A (A®) and B (B™) are sublimated equally. Therefore

the significant changes of TE-excited SHG observed only after heat treatment could be

129



ascribed to the change in the nature of TBs and domain inversion in response to heat

treatment?
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Figure B.4 Polarized SHG signal (l,,) from the annealed nanowire (e.g. points Py,
P, and P3) under TE excitation. A) Bright field TEM micrograph of twinned NW (same
as Figure 3) after heat treatment (inset: SAED). Scale bar: 100 nm. B)-D) Three distinct
TE-excited SHG polar plots in three different excitation regions (P1, P, and P3).

B.9 Conclusion

To summarize, optical SHG polarimetry technique has been demonstrated as a

powerful and novel technique to detect and study the nature of planar defects such as

upright and inverted TBs in ZB CdTe nanostructures, verified by TEM analysis of the
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same samples. The technique can be extended to any non-centrosymmetric single
crystalline material not only at the nanoscale but also for bulk materials which are
impossible to characterize via TEM and to study the nature of defects in devices in-
operando. The versatility and flexibility of this technique promises to improve our
understanding in areas such as charge separation and carrier collection in semiconductors
for efficient solar energy harvesting. For example, the present case study revealed that
twinned CdTe NBs are made from randomly arranged multi-domains, containing both
upright and inverted TBs, while a twinned CdTe NW exhibits uniform presence of
periodic inverted TBs which may be transformed into a random multi-domain structure

upon application of the necessary stimulus.
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APPENDIX C: Observing Oxygen Vacancy Dynamics Indirectly during
Electroforming via Platinum Migration

Adapted and reprinted in parts from:
M.H. Jang*, R. Agarwal*, P. Nukala, D. Choi, A.T.C. Johnson, I-W. Chen and R.
Agarwal, “Observing Oxygen Vacancy Dynamics Indirectly during Electroforming via

Platinum Migration”, Under review at ACS Nano Letters. *Equal Authorship

C.1 Introduction

Resistive memory devices that can be switched between low and high resistance
states (LRS and HRS) by the application of electrical pulses are being extensively
investigated as promising candidates for next-generation non-volatile memory systems
and also as an artificial synapse material for applications in neuromorphic computing'™"’.
A typical resistive memory device consists of an active material sandwiched between two
metal electrodes, which can be configured in crossbar architecture for random access
memory. A variety of active materials such as transition metal oxides (TMOs), solid-state
electrolytes, perovskites and organic materials that can be reversibly switched between
different resistance states have been studied'®. Among these candidates, TMOs (e.g.,
Ti0,, Ta,0s, NiO) have distinct advantages owing to their high temperature stability, ease
of film deposition and compatibility with conventional semiconductor fabrication
processes with sub 10-nanometer scale feature size’'%. For any resistive memory device,
the preliminary step before practical operation is the process of electroforming which

enables the as-deposited HRS to switch into a LRS upon the application of an electrical
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bias. Electroforming process is believed to be due to the formation of a low resistance
filament in a high resistance active material matrix">, which can then be reversibly
disrupted or reformed with d.c. or pulsed electrical bias to access different resistance
states. Therefore, given the significance of the electroforming process in device
operation, it is critical that the underlying physical mechanism is properly understood.
One broadly accepted hypothesis explaining the electroforming process in TMOs is the
migration and accumulation of oxygen vacancies under electric field leading to formation
of localized regions with an off-stoichiometric, oxygen-deficient conductive phase, such
as the Magnéli phase (TiyOxn-1)"'°. Kwon et al.'’ observed the Magnéli phase (Ti4O7) in
electroformed Pt/TiO,/Pt stacked structure via ex situ TEM experiments, where the
samples were prepared by cross-sectioning the device post-electroforming via focused
ion-beam (FIB), which may alter the state of the device. Even though extensively studied,
a direct observation of the electroforming process in TMO based memory devices is
lacking thus far owing to challenges in device fabrication and observing the phenomenon
in situ while in operation. It must be realized that directly tracking the dynamics of point
defects such as oxygen vacancies in real-time during the electroforming process is
extremely challenging using electron microscopy techniques, further complicated due to
the polycrystalline or even amorphous nature of the films typical of TMO-based devices.
Given these challenges, it would be helpful if the unique properties of the oxygen
deficient phase can itself be utilized to observe oxygen vacancy motion under an

electrical bias in a direct manner to verify oxygen vacancy’s role in resistive switching.
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C.2 Strong Metal Support Interaction

It is well known in catalysis that certain noble metals (e.g., Pt, Pd or Au) display
enhanced surface interaction with partially reduced TMOs owing to charge transfer from
the d-orbital of the reduced cation of the TMO to the metal atom leading to an ionic
interaction, which alters the catalytic properties of the noble metal'®>. This interaction,
known as strong metal-support interaction (SMSI), is only applicable to TMOs where the
transition metal cation can exhibit multiple oxidation states. The cation in the vicinity of
oxygen vacancies in TMO is reduced (e.g. Ti'" in TiO, becomes Ti’"), thus triggering
SMSI between the reduced cation and the noble metal atom. Therefore, the SMSI
character of a TMO can be strongly enhanced by increasing the oxygen vacancy
concentration and has been extensively studied in the Pt-TiO, system'* . In this work,
we have enabled the detection of oxygen-vacancy-rich TMO regions via their increased
Pt concentration established by Pt migration driven by enhanced Pt-TiO, SMSI. By
designing thin Pt contacts (10-15 nm), we show that Pt can act as a tracer for the oxygen
deficient phase and hence can be easily detected via microscopy, thereby providing
evidence of the role of oxygen vacancy dynamics during the electroforming process in
TMO-based resistive memory devices. The purpose of Pt migration and filament
formation in this work is to directly probe the oxygen vacancy migration and
accumulation driven electroforming mechanism and not to create metal filament based

resistive memory devices*'? which can be reversibly switched between LRS and HRS.
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C.3 Device Fabrication and Characterization

In order to optimize SMSI in our system and to observe the formation of
conductive filament by high-resolution transmission electron microscopy (TEM),
nanoscale lateral Pt/TiO,/Pt devices were fabricated on thin (<50 nm) electron beam
transparent SiNy membranes such that Pt electrodes are stacked between SiNy and TiO,
film (Fig. C.2 A). Double side polished SiN(300 nm)/Si(525 um)/SiN(300 nm) wafers
were etched to form SiN membrane window by KOH. After opening the SiN membrane
windows, substrates were spin-coated with a 100 nm thick PMMA (A2 950 single layer)
to lithographically define Pt electrode nanogap patterns via electron beam lithography
(Elionix ELS-7500). After developing, 10-20 nm thick Pt layer was deposited by
sputtering. TiO, thin films (~10-15 nm) were then deposited by atomic layer deposition
(ALD) using Tetrakis(dimethylamido)titanium (TDMAT) and H,O precursors at 250°C.
The samples were then annealed at 300°C without breaking the vacuum to crystallize
TiO, films in an inert atmosphere. For fabrication of Pt/SiO,/Pt device, we deposited
SiO, by plasma enhanced chemical vapor deposition (PECVD). The chemical
composition of TiO, thin film before and after annealing was measured by X-ray
photoelectron spectroscopy (XPS). In Fig. C.1 (a) and (b), XPS O 1s raw and fitted
spectra before and after the annealing treatment are shown with deconvoluted sub-peaks.
O signals from -OH bonds and H,O are almost gone after annealing. This indicates that
TiO, film is reduced and has more hydrophobicity on account of losing the hydroxyl
group attached to the Ti atoms. This hydrophobicity of TiO, films after annealing is also

confirmed by the contact angle measurements of the as-grown TiO, film with 16.7° (Fig.
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C.1 ¢) and of the annealed TiO, with 54.3° (Fig. C.1 d). Selective area electron diffraction

(SAED) performed on TiO; film after an annealing treatment (Fig. C.1 e) confirms the

presence of only anatase crystalline phase.
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Figure C.1 Characterization of ALD deposited TiO, film before and after
annealing (a) XPS O 1s spectra of the as-grown TiO, film. Open circles and the red line
indicate the raw data and the fitted data, respectively. Deconvoluted sub peaks which are
assigned as TiO,, OH and H,0 are shown underneath the spectra. (b) XPS O 1s spectra of
annealed TiO; film. Open circles and the red line indicate the raw data and the fitted data,
respectively. TiO, and OH peaks are assigned. (c) Contact angle measurement of as-
grown TiO; film showing a contact angle of 16.7° (d) Contact angle measurement of
annealed TiO, film showing a contact angle of 54.3°. TiO, becomes more hydrophobic
after annealing treatment in inert atmosphere. (¢) SAED pattern of TiO, film after
annealing treatment in an inert atmosphere confirming the presence of TiO, in anatase
crystal structure (Space group: 14;/amd).

This TEM compatible lateral device platform eliminates the need of disruptive
FIB based techniques for cross-sectioning the sample, which is known to cause device
degradation through Ga' implantation and carbon deposition. A lateral device
configuration also ensures uniform exposure of all device components to its environment,

which eliminates stacking sequence dependent electroforming properties®. In our study,
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Pt was chosen as the electrode material for a variety of reasons: it is known to exhibit
strong SMSI behavior with TiO,, is considered an “inert” electrode material with a high
melting point (2040 K). Furthermore, ultra-thin (10-20 nm) Pt electrodes and TiO, layer
ensures maximum surface interaction between the two materials, thereby enhancing
SMSI and easing the detachment process of Pt from the parent electrode to track the

oxygen deficient phase during electroforming.

C.4 Electroforming in Pt/TiO,/Pt Device

The electroforming process of one such lateral Pt/TiO2/Pt device (~40 nm gap
between the metal electrodes, Fig. C.2 b) performed under ambient conditions (outside
the microscope) during the 1-V sweep with a low compliance current of 30 pA occurs at a
voltage (Vf) <10 V (Fig. C.2 d, red circles). Post electroforming, the current flowing
through the device in LRS increased by ~500 times (Fig. C.2 (d), black circles) in
comparison to the virgin device in HRS at 1 V. Interestingly, the scanning electron
microscopy (SEM) image of the electroformed device (Fig. C.2 c) shows a continuous
filament between Pt electrodes along with some shrinkage at the anode, which suggests
that the metal from the anode possibly participated in the conductive filament formation.
To further understand the chemical composition and structure of the conductive filament,
the device was characterized via TEM 222 further confirming (Fig. C.2 e, f) a continuous
Pt filament from the anode to the cathode. Energy filtered TEM (EFTEM) mapping of the

nanogap region using Pt O-edge confirms the presence of Pt atoms in the filament.
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Figure C.2 Characterization of a lateral Pt/TiO2/Pt device before and after the
electroforming process in ambient conditions (a) Schematic of a lateral nanogap
Pt/TiO2/Pt device with Pt electrodes stacked between SiNx membrane and TiO2 film. (b)
SEM image of a nanogap Pt/TiO2/Pt device prior to TiO2 deposition. (¢) SEM image of
the Pt/TiO2/Pt device after electroforming. The electrode polarity is indicated by ‘“+’
(anode) and ‘-’ (cathode). Brighter region corresponds to higher atomic number material.
(d) 1-V characteristic curves during electroforming (red filled circles) and after
electroforming (black filled circles) in Pt/TiO2/Pt device at the compliance current of 30
MA. (e) TEM image of Pt/TiO2/Pt device after forming. (f) Magnified TEM micrograph
of the conductive filament. (g) Pt O-edge EFTEM map of the nanogap region showing a
continuous Pt filament across the electrodes. (h) Nano-beam diffraction (NBD) pattern of
conductive filament (region inside the circle in Fig. 1 (f)) shows pure-Pt face-centered

cubic phase.
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Nanobeam electron diffraction (NBD) obtained from the central part of the filament (Fig
C.2 e, red circle) also corresponds to Pt metal in face centered cubic structure (Fig. 1h)
(space group: Fm3m and a = 3.92 A). These observations demonstrate that in our device
design, the conductive filament, whose formation is responsible for the electroforming

event, is made of metallic Pt, the source of which appears to be the Pt from the anode.

O T R ()

Figure C.3 Snapshots from the movie S1 showing in situ BF-TEM observation of
electroforming process in a lateral Pt/TiO2/Pt device. (a) The virgin device before
applying bias, (b) Initiation of the conductive filament formation along with O2 bubble
formation near the anode (lighter contrast). (¢) Complete filament formation (d) The
electroformed device after the electrical bias was removed.

C.5 In-situ TEM Electroforming in Pt/TiO,/Pt Device

It is surprising that a noble metal such as Pt can participate in the filament
formation during the electroforming process since it is believed to be chemically inert',
To further validate these results and observe the electroforming behavior in real-time,

another lateral Pt/TiO,/Pt device was electrically biased on our in situ TEM compatible
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platform under high vacuum (~107 Torr) while simultaneously recording a movie (Fig.
C.3). During the experiment, we clearly observed a gradual migration of Pt from the
anode towards the cathode leading to the formation of a continuously connected path
along with development of lighter contrast near the anode suggestive of O, gas bubble
formation and eventual dissipation’ (Fig. C.3 a-d). The directionality of Pt motion from
the anode to the cathode shows that metal migration is polarity dependent and not due to
heat related effects. These in situ observations are similar to the ex situ results described

earlier, which also suggests that effects due to electron beam exposure are not significant.

C.6 Electroforming in Pt/SiO,/Pt Device

Recently Yang and coworkers™ observed the motion of nanoscale metal
inclusions, including Pt, embedded in an insulating SiO, matrix under large electrical bias
towards the cathode, which they explained through polarization of metallic nanoparticles
and their subsequent motion under sufficiently large electric field. However, for the case
of Pt nanoparticles, the motion was much more difficult requiring very high fields (>5
MV/cm) to move them over very small distances (~5 nm), which they attributed to poor
polarizability of Pt. In comparison, in our system, the Pt electrode can release Pt at lower
electric field intensities (<3 MV/cm) to migrate over much larger distances (50-100 nm)
in sufficient quantity so as to form a continuous bridge across the metal electrodes®,
suggesting a completely different mechanism. To compare with Pt/TiO,/Pt system, we
also fabricated Pt/SiO,/Pt lateral devices. The non-TMO (SiO,), incapable of displaying
SMSI with Pt, switched to LRS accompanied by severe electrode disfigurement at an

extremely high electric field strength of ~28 MV/cm (Fig. C.4 a-c), possibly due to
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dielectric breakdown of SiO,**. Another experiment performed with a device architecture
of the type Pt/SiN,/Pt (Fig. C.5) with a nitride matrix between the Pt electrodes did not
show any Pt migration or electroforming at ~5 MV/cm. These results confirm that
transition metal cations and oxygen anions are necessary for observing the enhanced
migration of Pt in response to an applied electric field, which is consistent with the SMSI

mechanism.
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Figure C.4 Electroforming process in a lateral Pt/SiO2/Pt device (a) |-V
characteristic curves of Pt/SiO2/Pt device during electroforming (red circles) and after
electroforming (black circles). The forming voltage is ~ 37 V with the compliance current
set at 1 pA. (b) SEM image of the Pt gap before SiO2 deposition. (c) SEM image after
the electroforming process showing severely disfigured electrodes due to high fields.
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Figure C.5 Characterization of Pt/SiN,/Pt nanogap device (a) SEM image of a 30
nm Pt nanogap region on SiNx membrane with no TiO, film deposited on top of the
electrodes. (b) I-V characteristic curve of the device for an applied bias up to 18 V (~5
MV/cm) showing no electroforming event. The current value is two orders of magnitude
below the set compliance level. (c¢) TEM image of the nanogap region after applying
electrical bias shows no Pt motion from either electrode (d) Pt-O edge EFTEM image of
the nanogap region confirming no Pt motion or filament formation in the device.
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C.7 Atmosphere Dependent Electroforming in Pt/TiO,/Pt Devices

Since the SMSI character of a TMO is strongly dependent on the oxygen vacancy
concentration, one is able to tune SMSI by way of environmental conditions'®?’. For
example, reducing atmosphere enhances the SMSI character of a TMO with Pt by
increasing the oxygen vacancy concentration, whereas oxidizing atmosphere suppresses
the effect'®?. To study how varying the extent of SMSI influences electroforming, we
first performed the experiment on a Pt/TiO,/Pt lateral device (Fig. C.6 a) in a reducing
atmosphere (H, gas, at 300 Torr). In a reducing H, atmosphere, in conjunction with a
higher concentration of oxygen vacancies, Ti reduction also occurs providing more n-type
polarons thus enhancing the electrical conductivity of the virgin device by ~50 times in
comparison to air (Fig. C.6 a, inset)®. As a result, upon application of electrical bias,
electroforming was achieved at a lower electric field of ~2 MV/cm (Fig C.6 a) as
compared to an ambient atmosphere. Post-electroforming, the device was characterized
via TEM (Fig. C.6 b) and EFTEM (Fig C.6 c¢), which confirmed the formation of Pt
filaments constituting a large number of uniformly distributed Pt particles between the
two metal electrodes in contrast to a dense single filament obtained under ambient
conditions (Fig. C.2). However, experiments performed on another device (Fig. C.6 d)
under an oxidizing atmosphere (300 Torr O,) did not result in electroforming even upon
application of 40 V (~6 MV/cm) (Fig. C.6 e). Yet, the same device, when exposed to
ambient conditions, underwent electroforming at ~2.5 MV/cm (Fig. C.6 e). These results
underline the importance of the environment in the electroforming process where the

conductive metallic filament is readily formed in ambient and reducing atmospheres but
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not under oxidizing conditions. In fact, it is easier to electroform a device under a

reducing atmosphere as compared to ambient conditions.
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Figure C.6 Atmosphere dependent electroforming process in a lateral Pt/TiO,/Pt
devices (a) I-V characteristic curves of the device during (red circles) and post (black
circles) electroforming process in H, atmosphere. Forming voltage is ~ 13 V with the
compliance level set at 300 pA. Inset shows the current level of the same device before
the electroforming process in ambient conditions and 300 torr of H,. (b) TEM image of
the device after the electroforming process in H,. (¢) Pt O-edge mapped EFTEM image
of the nanogap region shows continuous Pt filament formation. (d) SEM image of a
Pt/TiO,/Pt device prior to TiO, deposition. (e) 1-V characteristic curves of the device
under O, at 300 torr during the failed electroforming attempt (red filled circles),
successful electroforming under air (green filled circles) and subsequent LRS under air
(black circles). The device did not switch under 100 % O,.
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C.8 Oxygen Vacancy Mediated Electroforming Mechansim in Pt/TiO,/Pt Devices
Based on these observations, the following mechanism for electroforming in our
lateral Pt/TiO,/Pt devices via conductive metallic filament formation is proposed. During
device fabrication, upon annealing of the TiO, film deposited above the Pt electrodes in
an inert atmosphere, polycrystalline anatase TiO, is formed, which is known to have
structural oxygen vacancies®>. Characterization of the annealed device via X-ray
photoelectron spectroscopy and contact angle measurements shows that after annealing in
an inert atmosphere, TiO, film becomes more hydrophobic as a result of losing the
hydroxide ions’' ™ leading to a reduced, off-stoichiometric anatase phase with structural
oxygen vacancies (Fig. C.1). This is the first instance at which SMSI between Pt from the
electrodes and adjacent TiO; is initiated, thereby facilitating the detachment of Pt from
the electrode through enhanced attraction between reduced TiO, and atomic Pt (Fig C.7
a). Under applied electric field, it is known that in TMOs such as TiO,, oxygen vacancies
are created near the anode by discharging O, gas, subsequently migrating towards the
cathode since they have a net positive charge, and are finally quenched near the cathode
by consuming O, gas from the atmosphere®’ (Fig C.7 b). Therefore, as oxygen deficient
and partially reduced TiO,.x region is created near the anode and progresses towards the
cathode under an applied electrical bias, Pt atoms are dragged along owing to enhanced
SMSI character of this region, which has a higher concentration of oxygen vacancies as
compared to its surroundings (Fig C.7 c). As more Pt atom dissociation from the anode
follows, this fragmentation process is further catalyzed by Joule heating and especially by
the enhanced SMSI character of reduced TiO,.x continuously created near the anode as

described earlier. This sequence of events finally leads to sufficient Pt injection into the
145



TiO; matrix such that Pt atoms can migrate along with oxygen vacancies towards the
cathode to form a continuous metallic bridge across the electrodes following the oxygen
deficient phase (Fig C.7 d). The role of TiO, and accompanied SMSI-assisted Pt
migration is further supported in another experiment (Fig. C.8) where the TiO, film near
the Pt anode was partly delaminated but still allowed to contact the Pt cathode in some
part; and the electroforming process in this device occurred by Pt migration via a
circuitous path tracking the TiO, film, forming a dendrite like filament following the

fringe electric field.
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Figure C.7 Schematic of the electroforming process. (a) Pt/TiO,/Pt device after
annealing and before application of electrical bias showing partially reduced TiO, film
with Pt atoms from both electrodes detaching into the film. (b) Creation and annihilation
of oxygen vacancies near the anode (+) and the cathode (-) respectively under an applied
bias and their subsequent motion by drift and diffusion towards the cathode. (c)
Migration of atomic Pt along with oxygen vacancies from the anode towards the cathode
under an applied bias by enhanced SMSI between Pt and partially reduced TiO, film.
(d) Formation of a continuous Pt conductive filament once sufficient metal has detached
from the anode and migrated towards the cathode.

146



—
o
I8
T

compliance: 30uA

— « — forming el

10°} — o — after forming
~~
s
- i
}3 10 'g o . A
= A = .:.
O 2 S0tk e SrEvacoum
R $4 g %

° -
010
10°}  1.5x10° Torr

0.0 02 04 06 0.8 1.0
Voltage (V)
L f

0 2 4 6 8 10 12 14
Voltage (V)

Figure C.8 Characterization of a Pt/TiO,/Pt device before and after electroforming
under high vacuum. (a) SEM image of the device prior to TiO, deposition. (b) I-V
characteristic curves during (red circles) and after (black circles) the electroforming event
in the Pt/TiO,/Pt resistive memory device. The compliance level is set at 30 uA and the
forming voltage was 12 V. The Iyrs/Iirs ratio is ~130. (c) TEM image of the device after
the electroforming process showing a dendrite shaped Pt filament formed between the
two electrodes circumventing the delaminated TiO; film (red dotted circle). (d) Pt O-edge
EFTEM map of the device with the same region as (c) confirming the dendrite shaped
filament is made of Pt. (e) Ti L-edge EFTEM map of the device with the same region of

(c) showing the delaminated TiO; film between the two electrodes (darker region inside
red dotted circle).

Atmosphere dependent electroforming experiments further highlight the role of
SMSI in Pt migration in Pt/TiO,/Pt system under the applied electric field. (i) In reducing
atmosphere, oxygen vacancy formation is enhanced®. Generally, an overall increase in the
oxygen vacancy concentration significantly increases Pt-TiO, interaction via SMSI,

thereby opening multiple pathways through which Pt metal can migrate from the anode
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towards the cathode resulting in a more spread-out and much thinner metallic filaments.
(i1) Under high vacuum, oxygen vacancy concentration increases as compared to ambient
conditions, due to which electroforming occurs at lower voltages, similar to the case of a
reducing atmosphere (Fig. C.8). (iii) Under ambient conditions, equilibrium vacancy
concentration of TiO, is sufficient to drive forward the electroforming process, even
though oxygen vacancies are constantly being created at the anode and annihilated at the
cathode. (iv) In an oxidizing atmosphere, where the equilibrium oxygen vacancy
concentration of TiO, is greatly suppressed, Pt motion is sluggish owing to reduced

interaction between Pt and TiO,, explaining the lack of electroforming.

C.9 Conclusions

In conclusion, by combining electron microscopy with novel device designs, we
have shown the role of oxygen vacancy dynamics during electroforming by utilizing a
noble metal such as Pt as a tracer element for oxygen vacancies in TiO; via strong metal-
support interaction. By performing experiments in different atmospheres and with
different material systems, the role of oxygen vacancies during the electroforming
process in Pt-TiO,, a prototypical resistive memory device system, is further highlighted.
The clear role of oxygen vacancies during switching and the realization that passive
electrode may not be as inert as generally assumed, will further help our understanding of
the complex processes that can occur in typical resistive memory devices, thus aiding

developing the next generation of nanoscale memory systems.
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