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Abstract

The creation of nanostructures offers the opportunity to modify and tune properties in
ways inaccessible in bulk materials. A key component in this development is the introduction of
size effects which reduce the physical size, dimensionality, and increase the contribution of
surface effects. The size effects strongly modify the structural dynamics in nanoscale systems
and leads to changes in the vibrational, electrical, and optical properties. An increased level of
understanding and control of nanoscale structural dynamics will enable more precise control over

nanomaterial transport properties.

My work has shown that 1-D spatial confinement through the creation of semiconducting
nanomembranes modifies the phonon population and dispersion. X-ray thermal diffuse
scattering distributions show an excess in intensity for nanomembranes less than 100 nm in
thickness, for phonon modes with wavevectors spanning the entire Brillouin zone. This excess
intensity indicates the development of new low-energy phonon modes or the softening of elastic
constants. Furthermore, an additional anisotropy in the phonon dispersion is observed with a
symmetry matching the direction of spatial confinement. This work has also extended x-ray

thermal diffuse scattering for use in studying nanomaterials.

In electro- and photoactive monolayers a structural reconfiguration can be produced by
external optical stimuli. 1 have developed an electro- and photoactive molecular monolayers on
oxide surfaces. Using x-ray reflectivity, | have evaluated the organization and reconfiguration of
molecular monolayers deposited by Langmuir-Blodgett technique. | have designed and probed
the reconfiguration of optically reconfigurable monolayers of azobenzene donor molecules on
semiconducting surfaces. These monolayers reconfigure through a cooperative switching

process leading to the development of large isomeric domains. This work represents an



advancement in the interpretation of x-ray reflectivity from molecular monolayers and

inhomogeneous surfaces.

The growth 2D materials depends on the interactions between the substrate and the 2D
material. | have studied the competition between kinetics and surface energetics which lead to a
faceted Ge surface during the growth of Graphene nanoribbons. As part of this work, | have
developed new methodologies for interpreting x-ray reflectivity patterns from surfaces with
multiple reflections. A systematic analysis of the temperature dependence of the faceting

process indicates that the process is thermodynamically dominated at high temperatures.
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Figure 3-6: (a)-(d) Nanomembrane TDS intensity distributions for membranes with thicknesses
of 315, 44, 28, and 6 nm, normalized to the TDS intensity maximum in each image. The bright
spot to the left of the maximum in the diffuse scattering arises from the crystal truncation rod.
Orange lines represent Zone DOUNAIIES. ........cc.ocieiiiiiiicie e 70

Figure 3-7: (a) Expected thickness scaling of x-rays TDS for samples in the few hundreds of
microns region. The maximum in TDS intensity occurs at the attenuation length of Si.............. 71

Figure 3-8: Dependence of the TDS intensity on the wave vector Qx for (a) 315, (b) 44, (c) 28,
and (d) 6 nm membranes (black circles) and for bulk-like regions of the SOI handle wafer for
each sample (red squares). The intensity profiles are normalized to unity at their maxima and
offset vertically for clarity. The central maximum in (d) is sharper than in thicker samples due to
a small difference in the sample OrientatioN. ...........cooiiiiiiiiieie e 72

Figure 3-9: Suspended 21-nm-thick silicon membrane. The thin dimension of the membrane is
termed the out-0f-plane Z dIFECTION. .........coiiiiiieee s 74

Figure 3-10: (a) Bulk phonon dispersion of Si, with a sector of the plot removed to expose
low-phonon-energy contours. (b) Simulated distribution of x-ray TDS (TDS) intensity inside the
(-3 -1 1) zone using the bulk Si phonon dispersion. A sector of the prediction has been removed
to expose regions of high intensity. High intensity streaks occur along <111> and <001>
directions, as was apparent in the phonon diSPersion............cccccevveieieenie e 75

Figure 3-11: X-ray TDS collects information about the phonon population along the
two-dimensional surface of the Ewald sphere, which is swept through the Brillouin zone by
rotating the sample through a series of values of the incident angle of the x-ray beam. .............. 76

Figure 3-12: Scattering patterns with thicknesses of (a) 97 nm (b) 21 nm, acquired with incident
angles from -10° to 30° in 5° steps. The image acquired at an incident angle of 10° excites the
highly intense (-3 -1 1) Bragg reflection of the nanomembrane, saturating the detector, and is
thus not shown. The crystal truncation rod of the Si sheet appears as an intense highly localized
feature in several images. The three-dimensional representation of the experimental TDS
intensity constructed from the detector images appears in the right panels of (a) and (b). The data
has been removed from a sector of the Brillouin zone in order to show the high-intensity
(610 01 (01 | PP P PP PPPPRPPPPRRR 77

Figure 3-13: High-symmetry-direction profiles of the TDS intensity. The intensity is normalized
by x-ray data acquisition time and membrane thickness. Black and red dots represent measured
intensities from nanomembranes with thicknesses of 97 nm and 21 nm, respectively. Black and
red lines are first-order TDS simulated using the bulk phonon dispersion fit to the corresponding
data by a single overall scaling parameter, and provide a guide to the eye for comparing the
measured intensities with those expected from bulk-like samples. ..., 78

Figure 3-14: Anisotropy of nanomembrane TDS. Ratios of intensities from 21 nm-thick and 97
nm-thick silicon nanomembranes along (a) out-of-plane and (b) in-plane directions. The
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directions of the profiles are shown in the corresponding color in the inset schematic of the
Brillouin zone. The anomalously intense point plotted with a star includes an artifact due to
powder diffraction from the x-ray optics and thus does not fit the overall trend. The horizontal
dashed line indicates the expected ratio in intensity between the 21 nm-thick and 97 nm-thick
membranes assuming linear scaling of the TDS intensity with thickness. ............cccccoccvvieiinenns 80

Figure 3-15: Absence of anisotropy in bulk Si. The ratio of intensity between the bulk frame of
the 21 nm membrane and the frame of the 97 nm membrane. The (a) out-of-plane and (b)
in-plane directions are plotted as was done for the membranes in Figure 3-14. Neither the
in-plane or out-of-plane direction profiles show evidence of the anisotropy observed in the

L0 =T00] oT r=T T OSUUSSRRRPRN 81

Figure 3-16: Schematics of (a) Si/SiGe/Si trilayer nanomembrane and (b) Si nanomembrane.
Optical profilometry images of (c) the Si/SiGe/Si trilayer connected to the substrate by narrow
arms, and Si nanomembranes with thicknesses of (d) 97 nm and (€) 21 NM........ccccoceveririrennns 84

Figure 3-17: X-ray TDS patterns acquired from (a) a 60 nm-thick, Si/SiGe/Si trilayer
nanomembrane, (b) a 21 nm-thick Si nanomembrane, and (c) a 97 nm-thick Si nanomembrane.
Orange lines are overlaid on the detector image to indicate the intersection of the Ewald sphere
with the Brillouin Zone DOUNCANIES. .........oviiiiiiiiee s 85

Figure 3-18: TDS intensity profiles extracted along the intense streaks of intensity observed in
Figure 3-17(a), (b), and (c) Observed (points) and simulated (red line) intensity profiles
approximately along [010]. (d), (e), and (f) Observed (points) and simulated (red line) intensity
profiles approximately along [111]. Sharp features in (d) and (f) and the weaker feature in (e) at
Q[111] = 0 correspond to the intensity from the crystal truncation rod of the membrane and do
NOL AFISE TIOM TDS.. ..ottt b e b et b e s et e e et e nbesbeabeareene e 86

Figure 4-1: (a) Molecular structure of the ReAzoC molecule in trans and cis isomers. The
ReAzoC molecule is composed of a 2,2’ Re-bipyridine complex head group, an azobenezene
bridge group, and a carboxylic acid attachment group. (b) Under UV and blue light the
azobenzene group reversibly photoisomerizes from trans to cis (UV) and cis to trans (blue),
TESPECTIVETY. .ttt bbbt b ekttt b e b b s 101

Figure 4-2: Molecular models for the (a ReEC and (b) Re2TC molecules. (carbon is gray,
chlorine is purple, rhenium is green, hydrogen is white, oxygen is red, nitrogen is blue, and
sulfur is yellow) (i) denotes the out-of-plane dimensions while (ii) denotes the in-plane
dimensions for @aCh MOIECUIE..............ooi i 103

Figure 4-3: Surface pressure isotherms for (a) ReEC and (b) Re2TC spread from chloroform
solution with a concentration of 1.0 mg/mL. A compression rate of 10 mm/min was used at a
temperature of 23°C + 1°C. These LB isotherms were collected by Yongho Joo...................... 105

Figure 4-4: (a) Schematic of the box model of Re2TC used for fitting the experimental data. A
Re2TC molecule is shown schematically on a silicon substrate. To partition the molecule into
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boxes, the molecule is split at the bond between the Re-complex and the bridge. (b) Example of
the electron density as a function of position along the molecule, as approximated by the box
model. The dashed black curve is a schematic of the electron density for the example case of
perfect interfaces. The red curve is a schematic of the electron density for the example case of
interfaces with a RMS roughness of 6 A similar to the experimental results. (c) Gradient of the
electron density as a function of position along the molecule for the case of RMS roughness at
ACH INEEITACE OF B A ..ottt 107

Figure 4-5: XRR data from ReEC (a) and Re2TC (b) samples. The data are fit assuming constant
layer thickness and electron density values as derived from the box model. The data are fit by
varying monolayer coverage and interface roughnessesS. .......ccccveerierenienieeniesee e 108

Figure 4-6: Surface pressure-mean molecular area isotherm of ReAzoC spread from chloroform
and THF (9:1) with concentration 1.0 mg/mL. Regions of gas, liquid, and solid phase are defined
by slope discontinuities at 125 A% and 50 AZ...........cccoviieiieeeiee e, 112

Figure 4-7: AFM characterization of a monolayer of ReAzoC donor molecules deposited at 25
mN/m surface pressure. (a) 5 um x 5 um and (b) 1 um x 1 um regions. The inset in (b) shows a
height line profile taken along the dashed line. The height difference between the molecular layer
and substrate in the line profile 1S 2.3 MM ......cciiiiiiic e 113

Figure 4-8: XPS spectra of ReAzoC (a)-(c) an LB film transferred at a surface pressure of 25
mN/m to Si and (d)-(f) a drop-cast film ON Si. ......ccccv i 114

Figure 4-9: Surface coverage determined by XPS as a function of the surface pressure during LB
(0 [=T TS 1 (o o SRS PPRRPSROSON 116

Figure 4-10: UV-Vis absorption spectra of ReAzoC for (a) a monolayer deposited using the LB
method and (b) 2.74 x 10 M solution of ReAzoC in chloroform-THF (9:1). Reversible
switching of the absorbance maximum of ReAzoC of (c) LB film and (d) solution after
alternating cycles of UV (365 nm, 10 s) and blue (465 nm,10 s) irradiation. ..............c.ccccvvenene 118

Figure 4-11: XRR of (a) ReAzoC monolayer deposited at surface pressure 25 mN/m, (b)
ReAzoC monolayer deposited at surface pressure 15 mN/m, (c) drop-cast ReAzoC film, (d) bare
Si/SiO2 substrate. The red line shows the best fit using the model and parameters in Table 4-2.
Insets show model electron density Profiles. ... 123

Figure 4-12: XRR characterization of optically induced structural changes. (a) XRR
as-deposited, following 30 s blue illumination, and after 360 s of UV illumination. (b)
Reflectivity measured after subsequent 360 s, 720 s, and 1440 s blue exposures overlaid on the
reflectivity curve after 360 S UV illUMINAtioN. ........cooiiiiiiiiieee s 126

Figure 4-13: (a) XRR of a ReAzoC monolayer deposited at a surface pressure of 25 mN/m
before illumination (black), after UV exposure (violet), and after subsequent blue exposure


file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204601
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204602
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204602
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204602
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204603
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204603
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204603
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204604
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204604
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204604
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204604
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204605
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204605
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204606
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204606
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204607
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204607
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204607
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204607
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204608
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204608
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204608
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204608
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204609
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204609
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204609
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204609
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204610
file:///C:/Users/owner/Box%20Sync/Thesis/Kyle%20McElhinny%20Thesis%20-%20Master%20Document.docx%23_Toc482204610

Xiv

(blue). (b) Optical absorption spectra for the starting structure and before and after each XRR
IMEASUIEIMEINT. ...ttt ettt ettt e s e e b e e e s e e he e es e e e b e e e me e e s se e e n b e e b e e enneenneeanneennes 128

Figure 4-14: (a) Schematic model for the growth of isomeric domains in monolayers of
azobenzene containing molecules (i) a monolayer of trans isomers (blue) with a defect in packing
of the monolayer. (ii) Upon exoposure to UV illumination, molecules near the defect have a
higher probability of photoisomerization (iii) the presence of the defect and initial cis molecule
nucleates the growth of domains of cis isomers with continued optical exposure. (b) Microscopic
schematic of experimental setup and isomeric monolayer composition during monolayer
structural evolution. (c) X-ray reflectivity pattern of 25 mN/m monolayer deposited on quartz
substrate. The red represents the fit of the structural model to the data. (d) The reflectivity from a
monolayer composed of 100% trans isomers (blue) and 100% cis isomers (violet). ................. 131

Figure 4-15: Evolution of X-ray reflectivity pattern of the same sample with exposures with
increasing optical intensity and total photon dOSe. ..o 136
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Figure 5-3: (a) X-ray scattering pattern acquired with an incident angle of 4°, from the
Ge/graphene sample grown at 910 °C. The center streak is the x-ray reflection from the portion
of the surface aligned with the average surface. The left and right streaks arise from reflections
from the left and right facets. (b) Intensity profile taken horizontally across the image in (a). . 162

Figure 5-4: (a) Azimuthal (¢) data showing that the maxima in the total reflected intensity, from
a region which includes the reflectivity from the flat surface and right and left facets, are
observed at multiples of 90°. The reflection from the flat surface appears throughout the 360°
scan, while the reflection for the right and left facets appears and disappears every 90°. (b)
Intensities of the right, left, and center streak as function of the azimuthal angle ¢ over a narrow
range. With the assumption that there is equal population of right and left facets, alignment of the
x-ray beam with the long axis of the faceting occurs at the point at which the intensities of the
scattering from the right and left facets are equal. ..o 163

Figure 5-5: Detector images at the indicated incident angles from Ge/graphene grown at 910°C.
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Figure 5-6: Angular positions a and  of x-ray reflections for samples grown at (a) 870°C, (b)
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averaged over all INCIAENt @NGIES. ........ccviiiiiiee et 164
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Figure 5-8: SEM image of Ge surface after slow cooling. In the case of slow cooling, the surface
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Chapter 1: Motivation and Introduction

1.1 Motivation and overview

Synthesis-structure-property relations dominate the design and study of materials,
particularly in nanoscience and nanotechnology. In nanoscience and nanotechnology controlling
the physical size and molecular-scale structure provides an opportunity to create and tune
properties in ways inaccessible in bulk materials. There are three primary size effects in
nanomaterials. The first is the reduced physical dimensions down to the nm length scale. The
second is the reduced dimensionality of the crystal from 3D bulk crystals, to 2D materials like
membranes and monolayers, to 1D materials like nanowires and nanotubes, and 0D materials
like quantum dots. The third is the increased importance of interfaces as a result of the increased
surface area to volume ration. The important length scale for thermal and electrical transport is
set by a combination of the mean free path and the wavelength of the phonon or electron being

confined. This sets the critical length scale for confinement effects near 30 nm.

The problem addressed in this thesis is the impact of the size effects on the structural
dynamics on nanomaterials. Changes in the atomic displacements of the atoms on the order of
0.01 A RMS displacement impact the thermal and electronic properties of the nanostructure.
Surface confinement and close packing in 2D molecular monolayers turn the 1 nm displacement
from changes in molecular conformation result in orders of magnitude changes in charge transfer
rates. Surface energetics between graphene and Ge control faceting at the interface at length

scales less than 10 nm.

The goal is that if the dynamics can be characterized and controlled at sub-nm length scales,

this will enable precise control over the nanoscale transport properties. With this increased



understanding and control challenges in thermal management in transistors, waste heat
harvesting in thermoelectrics, control over charge transport and energy storage in carbon
nanomaterials, and more efficient interfacial charge transfer can be overcome. The experimental
challenge for nanostructures, monolayers, and surfaces is to characterize the structure in small
volumes. However, with recent advances in x-ray scattering techniques and sample preparation,
it is now possible to probe the modifications of structural phenomena introduced by material

interfaces and surfaces.

Several recent research efforts across the scientific community have worked to isolate
modifications to the phonon dispersion in an effort to advance the phonon engineering of
materials. The goal of my work has been to determine how the phonon dispersion is modified by
spatial confinement through the creation of 2D semiconductor nanomembranes. Research
pursuits in the development of intelligent materials which enable external dynamic control over
material structure have worked to develop of a model for the structural reconfiguration of
optically reconfigurable monolayers. The goal of my work has been to obtain detailed structural
information on the structural evolution of molecular monolayers via photoisomerization. The
growth of 2D materials has blossomed in recent years with the competition between surface
kinetics and thermodynamics during the growth of 2D materials playing a central role in their
development. The goal of my research has been to understand the development of surface facets

during the nanomaterial growth process.

These projects are unified by the drive to use nanotechnology to manipulate the properties of
materials, particularly, to understand the role of spatial confinement on the structure and hence
other physical properties of the system. Additionally, these projects demonstrate the role of fast

dynamics in the vibrational phenomena in nanoscale materials. Finally, these projects have been



enabled by the advances in x-ray scattering techniques and nanofabrication. The controllable
nanoscale structures and high fluxes of synchrotron x-ray sources have allowed me to study

subtle nanoscale phenomena and the corresponding weak x-ray signatures.

The field of phonon-engineering has blossomed with the goal of obtaining comparable
control of nanoscale vibrational properties as has been achieved for electronic and optical
properties.’> Improved control over the vibrational properties of nanomaterials is central to
more efficient thermoelectrics through reducing the thermal conductivity and breaking the
Wiedemann—Franz law,® 4 the development of phononic crystals for a variety of applications
including acoustic waveguides through the creation of a phononic band gap,>*>*° and heat
removal and electron-phonon scattering in microelectronics.?>?® In nanomaterials,
mechanically-free surface boundary conditions replace the periodic boundary conditions of bulk
crystals.?26-2 Changing the boundary conditions results in modification of the fundamental
vibrational modes of the crystal when the confined dimension becomes comparable in length to

the phonon mean free path of the material, on the order of tens of nanometers in Si.”?:28.28

| have used x-ray scattering methods to address a long-standing problem underpinning the
fundamental understanding of thermal transport in nanomaterials. Understanding changes in the
phonon dispersion in nanoscale semiconductor structures is key for understanding thermal
transport and electron-phonon interactions which play an important role in determining the
properties and functionalities in these systems.?#?53031 The key challenge has been the lack of
an experimental probe capable of probing the small volumes of nanostructures with sufficient
probe momentum to sample phonons with arbitrary wavevectors anywhere in the Brillouin zone.
In bulk materials inelastic neutron scattering is used to measure the phonon dispersion.

However, the volumes required for phonon measurements using neutron scattering on a



reasonable timescale are on the order of 1000s of pum?®, while the volumes available in
nanomaterials are on the order of pm?®.3? Instead, optical techniques have been extensively used
to probe phonons in nanoscale volumes.?*33-3" However, the inherent limitation of these
techniques is that the optical photon momenta in Raman and Brillouin Light Scattering

measurements is capable of sampling only 10 of the phonon modes of the crystal.?% 3337

My solution has been to use x-ray thermal diffuse scattering to probe the population of
phonons, and hence the modification of the phonon dispersion, in semiconductor
nanomembranes with thicknesses as thin a 6 nm.%¥42 X-ray TDS is capable of probing small
volumes through the use of high flux synchrotron x-ray sources. Additionally, the x-ray photon
momenta on the order of 1 A is large enough to probe phonons spanning the Brillouin zone.
Chapters 2 and 3 outline the fabrication of nanomaterials and development of x-ray TDS tools to

investigate the impact of spatial confinement on the phonon dispersion.

My second research area has focused on donor-semiconductor interfaces and reconfigurable
monolayers. In donor-semiconductor systems the charge transfer rate and mechanism depend on
the molecular structure as well as the conformation and configuration of molecules at the
interface.**-2 Charge transfer across the organic-inorganic interface is crucial to applications in
solar energy harvesting,>->° photo- and electro-catalysis,*®°” and molecular electronics and
sensing applications.®®* In reconfigurable monolayers, which undergo a reversible change in
molecular conformation through photoisomerization, the molecular structure, restricted free
volume, and steric hindrance reduce photoisomerization rates and can limit the fraction the
monolayer which reconfigures.®%-%3 Optical reconfiguration has been developed for use in a
variety of exciting applications including phostoswitchable surfaces,%-%¢ high density solar

fuels,®-"0 gas storage in metal-organic frameworks,”* and as parts in molecular machines.®* 6% 7=



4 In molecular monolayers, the introduction of a surface results in anisotropic confinement of
the molecular orientation to a particular geometry on the surface. This confinement to a surface,
rather than the isotropic distribution present in solution, results in a complex dependency on the
charge transfer and photoisomerization rates due to structural variation and intermolecular

interactions.

| have used x-ray scattering methods to address the need for a structural probe capable of
characterizing monolayer structural parameters and structural variation of the interface. Recent
experimental and theoretical results for these donor-semiconductor systems have demonstrated
the importance of molecular conformation and configuration on the electronic and vibrational
properties of the interfacial system.**%47 In donor-semiconductor monolayers, spectroscopic
techniques have been used to infer the distance and orientation of donor molecules on the surface
through measurements of the charge transfer rate.*>*6 However, the charge transfer rate is a
complex parameter which depends on a variety of other parameters and provides an indirect
estimate of the monolayer structure. In reconfigurable monolayers, the photoisomerization
kinetics are also evaluated using spectroscopic techniques such as UV-vis spectroscopy and
sum-frequency generation spectroscopy. These spectroscopy techniques provide only indirect

estimates of the timescale and evolution of photoisomerization within the monolayer.

| have addressed the problem of the determining the interfacial structure of
donor-semiconductor and reconfigurable monolayers by using x-ray reflectivity (XRR). | have
used the XRR signal as an indicator of the influence of the deposition parameters and molecular
design on the interfacial structure and structural variation.*> ™ Additionally, | have developed
and characterized a donor-semiconductor system with tunable molecular conformation and

configuration to enable studies of the structural impact of these two parameters on the resulting



properties. Chapter 4 discusses the development of XRR as a monolayer structural probe, the
creation of reconfigurable electronic monolayers, and the development of a structural model for

understanding the monolayer reconfiguration.

Finally, I have used x-ray scattering methods to evaluate the competition between the
surface kinetics and thermodynamics during 2D materials growth. Advances in the development
of two-dimensional materials have produced impressive new functionalities, but have also posed
significant characterization challenges as a result of the small sample thickness and
corresponding broadness of the reciprocal space features. This has made characterization using
laboratory-based diffraction instrumentation challenging. My work has demonstrated that XRR
can resolve this issue by leveraging simultaneous advances in x-ray sources, optics, area
detectors, and reflectivity modeling. Without precise scattering measurements of the faceted
structures, the atomic-scale structure is unknown. In particular, my reflectivity study of a
high-angle-faceted graphene/Ge(001) interface provides timely and crucial insight into the
interplay between surface energetics and kinetics in single-layer graphene/Ge systems.”® " My
work interprets multiple reflections from a single surface to extract statistical parameters of
distribution of faceting angles with an accuracy of 0.1°. It also looks at the temperature
dependence of this surface faceting to illuminate the competition between the surface kinetics
and thermodynamics during graphene growth. This work opens the way to examine similar
crucial issues in other emerging 2D materials including the transition metal dichalcogenides,

silicene and germanene.

This thesis is divided into chapters: Chapter 1 provides the relevant background for the

X-ray scattering techniques used as the primary characterization tools throughout this thesis.



Specific comments on my role in the development and advancement of the experimental and

analytical methodologies are also discussed.

Chapter 2 discusses the development of processing techniques to eliminate the buckling
instability in freestanding semiconductor nanomembrane windows through understanding the
mechanics and surface energetics of the nanomembrane system during processing. The key
results of this chapter include the development of an edge-induced flattening technique to
produce silicon nanomembrane windows as thin as 6 nm with as little as 10 nm of vertical
deviation over a 100 pm length scale. A second technique which confines the majority of
buckling instability into narrow arms which attach the nanomembrane the surround substrate is
developed to flatten Si/SiGe/Si nanomembranes. The additional technique is required as a result

of additional contributions to the strain energy from the lattice mismatch between Si and Ge.

Chapter 3 describes the discovery of large-wavevector phonon confinement in Si and SiGe
nanostructures through the use of x-ray TDS. The development of x-ray TDS as a nanoscale
phonon probe is discussed. The key scientific results are the observation of evidence for phonon
confinement at wavevectors spanning the entire Brillouin zone as well as the development of a
three-dimensional anisotropy in the phonon population resulting from the mesoscopic structure

of the nanomembrane.

Chapter 4 discusses the development and structural evolution of optically reconfigurable
electronic monolayers through collaboration with Padma Gopalan’s group and characterization
of the static and dynamic monolayer structure using XRR. The key scientific result is the
development of a structural model for the evolution of the monolayer in response to optical

stimulus.



Chapter 5 outlines characterization of the competing kinetics and thermodynamics of a
faceting process of a Ge surface during the growth of graphene nanoribbons. This chapter
discusses the interpretation of the reflectivity patterns from a surface with multiple reflecting
surfaces as well as reveals that the thermodynamics of the Ge-graphene system dominate at high

temperatures.

1.2 X-ray scattering techniques: background

1.2.1 X-Ray thermal diffuse scattering: review

X-ray thermal diffuse scattering (TDS) describes phenomena associated with the
scattering of x-rays by thermal lattice vibrations. Thermal lattice vibrations reduce the intensity
of the Bragg peak by the Debye-Waller factor and redistribute the scattered x-rays across broad
regions of reciprocal space.”® ”® The momentum of x-ray photons used for TDS experiments is
approximately 10 A, This is the same order of magnitude as the dimensions of the Brillouin
zone that is used to describe the dispersion of phonons. Due to advances in synchrotron sources

and x-ray optics, small spot sizes with high x-ray flux can be focused on small sample volumes.

A brief review of the origin of TDS is useful in understanding the how it can be used.
Derivations in more detail than the summary presented here are available in the textbooks by
Warren,’® Als-Nielsen and McMorrow,”® and Cohen and Schwartz.2® Bragg diffraction is
characterized by sharp peaks in reciprocal space. In real space, Bragg diffraction arises from the
constructive interference of waves scattered from atomic planes. Bragg diffraction occurs when
the path length difference between x-rays reflecting from different planes is an integer multiple
of the x-ray wavelength. In reciprocal space, the diffraction condition requires that the scattered

wavevector S is equal to a reciprocal lattice vector Gnk. Gnii IS perpendicular to the atomic plane



with indices (h k I) and has a magnitude of 2xt/dna. Bragg reflections produce sharp peaks of
intensity in reciprocal space because a Fourier transform relates the real space and reciprocal

space structure. The Fourier transform of the infinite real-space lattice is a delta function.

Scattering amplitude from a static lattice can be modified to account for thermal vibration
by replacing Rn, the time-averaged mean position, with the instantaneous position term, Ry + U
where un is the displacement from Rn. This replacement leads to the separation of the scattered
intensity into two terms. The first term is the elastic scattering from the lattice where the atomic
form factor has been reduced by an exponential term known as the Debye-Waller factor. This
factor reduces the intensity of the Bragg peak, but does not broaden it. The second term is
termed as first-order TDS. The intensity of TDS increases with increasing mean-square
displacement and it is distributed over a width determined by the correlation of the displacements
of its neighboring atoms. Due to the diffuse nature of TDS, the scattering contribution is spread
out over large volumes of reciprocal space. Since TDS arises from the instantaneous
displacements of the vibrating atoms, it provides information about the population and dispersion

of phonons.

TDS is an energy-integrated analog of inelastic x-ray scattering capable of
simultaneously probing phonons throughout the entire Brillouin zone. The TDS intensity
distribution depends on the phonon dispersion and the polarization of the of the thermally
populated phonon modes. The TDS intensity distribution is a direct indication of the phonon
population at a given wavevector and temperature. The first-order TDS intensity for an infinitely

periodic crystal at scattering wavevector S and sample temperature T, is given by Equation 1-1:®

6 2
1,(S) = C|f(S)|2e72M Z IS8l o <hwo,j>
j=1

é
wQ,j ZkBT
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Equation 1-1

where S is the scattered x-ray vector, f(S) is the atomic scattering factor, M is the Debye-Waller
factor, é; is the phonon polarization, w ; is the dispersion of the j™ phonon branch as a function
of phonon wavevector Q, kg is Boltzmann’s constant and T is temperature. The coth () factor is
derived from the mean total energy of a harmonic oscillator. The sum over j is the sum over all
phonon branches, for a total of six phonon branches for crystal structures such as silicon that
form crystals in which the unit cell has a two-atom basis. The constant C is related to the total
number of atoms in the crystal, the mass of atoms involved in the vibration, and the thermal
energy available. This constant is absorbed by the scaling parameter during TDS analysis, due to
the difficultly of calculating the exact numerical value of the expected intensity. A complete

discussion of TDS from an extended solid can be found in ref. 78.

Figure 1-1: First-order thermal diffuse scattering with a momentum transfer S arises from
phonons with wave vector Q. G is the reciprocal lattice vector closest to S. Bragg reflections
from silicon membranes are elongated into rods of intensity along the direction normal to the
surface of the membrane. The reciprocal-space representation of the x-ray detector (curved blue
surface) passes near the zone center and intersects the boundary of the Brillouin zone centered
on the (1, 3,-1) reciprocal lattice point (orange polyhedron)
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The vector Q is the difference between the wavevector of the scattered x-ray S and the
nearest reciprocal lattice vector G. The intensity observed at S is determined by phonons with
wavevector Q. The relationship between S, G, and Q is shown schematically in Figure 1-1. The
blue rods of intensity angled at approximately 45° are the crystal truncation rods arising from a
sample with a finite dimension in one-direction. Since x-ray TDS measures the population of
thermally populated phonon modes it is particularly sensitive to changes in the frequency of the

lowest-lying acoustic modes.

1.2.2 X-Ray thermal diffuse scattering: extension to nanomaterials

My contribution to the field of x-ray scattering has been to extend x-ray TDS from a bulk
technique into the regime of nanoscale volumes and to use x-ray TDS to evaluate phonon
confinement in semiconducting nanomaterials. This technique allowed the reduction in the
required sample volume for phonon characterization using x-ray radiation from 1000s of um? for
energy-resolving inelastic probes to as little as 4 um?® for TDS. The use of this x-ray technique
has extended the probed phonon wavevector in nanomaterials from 0.002 A to 10 A, It has
also enabled the measurement of phonon modes with wavevectors in the confinement direction.
Experimentally, the background and non-sample diffuse scattering has been significantly
reduced such that signals as weak as 0.04 a.u./s can be resolved. For comparison, the crystal
truncation rod of a 315 nm thick nanomembrane has an intensity of 7 a.u./s at a point
approximately 0.25 2n/a from the zone center. | have also developed new analytical methods for
interpreting the data. The results of these advances in x-ray TDS experiments and analyses are
presented as they apply to nanomembrane flatness in Chapter 2 and in their role in evaluating

phonon confinement in Chapter 3.
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1.2.3 X-Ray reflectivity: summary of methods

X-ray reflectivity (XRR) describes the phenomena associated with the scattering of
x-rays at small incident angles from gradients in electron density at interfaces. XRR provides
information about the layer thickness, roughness, and electron density of surfaces or buried
layers and interfaces. The distribution of the electron density along the direction perpendicular
to the interface reflect incident x-rays with a reflected amplitude and phase factor related to the
magnitude of the density difference and position at which the reflection occurred. The
wavelength of x-rays, in the range 1.0-1.5 A, offers precise measurement of the interfacial
structure with sensitivity to sub-nm levels of interfacial roughness. Additionally, the high fluxes
available at synchrotron sources enable time resolved XRR measurements from monolayers of

weakly scattering materials.

The interaction of x-rays incident on a surface of a material can be described by a simple
model in which the index of refraction of the material characterizes the change in the direction of
the incident x-rays when passing from air to the material.”® 8! The x-rays can be reflected,
transmitted, or absorbed. Using a simple model for when an electron in the material is
accelerated by the x-ray field, the index of refraction for x-rays in a material, when absorption is

neglected, is described as:
n=1-4
Equation 1-2

Where ¢ characterizes the scattering characteristics of the material. The values of 6

depend on the on the materials electron density p:
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5= PTo
21
Equation 1-3

Where rg is the classical radius of the electron and 4 is the wavelength of the incident

x-ray. Hence, § is typically on the order of 10°, making the index of refraction slightly less than

unity. The materials critical angle for total external reflection can be approximated by 6, =~ V26

When x-rays are reflected from an ideally flat surface, the reflected intensity is confined
to the plane which includes the incident x-ray beam and the surface normal, with the incident and
outgoing directions being symmetric. This is described as specular reflection. In the limiting
case of small angles, Snell’s law and the Fresnel equations can be used to describe the fraction of
the incident intensity either reflected or transmitted. The Fresnel equation for amplitude

reflectivity is:

_ag _6-0
"4 T o+e
Equation 1-4

Where 6 and 0’ are the angle between the incident x-ray and the surface plane in air and

inside the material, respectively. They are related through Snell’s law:
cos@ =ncosb’
Equation 1-5

The reflected intensity is the square of the amplitude reflectivity. For XRR phenomena it
IS more convenient to use wavevector transfers and their dimensionless counterparts. The

wavevector and incident angle are related by:
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Q= 2 sin @ and Q' = 2 sing’
2 A
Equation 1-6

The dimensionless counterparts are written as:

-9 i
1= % and q Qc
Equation 1-7

With these relations, the amplitude reflectivity can be rewritten using wavevector transfer

notation as:

!

q—q
r(q) = ,
q+q
Equation 1-8

The measured reflected intensity R (q) is denoted as the intensity reflectivity and defined
as r (g) multiplied by the complex conjugate of r (g). Substituting with previously defined
relations yields R (Q), where Q is the experimental x-ray wavevector. In the limiting case where
the incident angle is much greater than the critical angle, the intensity reflectivity R (Q) falls of
proportional to Q. This effect coupled with the total external reflection at angles below the
critical angle gives rise the reflectivity curve for a perfectly smooth surface, known as Fresnel
reflectivity. The ideal reflectivity curve, for a silicon substrate with zero roughness and an x-ray
wavelength of 1.54 A is shown in Figure 2-10. The reflected intensity reaches an approximately
constant value below the critical angle of Q. = 0.031481 A for Si and falls off as (2Q)* at

higher angles.
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In order to model the reflectivity from non-ideal surfaces and single/multilayer structures,
the expression for R (Q) needs to be modified. With the assumption that the film is laterally
homogeneous, meaning the electron density of the film varies only in the direction perpendicular
to the substrate z, the x-ray reflectivity, R(Q), of a rough interface calculated from the electron

density profile p(z) is:*+*

2

d .
R(Q) = Rf(Q) ’p(z — Oo)f p(2) ez,

Equation 1-9

Here, R (Q) is the Fresnel reflectivity of the substrate, Q is the x-ray wavevector, and

p(z > —oo) is defined such that p(z » —0) = pgupsirate aNd p(z > +0) = py;; or pVac-79' 8

The reflectivity R(Q) can be straightforwardly calculated using an analytic form of p(2),
allowing the prediction of XRR curves for arbitrary structures. The inversion of XRR data to
obtain the density profile is more difficult however, in part because it is the square magnitude of
the density profile that appears in Equation 1-9.82 In order to extract insight into the physical and
electronic structure of the surface and buried interfaces, a model for p(z) must be assumed and
model parameters adjusted until a fit to data is achieved. One possible model for p(z) is to take
the sample as a series of boxes or slabs with a given density, thickness, and interfacial roughness.
To model the reflection of x-rays at these sample interfaces the kinematical approximation is
used. The kinematical approximate assumes that refraction and multiple reflections make small
contributions to the scattered intensity.”® 8 The interfaces between boxes are assumed to be

broadened by error functions. With these assumptions, the expression for p(z), becomes:
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p(2) = psun + Z fin 2 [1 +erf (= )]
J

Equation 1-10

Here, p; is the electron density of the jt" box, z; is the position of the interface between
the jt"and (j + 1)*"* boxes, and o; is the RMS (root-mean-square) roughness of the interface

between the j**and (j + 1)*" boxes.®? Then,

d . 2
p(z) 0107
p(z > —x)) dz

R(@) = K;(Q) |

2
‘71

= Rf(Q) Z(pj+l p]) Xe 2

><eLQz]

Equation 1-11

The fitting of experimental data was carried out using the GenX software package. GenX
is based on a differential evolution algorithm for fitting x-ray and neutron reflectivity data.®®
GenX uses the Parratt formalism which considers multiple reflections between interfaces and
uses fitting algorithms to minimize a figure of merit.2> For the samples used in this thesis, the
difference between the kinematic and Parratt formalisms lead to negligible differences in the
reflectivity curves and extracted parameters. For this work the figure of merit chosen is
Log(R1), with R1 defined in ref. 84 and 85. Simple layer models, like those discussed above,
are created to model the electron density profile. In the fitting of XRR data, it is important to
account for the sample and x-ray beam size. As the incident x-ray angle increases, a larger
fraction of the beam footprint is incident on the sample. This effectively varies the magnitude of

lo as a function of angle at angles where:
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Beam Width
sin 8

> Sample Width.

The variation in lo with incident angle is accounted for with careful measurement of the
x-ray beam width through a knife edge measurement and a measurement of the sample width.

These are used as constant parameters during the reflectivity fitting process.

1.2.4 X-Ray reflectivity: extensions to time-dependent systems

Chapter 4 outlines my research to reduce the length scale and timescale of monolayer
structural characterization. XRR has previously been used to study donor-semiconductor
monolayers deposited on ~10 nm metal oxide layers deposited by atomic layer deposition.®* The
orientation and molecular density of porphyrin dyes were extracted from changes in the
monolayer thickness extracted from small shifts in the reflectivity from the metal oxide layer.>*
My work has been to resolve XRR pattern of solely the molecular monolayer, on the order of a
few nm with A resolution. My approach allows a reduction in the fitting parameters leading to
improved accuracy. The experimental accomplishment was achieved through the use of
synchrotron x-ray sources, with careful calibration to avoid damaging the molecular monolayer,
and the reduction of the background scattering to a relative intensity of 10°. | have been able to
achieve dynamic ranges of 108 which allows the fitting of multiple reflectivity fringes from
monolayers with thickness of ~ 3 nm. The presence of multiple fringes is crucial to the accuracy
of the fitting parameters. This approach has been successful in resolving changes in the height of

molecular monolayers on the order of 1 nm.

My work has improved the time resolution of XRR from minutes to seconds, even for
complex, laterally inhomogeneous surfaces. XRR scans traditionally take on the order of

minutes to hours to acquire, particularly for weakly scattering systems like monolayers. This
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limits the inherent time resolution of the measurement. This limitation of XRR was overcome by
moving beyond the traditional approach, where the sample is exposed to a set photon dose, then
removed from illumination and measured. The expose and then measure approach relies on the
stability of the structural states on the timescale of minutes to hours. However in reconfigurable
monolayer systems, the timescale of the reverse isomerization reaction is on the order of seconds
to minutes. This results in XRR measurements which do not reflect the true changes from the
optical exposure and are composed of scattering from a constantly changing structural state. My
approach increased the time resolution to the order of seconds through the monitoring of the
reflected intensity at a point of maximum contrast to monitor the structure during exposure. The
improved time resolution enabled XRR to be used to extract detailed structural models of the
dynamic reconfiguration. This step towards increased time resolution has also represented an
advance in time-resolved and pump-probe XRR towards eventual surface sensitive
measurements with picosecond time resolution. These monolayer reflectivity results are

discussed in depth in Chapter 4.

1.2.5 X-Ray reflectivity: extensions to faceted surfaces

Chapter 5 details my research to expand the experimental and analytical techniques
needed to measure the reflectivity from faceted surfaces. The x-ray results required a detailed
generalized mathematical model of the reflectivity from faceted surfaces. Detailed geometric
relationships between the scattered x-ray wavevector and the structural parameters of the facets
were developed. This approach accounts for reflection from three different surface orientations
simultaneously. The mathematical model uses the position, shape, and orientation of the
scattered x-ray intensity distributions to determine the angular distributions of the facets and the

symmetry of the surface. Additionally, the experimental subtleties of sample alignment and



analysis were determined, allowing future impact in the field of surface scattering through
methods for generalizing its usage in the field. The reflectivity of faceted surfaces is described

in Chapter 5.
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Chapter 2: Fabrication of flat semiconducting nanomembranes

2.1 Introduction

Freestanding nanomembranes provide an ideal system for studying the physics of
nanoscale crystalline materials as well as a unique way to create new functionalities. Among
inorganic membrane materials, silicon nanomembranes display a range of unusual properties not
seen in the bulk, including reduced thermal conductivity and giant persistent photoconduction.t3
Silicon nanomembranes are suspended single-crystal sheets of silicon, tens of nanometers thick,
with areas in the thousands of square micrometers. Freestanding silicon membranes have
applications in novel electronic and photonic materials,*” micromechanical devices,® 2 x-ray
optics,**°> macromolecular filters,® lithographic templates,'**° as sensors,'"!8 and as

low-absorption supports in transmission electron microscopy.

Further utility can be incorporated into semiconducting nanomembranes through the
creation of alloyed and multilayer structures. Silicon-germanium (SiGe) nanostructures provide
the opportunity to control electronic and thermal properties via nanoscale engineering while
working within the versatile Si materials platform. With respect to thermoelectric technologies,
for example, SiGe quantum wells and superlattices exhibit reduced thermal conductivity,®22
which forms the basis for devices with improved thermoelectric figures of merit.2>2° Extremely
thin crystals, in the form of released windows or sheets, combine the functionality and versatility
afforded by nanoscale dimensions with the excellent crystal quality and precise control of

composition afforded by epitaxial growth.?® SiGe epitaxial heterostructure membranes have
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been fabricated in geometries that include completely released and transferred nanosheets,?’ and

rolls in which curvature is driven by the lattice mismatch between Si and SiGe.! %

Challenges in fabrication arise from buckling due to strains of over 10 in the
silicon-on-insulator starting material. In equilibrium, the distortion is distributed across the
entire membrane, minimizing the elastic energy with a large radius of curvature. Membranes
that are flat, exhibiting a minimal curvature of the lattice planes, can be used in studies of
phonon confinement via diffuse x-ray scattering and in other experiments that require
crystallographically uniform volumes.?® 2 In such measurements, flat crystalline

nanomembranes with large lateral extents are needed in order to resolve weak scattering signals.

Fabrication of such membranes has been successful in metallic systems,3%3! but has
proven challenging in semiconductors like silicon. In particular, ultra-thin freestanding
membranes with nanometer-scale flatness, however, have not been realized. Instead, a buckling
pattern is commonly observed.t 10113233 The puckling instability limits the application of
fundamental studies and application development, which would benefit from flat crystalline
structures with low lateral inhomogeneity. The mechanical problem is further complicated in the
creation of very flat Si/SiGe membrane windows. In these multilayer and alloyed materials the
mechanical distortion arises from a combination of the Si/SiGe epitaxial mismatch and residual

stress arising from membrane fabrication.

Flat nanomembranes are created using an elastically metastable configuration driven by
the silicon-water surface energy. Using this edge-induced flattening technique, membranes as
thin as 6 nm are fabricated with vertical deviations below 10 nm in a central 100 um x 100 pum
area. In more complex Si/SiGe/Si trilayer membranes, large areas in which the curvature and

curvature-induced strain are reduced by an order of magnitude can be produced by patterning the
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windows to concentrate buckling in narrow arms with low flexural rigidity supporting a flat
central region. The suitability of the membranes for fundamental studies is demonstrated by
x-ray studies in which the static diffuse scattering from the flattened membrane structures is

reduced in comparison to buckled structures.

2.2 Buckling in semiconductor nanomembranes

*Portions of this section were adapted with permission from Gopalakrishnan et. al., Applied
Physics Letters, 3, 033113 (2013). Copyright (2013) by American Institute of Physics.

The compressive strain responsible for buckling results from distortion introduced during
the manufacture of the SOI structure and during subsequent processing. Until it is released, the
SOl device layer is constrained by the BOX layer, making elastic relaxation of the strain
impossible. In a released unsupported structure in which only the edges of the membrane are
fixed, the minimum elastic energy of the initially strained silicon layer is achieved when the
compressive strain is relieved through buckling across the entire membrane.3* Forming a flat
area within the membrane requires that the elastic energy be concentrated into narrow regions
away from the flat area. The process of fabricating a flat membrane must reach the relatively
high-energy flat state by a series of steps in which the total energy of the system is successively

lowered, but in which the transformation to the uniformly buckled state remains unfavorable.

(a) 315 nm (b) 60 nm

100 pm

Figure 2-1: Optical micrographs of buckled Si membranes with thicknesses of (a) 315 nm and
(b) 60 nm. (c) Height map of the 60 nm membrane obtained by white light interferometry.
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Buckling patterns for membranes fabricated using a conventional release process are
shown in Figure 2-1 (a) and (b), for membranes with thicknesses of 315 nm and 60 nm,
respectively. A map of the vertical displacement of the surface of the 60 nm-thick buckled
membrane is shown in Figure 2-1 (c). The maximum vertical distortion is 7.8 um,
corresponding to a curvature of 1.5 x 10 pm™. The magnitude of the initial compressive strain
in the device layer can be estimated by measuring the increase in the length of a line across the
membrane due to elastic relaxation. For the 60 nm membrane shown in Figure 2-1, the excess
length along a line passing through the midpoint of the buckled membrane is 0.74 um, which
corresponds to a compressive strain of 0.37% before release. This number is comparable to an
estimate for the primary buckling amplitude, A, based on a classical elastic continuum
calculation, namely 4 = 0.5Le"?, where L is the edge length and ¢ is the device layer strain.®®
Effects consistent with the development of large compressive strains during thinning have also
been observed in scanning probe microscopy studies of the roughening of SOI surfaces at high

temperatures.3®

2.3 Edge-induced flattening of silicon nanomembranes

*Portions of this section were adapted with permission from Gopalakrishnan et. al., Applied
Physics Letters, 3, 033113 (2013). Copyright (2013) by American Institute of Physics.

Flat Si nanomembranes can be created by using a fabrication process that limits the
buckling to a region near the edges of the window supporting the membrane. The membranes
are placed under sufficient tension to overcome the buckling instability resulting from
fabrication-induced residual strains. By introducing the edge-induced tension, membranes can
be produced with thicknesses as small as 6 nm that exhibit less than 10 nm of vertical distortion
over lateral dimensions of 100 um or more. The process begins with a silicon-on-insulator (SOI)

substrate and uses an anisotropic wet etching procedure starting from a photolithographic pattern
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on the back of the handle wafer, similar to previous reports.t? 13171837 Edge-supported
membranes are released by removing the buried oxide (BOX) layer from beneath a region of the
device layer. Si membranes with a large range of thicknesses from tens of um***” to tens of nm
have been fabricated using this approach. 12 13.15-18,33,38.3% By,ckling often occurs in these
structures as a result of compressive stresses in the silicon device layer. Previous attempts to
create flat semiconductor membranes have used either strain relief structures!®!:28 or the

deposition of a tensile-stressor overlayer.'>

Figure 2-2 (a) shows the modified membrane fabrication process creating Si-Si interfaces
at the edges of the window, and thus allowing a metastable flat state to be reached. Silicon
nanomembranes with thicknesses ranging from 315 nm to 6 nm were fabricated beginning with

[100]-oriented SOI wafers consisting of a device layer, a BOX layer with a thickness of less than

T o (H)ﬁ
(iii) (iv)
Anisotropic 'Nitride Stri;‘
KOH Etch
'HF Release‘ Wi
Undercut
b)) (if)

water

Figure 2-2: (a) Fabrication of Si membranes: (i) Starting SOI structure. (ii) Protection of the
device layer by SiN. (iii) Formation of windows via anisotropic etching in KOH. (iv) Removal of
the SiN. (v) Release of the membrane from the buried oxide layer of SOI. (vi) Undercutting the
buried oxide below the edges of the windows. (b) Flattening process during the drying of the
membrane: (i) Buckled membrane at the beginning of the drying process. The trailing edge of the
water film progresses outwards (to the right) from the center of the membrane as the water
evaporates. (ii) Membrane profile after drying, with sharply bent regions along the inner and
outer edges of the Si handle wafer surface exposed by the undercut.
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1 um, and a 625 pm-thick Si (100) handle wafer. The device layer was thinned by wet thermal
oxidation followed by etching in hydrofluoric acid (HF). A 200-nm-thick layer of
non-stoichiometric low-stress silicon nitride (SiN) was deposited over all surfaces of the sample
using low-pressure chemical vapor deposition (LPCVD) at a temperature of 850 °C. The SiN
layer provides a patternable mask for the subsequent etch from the back side of the wafer and
also protects the device layer during further processing. Windows were patterned on the back of
the SOI wafer using photolithography, and the SiN inside the patterned windows was removed
by a reactive ion etch (RIE) in CF4 + 10% O at 60 mTorr. A selective anisotropic etch in KOH
was performed in steps, first at 94 °C, then at 84 °C, removing the handle layer silicon from
within the exposed regions. The BOX layer acted as an etch-stop for the KOH step, resulting in
the formation of SiN/Si/SiO> windows with lateral dimensions of 200 um. The SiN layer was

then removed using H3PO4 at 160 °C.

The final step in the fabrication process is the removal of the BOX layer beneath the
membrane using a 49% HF solution. This step releases membranes with thickness equal to the
previously thinned SOI device layer. Flat membranes can be produced when the HF release step
is conducted in a way that removes not just the BOX below the 200 um-wide Si membrane, but
also in an additional undercut region extending approximately 30 um past the edges. The
resulting configuration of the device layer, BOX, and handle wafer is shown in Figure 2-2
(a)(vi). After etching in HF to release the membrane and create the undercut region, the sample
was cleaned in water. The risk of rupturing the membrane with forces resulting from surface
tension was minimized by passing the sample through the surface of the water at an oblique
angle during immersion and extraction. The undercutting and subsequent rinsing are especially

valuable because these steps can be performed after the standard procedure for fabricating
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buckled membranes. It is therefore possible to apply this technique to flatten buckled

nanomembranes.

This procedure generates reproducible results for membranes fabricated at two different
facilities, starting from different parent SOl wafers. While a small fraction of membranes fail to
flatten at the first de-wetting step following the undercut etch, a greater limitation on the yield is
imposed by membrane rupture when passing the sample across a liquid surface. This failure
mode reduces yield to approximately 50% in membranes thinner than 50 nm, but close to 100%

for membranes thicker than 100 nm.

Optical microscopy observations immediately following removal of the membrane from
water show that the flattening of the released membrane occurs while the film of water on the
backside of the membrane dries. The drying proceeds outwards from the center of the membrane
window, as shown in schematically Figure 2-2 (b)(i). The creation of a flat area is favored due to
the relative energies of the water-Si, air-Si, and Si-Si interfaces. The surface energy at the
water-Si interface is the greatest, with a magnitude of 102 J/um?2,° and its contribution is
particularly large because the water-Si interface covers an area of over 10° um? along the edges
of the membrane. The receding liquid film maximizes the area of the water-Si interface and
stretches the central dry portion of the membrane. The excess length in the Si membrane is thus
redistributed to the wet regions near the edge (Figure 2-2 (b)(ii)). These wet regions are sharply
curved to follow the vertical edges of the undercut area. The elastic energy stored in curved
regions at the edge of the membrane is estimated by treating the membrane edge as a beam of
width w and thickness t. The beam is bent with a mean radius of curvature r, which is sensitive
to surface conditions. Therefore, values of r measured by optical interferometry are used instead

of a calculation from force balance. The strain energy from bending is proportional to Elwt®/r?,
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where E is the elastic modulus in flexure, and | is the length of the beam. For a 30 nm thick
membrane and the experimentally observed membrane shape, the total strain energy in the edge
regions is 1012 J. Larger radii of curvature are observed with thicker membranes, causing the
curvature and thickness dependence to partially offset each other, resulting in a weak dependence
of the strain energy on the thickness of the released membranes. The energy cost for
concentrating the buckling strain into a narrow region along the membrane edges is therefore
approximately two orders of magnitude smaller than the surface energy due to wetting, of 101°J
or more. The flattened state is thus favored over the uniformly buckled configuration while the

membrane edges are still in contact with water.

The membrane remains in the metastable flat state after drying because the edges are
constrained by the adhesive forces between the bottom of the Si membrane and the exposed
surface of the Si handle wafer below the undercut region. The surface energy between the
membrane and handle wafer depends on the smoothness of the contact surfaces, and thus can
only be estimated. This consideration of the energy is based on a Si-Si interface energy of 1013
J/um?.% With this value, the energy released by creating the Si-Si interface is 10° J for a contact
region occupying 25 um out of a total of 30 um length of the undercut region. The magnitude of
the Si-Si interface energy is larger than the strain energy stored in the buckled Si near the edges
of the membrane. An undercut of 30 pm of BOX, achieved with a half-hour etch in HF (Figure
2-2 (a)(vi)), provides surface energies large enough to ensure repeatability over a number of
samples. This undercut length is observed to increase approximately linearly with etch time, in

the range of 20 um — 40 pum.

Changes to the Si-Si contact energy (e.g. due to interfacial oxidation or from drying of

the Si-Si contact) can lower the energy difference between the flat and uniformly buckled state.
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Figure 2-3: (a-d) Optical micrographs of flat membranes fabricated via the undercut etch
procedure, with thicknesses as indicated. (e) Height map of the 6 nm-thick membrane surface
obtained by white light interferometry.

For example, thicker membranes relax slightly towards a buckled state over the course of one
month. Such rebuckling among thin membranes, with thicknesses near 10 nm, has not been
observed. The relaxation is faster when membranes are vibrated during handling and
measurements. However, membranes that have buckled over time may be re-flattened by
repeating the final steps, with an HF dip to remove native oxide, followed by wetting in DI water

and drying.

Optical images of membranes formed using the edge-induced flattening process are
shown in Figure 2-3 (a) to (d). Optical profilometry of the undercut membranes reveals flat
central regions over 100 um across with height variations smaller than 10 nm. Figure 2-3 (e)
shows a height map of the 6 nm membrane acquired using white light interferometry (NewView,
Zyqgo, Inc.), revealing narrow regions along the undercut edges where the buckling is
concentrated. Figure 2-4 (a) shows a profile of the membrane height along a line through the

center of the 6 nm-thick membrane. The overall reduction in buckling can be quantified using
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Figure 2-4: (a) Height profile of the 6 nm-thick membrane along a line passing through the
center of the membrane area, horizontal with respect to the micrograph in Figure 2-3 (d). (b)
Magnified line profile along the center of the suspended membrane, showing the short- and
large-scale variations in the membrane height.

the short- and large-scale variations in the height of the membrane within the flat region, as
shown in Figure 2-4 (b). The curvature in a central 100 pum region of the membrane is reduced

by nearly three orders of magnitude in comparison with the buckled membranes.

The crucial difference between flat and buckled membranes is apparent in x-ray diffuse
scattering measurements. Synchrotron x-ray thermal diffuse scattering (TDS) studies were
conducted at station 26-1D of the Advanced Photon Source (Argonne National Laboratory) using
10 keV photons focused to a spot size of 30 um on the sample. Figure 2-5 (a) shows the
scattering pattern acquired using a flat 44 nm-thick membrane, in which the Si truncation rod
from the (-3 -1 1) reflection, as well as the TDS arising from the thermal population of phonons
are visible. The details of the acquisition of the diffuse scattering patterns and the analysis of the
TDS are described in Chapter 3. In comparison, Figure 2-5 (b) shows the diffuse scattering
acquired with a buckled 60 nm membrane. The dominant contribution to the distribution of the

intensity of x-rays scattered from the buckled membrane arises from the strain gradient and
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(a) Flat 44 nm (b) Buckled 60 nm
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Figure 2-5: X-ray diffuse scattering patterns acquired from (a) a flat 44 nm-thick membrane,
and (b) a 60 nm-thick buckled membrane. The TDS signal observed with the flat membrane in
(a) is small in comparison with the total intensity in (b) due to the buckling.

crystalline misorientations due to buckling. The TDS signal from the buckled membrane is far

smaller than these static contributions to the intensity.

2.4 Strain-relief patterning in Si/SiGe/Si trilayer membranes

*Portions of this section were adapted with permission from McElhinny et. al., Journal of
Physics D: Applied Physics, 48, 015306 (2015). Copyright (2015) by IOP Publishing LTD.

Insight into the processes through which flattened SiGe membranes can be fabricated is
possible through careful consideration of the strategies used to create flat large-area Si
nanomembranes. Si membrane windows are compositionally identical to the surrounding
materials, but can be distorted after release because residual stress is imparted into the Si
nanomembranes during the thinning or release processes.1011:26334142 The magnitude of the
residual stress is sufficient to lead to lateral expansion of on the order of 0.1% when the Si
membranes are released.** The edge-induced flattening methods applicable to Si membranes are
ineffective in creating flat Si/SiGe/Si trilayer membranes because (i) the thicknesses of the
silicon layers of the membrane are not perfectly matched during epitaxy, which can lead to a

preferred direction of curvature in the released membrane, and (ii) the lattice constant reached by
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force equilibrium between the Si and SiGe layers is significantly larger than that of unstrained Si.
The large strain in the Si/SiGe system requires a flattening strategy based on a structure that can
accommodate a larger maximum in-plane expansion than is available through edge-induced
flattening. One possibility for overcoming these limitations is through the fabrication of
engineered support structures which have previously been used to flatten single layer membranes

with micron-scale thicknesses and lateral extents of tens to hundreds of um.1% 1142

In an unconstrained Si/SiGe/Si heteroepitaxial membrane the mismatch in lattice constant
between SiGe and Si would produce biaxial compression of the SiGe layer and biaxial expansion
in the Si layers.** Epitaxial growth of a Si/SiGe/Si trilayer on a rigid Si substrate, however,
results in the compression of the SiGe layer with respect to its equilibrium lattice constant before
release, which leads to an overall biaxial expansion after release. The fabrication of flat
membrane windows from stressed layers is challenging because windows are fixed to the
original substrate at their edges, and thus cannot relax by expanding laterally, making the flat

configuration of the membrane unstable with respect to buckling out of the plane of the surface.

34,45

Buckling occurs due to a minimization of the elastic energy by an out of plane distortion
of the initially planar structure. The elastic energy is reduced by buckling when the lateral extent

of the window is larger than the critical length of the buckling instability. This critical buckling

length can be approximated using [, = nh\/g, where ¢ is the residual compressive strain and h is

the thickness of the membrane.'® The study presented here employs Si/Sio74Geo.26/Si trilayer
membranes with a total thickness of 60 nm and an average compressive strain of 0.3% before

release. The critical buckling length for these structures is less than 2 um, which would yield
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windows that are impractically small for many fundamental studies and applications of released

membranes.

The process shown in Figure 2-6 can be used to create structures with sufficient
mechanical compliance to yield Si/SiGe/Si trilayer membranes with minimum mechanical
distortion. The SOI starting material had a 400 nm-thick buried oxide (BOX) layer (Figure
2-6(a)) and a 100 nm-thick device layer that was subsequently thinned to 20 nm via wet thermal
oxidation and hydrofluoric acid (HF) etching. Epitaxial SiGe and top Si layers were grown on
the SOI device layer using chemical vapor deposition (CVD) (Figure 2-6 (b)). The fabrication
then proceeded as the procedure described for the edge-induced flattening process. A 200
nm-thick non-stoichiometric low-stress silicon nitride (SiN) layer was grown on all surfaces of

the sample by low-pressure CVD at 850 °C to serve as a protective coating and as a patternable

(a) Device Layer Si (d) Patterened Windows
e B
Buried Oxide

Handle Layer Si
(b) Chemical Vapor Deposition (e) HF Release

\ Attached via Arms
Sig.76G€0.24

(C) Lithography/Wet Etching (f)
|
Membrane
Window

Figure 2-6: Fabrication of Si/SiGe/Si trilayer membranes. (a) Starting SOI. (b) Deposition of the
Sio.76Geo.24 and Si layers by CVD. (c) Fabrication of membrane windows via photolithography
and anisotropic etching in KOH. (d) Creation of strain-relief pattern by photolithography and
reactive ion etching. (e) Release of membrane from BOX layer in hydrofluoric acid (HF). (f)
Plan view of the strain-relief pattern. Dashed lines indicate the edges of the membrane window
opened in step (c).
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etch mask. The back of the handle wafer was patterned by photolithography and reactive ion
etching (RIE) of the SiNx. Windows consisting of BOX, Si/SiGe/Si, and SiNx were created by
removing the handle wafer in the exposed areas using an anisotropic etch in KOH. The SiNx

layer was then removed in phosphoric acid at 170°C (Figure 2-6 (c)).

To release the constraint imposed by the edges, narrow arms supporting a large central
region were patterned into the SiGe membranes before the final removal of the BOX. The arms
were created using optical lithography and RIE to remove the trilayer in selected areas, leaving a
pattern of 20 um-wide arms connected to a central 100 pm x 100 pm square area (Figure 2-6
(d)). The trilayer membrane was then released and undercut in concentrated HF, as shown in
Figure 2-6 (e). A plan-view schematic diagram of the arm pattern is shown in Figure 2-6 (f).
The pattern is oriented so that the edges of the square membrane are at an angle of 45° with
respect to the edges of the window in the handle wafer. Four strain relieving arms are aligned
along the Si <110> directions, and the edges of the supported central region are parallel to
<100>. An alternative arrangement of the supporting arms is based on a large number of
narrower strain relieving bars.1%4? This alternative allows strain to be relieved by in-plane
deflection with independent control over the in-plane and out-of-plane stiffness and often
includes a buckling of the supporting arms in the plane of the membrane.® 42 The single narrow
arm structure was selected here, however, in order to eliminate the possibility that instabilities in
the etching and drying of the multiple bar structure would complicate their fabrication, including

the adhering of several bars together resulting in fracture.

The buckling resulting from the release of a 200 um x 200 um edge-supported square
Si/SiGe/Si membrane window is apparent in the white-light interferometry height map shown in

Figure 2-7 (a). The maximum vertical displacement along a horizontal line through the center of
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Figure 2-7: (a) White-light interferometry height map of a buckled 60 nm-thick Si/Sig.76Geo.24/Si

trilayer window. The lateral extent of the released window is 200 xm. (b) Height profile along a
line through the center of membrane, parallel to the bottom edge of the map.

the membrane window is 7.1 um, as in Figure 2-7 (b). The central region of the unpatterned
SiGe membrane has a radius of curvature of 235 um. With the simplifying approximation that
the buckling completely relieves the elastic stress, the excess length of the buckled membrane in
Figure 2-7 (b) corresponds to a compressive strain before release of 0.35%. The strain arising
from the force balance between the Si and SiGe layers in a linear elastic model for a completely
relaxed membrane with the same thickness and composition is 0.29%.% The excellent
agreement between the experimentally observed magnitude of the released strain and the
contribution from the Si/SiGe mismatch indicates that the strain in the Si/SiGe/Si trilayer before
release arises from the Si/SiGe lattice mismatch. Residual strain in the device layer of the parent
SOl would also lead to buckling, as it does in Si membranes fabricated from SOI.** However, it
is suspected that in this case the residual stress in the SOI is small compared to stress from the
lattice mismatch, and that it has a minimal contribution to the buckling instability in Si/SiGe/Si

trilayers.
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A map of the vertical displacements in a strain-relieved SiGe membrane is shown in
Figure 2-8 (a). Regions of high curvature are confined to 10 um-wide regions near the both ends
of each supporting arm, as shown in the plot of the vertical height as a function of position in
Figure 2-8 (b). The curvature where the supporting arms connect to the substrate is five times
greater than the curvature where the supporting arms connect to the central region of the
membrane. This concentration of the curvature at the substrate end of the arms occurs as a result
of the greater rigidity of the substrate compared to the membrane. The radius of curvature across
the central region of the membrane supported by narrow arms is 2350 um. In comparison, the
radius of curvature of the same region of the unpatterned membrane is 235 um. Hence, the
introduction of the narrow arms results in an increase of the radius of curvature by a factor of 10,

and a corresponding decrease in the curvature-induced strain and strain gradient.

The confinement of the curvature to the arms is consistent with the expectation that the

larger flexural rigidity of the central region, arising from its comparatively large area, forces the
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Figure 2-8: (a) White-light interferometry height map of the strain-relief patterned 60 nm-thick
trilayer. (b) Height of the patterned trilayer membrane along a line passing horizontally through
the center of the membrane and along two of the arms connecting the central region of the
membrane to the substrate. Dashed vertical lines indicate the locations of the ends of the
supporting arms.



45

curvature to be concentrated in the arms to reduce the total elastic energy. In the dimension x

along the length of an arm the elastic strain energy per unit length due to bending is %D %.46

Here w(x) and R.(x) are the width and radius of curvature, respectively, as a function of the

Eh3

position x along the structure. The flexural rigidity per unit width is given by D = TREGL

where E is Young’s modulus and v is Poisson’s ratio. Fabricating structures in which w(X) is
locally reduced allows the total elastic energy to be minimized by decreasing the radius of
curvature in the narrow regions. The further localization of the curvature to the ends of the
narrow arms is consistent with the expectation that the arm/membrane geometry closely
approximates a clamped-guided beam, which in turn can be approximated as two back-to-back
end-loaded beams.*’ In elastic calculations for a geometry corresponding to Figure 2-8, the

curvature is concentrated over approximately 1/3 of the length of the arm.*®

The flatness of membranes supported by narrow arms permits more sophisticated
fundamental studies to be performed than would be possible with buckled windows. In order to
evaluate the suitability of the flattened membranes for studies of their vibrational properties,
synchrotron x-ray TDS measurements were performed at station 26-1D of the Advanced Photon
Source at Argonne National Laboratory using an experimental arrangement described in Chapter
3. Incident x-rays with a photon energy of 10 keV were focused to a spot size of 30 um on the
center of the membrane using a capillary condenser x-ray optic. The membrane was oriented in
a transmission geometry in which scattered x-rays were collected by a charge-coupled device
(CCD) detector, as shown in Figure 2-9 (a). The experiment was performed in vacuum and
employed extensive shielding to minimize contributions to the detected intensity caused by

scattering from beamline optical components.
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Figure 2-9 (b) and (c) shows the TDS signals from a 60 nm-thick Si/Sio.76Geo.24/Si trilayer
and a 21 nm-thick Si membrane, respectively. The 60 nm-thick Si/Sio.76Geo.24/Si trilayer was
flattened by the strain-relief patterning described here while the 21 nm-thick Si membrane was
flattened by edge-induced flattening, which has previously been shown to produce membranes of
sufficient flatness for use in TDS studies.?® 24 The orientations of the membrane surfaces and
crystallographic axes with respect to the incident beam and detector are nearly identical for both
samples. The truncation rod of the (-3 -1 1) reflection of the membrane lattice produces an
intense sharp feature at the right side of the scattering patterns of both samples. The orange line
overlaid on the detector image represents the intersection of the Ewald sphere with the zone

boundary between the first Brillouin zones of the (-3 -1 1) and (2 2 0) reflections.

(a) CD Detector (B) Si/SiGe/Si  (c) Si

Capillary
Condenser

i — -

Order Sorting Sample Beam-
Aperture stop
Lead

Shielding

X-Ray
_‘ Beamstop

Sample

Condenser

Figure 2-9: (a) Experimental arrangement for x-ray thermal diffuse scattering measurements.
The x-ray beam is focused to a 30 um spot size by a capillary condenser. The focused beam
passes through an order-sorting aperture before illuminating the sample in a transmission
geometry. The direct beam is stopped by a lead beamstop and the scattered x-rays are collected
by a CCD detector. X-ray diffuse scattering patterns acquired from (b) a strain-relief patterned
60 nm-thick trilayer membrane, and (c) a 21 nm-thick flat silicon membrane fabricated using
edge-induced flattening. The sharp intense features near the center of the TDS intensity
distribution in (b) are an artifact arising from powder x-ray diffraction from material outside the
membrane illuminated by a small fraction of the incident beam.
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Bright features at the bottoms of the images in Figure 2-9 (b) and (c) are the TDS from
near the center of the neighboring zone centered on the (2 2 0) reflection. The diffuse streak of
intensity extending upwards through the center of the image towards a second area of higher
intensity is TDS resulting from high populations in the lower-frequency phonon modes along the
high-symmetry <1 1 1> directions in Si and SiGe. A complete interpretation of the TDS data
from Si/SiGe/Sl trilayer membranes can be found in Chapter 3. For the moment, it is important
to note that the TDS from the Si/SiGe/Si trilayer can be resolved with comparable clarity to the
TDS from the silicon nanomembrane, which would not be possible if the Si/SiGe/Si trilayer
nanomembrane was buckled as in Figure 2-7 (a). The saturated streak of intensity in the SiGe
scattering pattern in Figure 2-9 (b) arises from x-ray diffraction from material outside the
membrane illuminated by a small fraction of the incident beam that was not completely

suppressed by the shielding of the detector.

2.5 Conclusions

The fabrication strategies described here provide simple approaches for eliminating the
buckling distortion of edge-supported semiconductor nanomembranes. The key insight is to
create structures and procedures which can overcome the excess elastic strain energy arising
from residual stress imparted during SOI fabrication or from the lattice mismatch in
heterogeneous materials. This is accomplished through methods which confine the excess length
associated with strain to areas away from a central region. The height variation over a 100 um
region of a 6 nm membrane flattened using the edge-induced flattening procedure, for example,
is smaller than the height variation over a 25 um region of a 55 nm-thick membrane fabricated
by using a technique aimed instead at minimizing strains in the device layer during fabrication.??

Techniques like edge-induced flattening, which use differential etching will allow similar
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edge-flattening mechanisms to be developed, based on the scheme presented here, to create flat
membranes from a number of scientifically and technologically important materials beyond Si in
which similar buckling patterns have been observed, including oxides®? and compound
semiconductors. The strain-relief patterning methods offer a non-chemically dependent option

for flattening membranes and thus can be generalized to any number of materials systems.

Silicon membranes have found wide and important application as pressure sensors,
particularly in cell phones. The sensitivity of these devices can be increased through either
reducing the thickness or increasing the surface area. The development of membrane flattening
techniques like these, which work in thickness regimes previously dominated by the buckling
instability, offer the opportunity to use nm thick membranes in pressure sensing applications. In
addition, within the SiGe/Si nanomembrane system flattened structures can find applications in
freestanding chemical and gas sensors,*34% micro- and nano-electro-mechanical devices,*>2
thermal waveguides and thermal diodes,* and flexible thin film transistors with high-current

drive capacity and high electron mobility.?’
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Chapter 3: Probing phonons in spatially-confined semiconducting
nanomembranes

3.1 Introduction

Vibrational phenomena play an important role in determining the electric, acoustic,
elastic, and infrared properties of solid materials. Solids are ideally described by a crystal
structure in which each atomic site is occupied by an immobile atom. In real crystalline
materials the atoms are not fixed in a static lattice instead they vibrate as a result of the thermal
energy in the system. However, a favorable minimization of the elastic potential energy results
in a restoring force which limits the magnitude of the atomic displacements. In silicon, the
root-mean-square displacement of a thermally excited atom at room temperature is 0.077 A,

corresponding to 1.4% of the silicon lattice parameter.t

Phonons are the fundamental quanta of lattice vibration in solid materials. The states
populated by phonons are the elastic normal modes of the crystalline lattice. Each mode is
characterized by its wavevector and frequency. Any arbitrary lattice vibration can then be
viewed as a superposition of a population of phonons in these normal modes. The relationship
between the frequencies of the normal modes populated by phonons as a function of their

wavevector is called the phonon dispersion.

The set of normal modes which make up the phonon dispersion are computed from the
crystal structure and the elastic constants. The following brief summary is based on a complete

discussion in Solid State Physics by Ashcroft and Mermin? and Dr. Martin Holt’s PhD thesis

from the University of Illinois.® Classical theory treats the lattice vibrations of crystals in the
harmonic approximation where the displacements of the atoms during vibration are small in

comparison to the distance between atoms. Under this approximation the potential energy U
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about its equilibrium value for a single atom basis can be expressed using a three-dimensional

form of Taylor’s theorem.
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Equation 3-1
In Equation 3-1, Rj and R;j are the Bravais lattice vectors of atoms i and j, riand rjare the
instantaneous positions of atoms i and j, and u; and u;j are the instantaneous displacements of the

atoms from their Bravais lattice vectors such that un = r, — Rn.

At equilibrium, the first correction term is zero since there is no net force on any atom in
equilibrium. The second correction term is the harmonic correction term and is non zero. Terms
beyond the second correction term are anharmonic contributions to the energy. While these
terms do play an important role in understanding many physical phenomena, they are treated as
small perturbations on the dominant harmonic term. Thus, in the harmonic approximation the
potential energy is expressed only a function of the equilibrium potential energy and the
harmonic term. For many dynamic problems, like those discussed in this thesis, the equilibrium

contribution is a constant and can be ignored.

Within the harmonic term in Equation 3-1, the interatomic force constants are expressed

as:

92U

D
ara,i

apij = 3
’r‘ .
B.j equilibrium

Equation 3-2
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which represents the force on ion i in the Cartesian direction « resulting from the displacement of
atom j in direction . In the harmonic approximation, these force constants dictate the phonon

dynamics and are key in the derivation of the phonon dispersion.

In order to derive the phonon dynamics from the interactions of atoms using the harmonic

model, all the atoms (N) with mass M, must obey the 3N equations of motion:
Mul = Di,juj

Equation 3-3
Solutions for u; should have a plane wave solution of the form:
u;(t) = etk Rizwb)
Equation 3-4

Where £ is the polarization vector, k is the wavevector, w is the vibrational frequency,

and t is time.

The dynamical matrix D(K) is defined as the Fourier transform of D; ;.
D(k) = Z Dy - e~ Ri=R0)
i

Equation 3-5

Using these two definitions, the following eigenvalue problem can be solved to provide
solutions for all harmonic phonon states.
D(k) - &= Mw?é

Equation 3-6

By defining the inter-atomic force constants D, g ; ;, typically accounting for only the

nearest neighbors, calculating the eigenvalues and eigenvectors of Equation 3-6 yields both the
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dispersion relation w(k, 1) and the polarization vector £(k, A) for a phonon of wavevector k and

mode A.

It is illustrative to look at the resulting phonon dispersion for a 1-D chain of atoms with
both a monoatomic and a diatomic basis. For a 1-D chain with N atoms and a lattice constant of

a, the periodic boundary condition imposes that:

eikNa =1
Equation 3-7
This requires k to have the form:

_ 2nn
~ aN
Equation 3-8
Where n is an integer between 0 and N.

For a 1-D chain of atoms, with mass M and in which D; ; is expressed as a simple spring

constant K, the phonon dispersion is:

w(k) = 2\/% sin (%ka)|

Equation 3-9

When the model is expanded to a 1-D chain with a two atom basis, the model leads to

two sets of solutions:

K+G 1
2 + 2 2
W o _M\/K + G? 4+ 2KG coska

Equation 3-10

where G and K are the spring constants between the atoms with different bond strengths.
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These two o vs. k curves are referred to branches of the phonon dispersion. The lower
frequency branch, which has ®=0 at k=0 is the acoustic branch, while the higher frequency
branch, which has ®+0 at k=0 is the optical branch. This same construction can be applied to

3-D lattices.

For a material with a single atom basis, the lattice has three branches of its normal
modes: two transverse branches and one longitudinal branch. Atoms in a transverse mode have
vibrational displacements that are perpendicular to the direction of the wavevector. In a
longitudinal mode vibrational displacements are in the same direction as the wavevector. For a
material with a two-atom basis, like silicon, there are a total of six branches: three optical modes
and three acoustic modes. The three acoustic modes consist of two branches with transverse
polarization and one branch with longitudinal polarization. Similarly there are two transverse
optical modes and one longitudinal optical mode. The two transverse branches and one
longitudinal branch within a given mode (acoustic or optical) may be degenerate along certain
directions depending on the symmetry of the crystal. Acoustic phonon modes have zero
frequency at zero wavevector and move the atoms in the primitive unit cell in-phase with each
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Figure 3-1: Bulk silicon phonon dispersion
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other. The bulk phonon dispersion for silicon is shown in Figure 3-1. Acoustic phonons in
silicon have energies from 0-50 meV.* Optical phonon modes have non-zero frequency at the
zero wavevector and move the atoms in the primitive unit cell out-of-phase with each other.
Optical phonons in silicon have energies from 50-70 meV.* For reference, the thermal energy

KpT at 300 K is 25 meV.

The phonon dispersion, ws(q), can be measured from experiments in which an external
probe exchanges energy and momentum with lattice vibrations. Such probes include neutrons or
electromagnetic radiation such as x-rays or visible light. Neutrons and photons probe the phonon
dispersion in different ways due to the differing natures of their energy-momentum relationships.
This work uses x-ray thermal diffuse scattering (TDS) to probe the phonon dispersion and
population in nanoscale materials. A complete discussion of the fundamentals of TDS can be

found in Chapter 1.

Recent advances in nanofabrication, theory and computation, and characterization
provide a dramatically increased scope for the control of vibrational properties of
nanomaterials.> These advances have inspired the drive to take the management of phonons,
which are responsible for the transmission of both sound and heat in semiconducting or
insulating solids, to the level of control achieved with electrons and photons.” Phonon scattering
and dispersion in nanomaterials differ significantly from bulk materials®*°, and nanostructures
with periodicities ranging from centimeters to nanometers can thus manipulate phonons at
frequencies relevant to sound, ultrasound, GHz acoustics, and heat transfer.”%2 In bulk
materials, vibrational properties have been well resolved for several decades, largely thanks to
inelastic spectroscopy techniques in neutron and x-ray scattering.*** Nanomaterials, however,

pose a significant and ongoing challenge due to their small volume and, as a result, the
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characterization of phonons in nanomaterials has been largely accomplished using optical
techniques. Nanostructures formed from Si and Si-alloy semiconductors illustrate the limitations
of the optical approach and have widespread thermal, electronic, and optical applications. The
momenta of the THz-frequency phonons relevant to thermal transport in Si are far larger than
can be probed optically, reaching wavevectors on the order of 1 A2 [arge-wavevector
acoustic phonons are particularly important in electronic processes in Si because
electron-phonon coupling involves phonons with wavevectors connecting widely separated

conduction band minima (at 2n/asi [0 0 0.85], with lattice parameter asi=5.43 A).?*

The magnitude of the characterization challenge can be made conceptually clear by
dividing the Brillouin zone characterizing the momentum space of Si into two volumes: a
small-wavevector region near the origin of reciprocal space and a region spanning a far larger
volume of reciprocal space characterized by wavevectors with magnitudes near the inverse of the
lattice parameter. The small-wavevector regime of the phonon dispersion in nanomaterials, in
which wavevectors are on the order of 5 x 10 A, is strongly modified in comparison with the
bulk and has been extensively probed by optical Raman and Brillouin scattering.?2? The region
probed by optical scattering with visible or UV photons, however, spans just a small fraction,
approximately (5 x 10* A*Y/1 A1)3~ 102, of the relevant volume of reciprocal space. The vast

majority of phonon modes in nanomaterials are thus uninvestigated by optical techniques.

The dimensional confinement induced by nanostructuring alters phonon modes and the
properties they influence. Reducing the size of the crystal leads to confinement-induced
modifications of the dispersion of acoustic phonons.®®32 Confinement-induced changes are also
partially responsible for the significant decrease in the thermal conductivity observed in thin

films. Decreased thermal conductivity is of particular importance for thermal management of
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both nanoscale electronic devices, where thermal management is a growing problem, and for
thermoelectric materials, where the reduced thermal conductivity serves to increase the
thermoelectric figure of merit, ZT.3%31 Other phenomena, related to acoustic phonons are
modified in nanoscale crystals, including the phonon group velocity, the pattern of displacements
associated with each mode, and the total density of states.3?> The decreased phonon group
velocity in nanowires and thin films results in increased acoustic phonon relaxation near point

defects (vacancies and impurities), dislocations, and phonon-phonon processes. 2 33

An additional degree of freedom in the design of Si-based group-1V nanomaterials is
obtained by including SiGe alloys in the structure. First, the increased mass of Ge leads to a
reduction in phonon frequencies. Lattice dynamics calculations for an Si1.xGex alloy with
x=12.5% predict, for example, that phonon energies are reduced by 0.4 meV at the boundary of
the Brillouin zone, in comparison with Si®*. In addition, the randomness of Ge substitution into
the diamond structure leads to mass-disorder scattering and causes SiGe to have different

vibrational properties that pure Si or Ge®.

X-ray TDS can be used to probe large-wavevector phonons in silicon nanomembranes
with thicknesses between 315 nm and 6 nm and Si/SiGe/Si trilayer nanomembranes. Obtaining
large-wavevector insight into the phonon dispersion and populations is particularly important in
understanding thermal conductivity in Si and SiGe. In both of these materials, significant
contributions to thermal conductivity arise from phonons with energies above approximately 1
meV, particularly at elevated temperatures relevant to thermoelectric applications.® Acoustic
phonons with energies in this range are far from the zone center, with wavevectors on the order
of 10% or more of the zone boundary momentum, making a large-wavevector probe particularly

important.
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The work in this thesis investigates the thickness and spatial dependence of the
modifications of the phonon populations. An excess in TDS intensity in thinner membranes is
observed and attributed to a modification of the phonon dispersion through softening of elastic
constants and the development of new quantized phonon modes of vibration not present in bulk

systems. Some of these new modes have lower energy than the bulk modes they replace.

The vibrational properties of thin elastic membranes can be described by using elasticity
theory in a continuum approximation.® The solutions resulting from this description have been
used to obtain the atomic displacement and phonon frequencies for phonons in the small
wavevector regime in semiconductor nanostructures.> 8 In the case of thin sheets, the periodic
boundary conditions found in bulk systems are replaced by vanishing normal components at the
free surfaces of the sheet. This modification of the boundary condition results in the creation of
three modes not found in bulk systems: a shear mode, a flexural or antisymmetric mode, and a
dilatational or symmetric mode.®” The flexural and dilatational modes have mixed transverse
and longitudinal character. In the case where the membrane thickness is much larger than the
characteristic coherence length of the phonons, these modes become a pair of Rayleigh waves
localized on the surfaces of the membrane. These flexural and dilatational modes are
particularly interesting as their lowest lying modes have phonon frequencies below the lowest
lying mode (TA) mode of bulk silicon. A comparison between the bulk Si phonon dispersion
and the dispersion of the lowest-lying flexural and dilatational modes can be seen in Figure 3-2
(a-b). Figure 3-2 (c) shows the relative magnitudes and direction of the atomic displacements of

atoms near the surface of a thin semiconductor sheet for the case of the lowest lying dilatational
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Figure 3-2: (a) Bulk phonon dispersion for Si along the [1 0 0] direction, with transverse
acoustic (TA), longitudinal acoustic (LA), transverse optical (TO) and longitudinal optical (LO)
branches. (b) Dispersions of the lowest flexural (LFM) and dilatational (LDM) modes of a 10-
nm-thick silicon membrane, after Ref. 40, compared with bulk acoustic modes. The energy-wave-
vector regime of the comparison is indicated by the red rectangle in the bulk dispersion. (c)
Directions and relative magnitudes of near-surface atomic displacements in a Si nanomembrane
for an example of the lowest-frequency dilatational mode.

mode. These low-lying modes contribute over 90% of the TDS intensity, making silicon and

silicon-germanium nanomembranes an interesting system to study.

3.2 Probing phonons in silicon nanomembranes by TDS

*Portions of this section were adapted with permission from Gopalakrishnan et al., Physical
Review Letters, 20, 205503, (2013) Copyright (2013) by the American Physical Society and

Gopalakrishnan et al., Advances in X-ray Analysis, 56, 82, (2013). Copyright (2013) by the
International Center for Diffraction Data.

To probe phonons in silicon nanomembranes, x-ray TDS was used. Synchrotron x-ray
TDS measurements were carried out at station 26-1D-C of the Advanced Photon Source (APS) at
Argonne National Lab. A schematic representation of the experimental setup is shown in Figure
3-3. This experimental setup is the same as the setup shown in Chapter 2 repeated for clarity in
the discussion of the TDS measurements. The measurement was performed in a transmission

geometry, with the plane occupied by the silicon nanomembrane normal to the incident beam.
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Figure 3-3: Schematic representation of the experimental setup for nanomembrane TDS
measurements at 26-1D-C of the Advanced Photon Source (APS). All components except the
CCD Detector reside within an evacuated vacuum chamber during the measurement to reduce
scattering from air.

The samples were mounted in a vacuum chamber in order to minimize the contribution of air
scattering to the scattered intensity. A 10-keV x-ray beam was focused on the membrane with a
30 um spot size using a capillary condenser. Contributions from unfocused or secondary x-rays
were minimized by utilizing a 150 um order sorting aperture placed along the beam path between
the condenser optic and the sample. A lead (Pb) beamstop was positioned downstream of the
sample to absorb the portion of the direct beam which passed through the sample. Lead
shielding was shaped into a truncated pyramid extending from the beryllium exit window of the
evacuated chamber to the sample. The shielding was positioned in the chamber to eliminate the
contributions of scattered x-rays which did not originate from the sample, such as scattering from
optics and other surfaces inside the chamber. X-rays scattered by the sample were detected using
a charge-coupled device (CCD) (Mar Inc.) with a pixel size of 80 um and a total diameter of 165
mm. The detector subtended a conical angle of approximately 15°. The sample orientation was

chosen to avoid exciting Bragg reflections and to capture the TDS signal from wavevectors
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ranging from about 0.1(2 7/asi), representing points near the zone center, to 2 #/asi, corresponding

to points on the zone edges, where asi is the Si lattice parameter, 5.43 A.

TDS intensity distributions were collected from a series of membrane samples with
thicknesses between 315 nm and 6 nm. Intensity distributions from the surrounding bulk support
structure were also acquired for comparison and to aid in determining the sample orientation.
Background measurements were performed by mechanically removing the membrane from a
window of a sample and passing the incident x-ray beam through the open window. These
background images allowed non-sample sources of scattering to be subtracted from the sample
data to obtain an accurate measurement of the TDS intensity without contamination from static
scattering sources. Exposure time varied, depending on sample thickness. The exposures were
double correlated to eliminate zingers, random events from cosmic rays or from the decay of
radioactive isotopes with the detector. Sets of two to three scans, with a cumulative exposure
time of approximately one hour were required to resolve the weak TDS signature from phonons
near the zone boundaries. These scans were averaged and an average of background scans from
a mechanically removed window of the same orientation was subtracted to show only the x-rays

scattered by the sample.

The scattering signature of the TDS from a 315 nm-thick membrane is shown in Figure
3-4. The isolated, sharp, bright, oval spot on the left of the detector is the intersection of the
reciprocal space sheet corresponding to the detector plane with Si crystal truncation rod, which
replaces the Bragg peak when diffracting from two-dimensional systems. To the right of the

crystal truncation rod is the region of maximum TDS intensity. It corresponds to the point on the
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Figure 3-4: TDS intensity distribution from a 315 nm-thick silicon nanomembrane. The
intersections of the Brillouin zone edges with section of the Ewald sphere caught by the detector
plane are shown as orange lines.

detector which lies closest in reciprocal space to the center of the Brillouin zone. Since TDS is
sensitive to the population of thermally populated phonons, and the phonon population is highest
near the zone center, the TDS intensity will be greater when the Ewald sphere passes closer to
the zone center. The orange lines shown on the image are the intersections of the edges of the
Brillouin zone centered on the (-3 -1 1) reciprocal lattice point, with the section of the Ewald
sphere caught by the detector plane. Additionally, a diagonal streak of intensity extends from the
region of maximum TDS intensity diagonally toward the upper right region of the image. This
corresponds to a path which roughly follows the path from the gamma point in the center of the
Brillouin zone to the X point on the zone boundary. TDS intensity is expected to be higher along
this path due to the elastic anisotropy of Si. The quantity called Qx is the projection of the
phonon wavevector, Q, onto the x axis, [100], of reciprocal space. Values of Qy and Qz along

the streak vary from 0.18 to 0.35 2n/asi in Qy and 0.18 to 0.4 2w/asi in Qz.



68

The TDS intensity distribution expected from using the bulk Si phonon dispersion was
computed using a Mathematica notebook. The bulk Si phonon dispersion was computed by
utilizing the dynamical matrix for Si, which is Fourier transform of the force constant matrix as

discussed in section 3.1.

The region of reciprocal space being probed by the beam is computed using the beam
energy and geometric considerations. The sample 0, ¢, and y are accounted for as well as the
location of the detector. The g-value for each pixel is then computed. Due to slight
misorientation in sample 0, @, and y during mounting onto a sample stick as well as inaccuracy
in the sample adjustment setup, the exact orientation of the sample in the beam is not known.
Additionally, in initial experiments, the exact location of the detector was not known. In later
experiments, the detector position was fit experimentally by matching the powder diffraction
patter of Si from a sample mounted in the same location as the membrane sample. In order to
determine the sample orientation and detector locations, simulated detector images, generated by
changing the sample 0, ¢, and y and detector height above the beam and angle from the beam,

were compared to experimentally measured bulk and membrane samples.

The x and y pixel locations of the truncation rod and the maximum in TDS intensity were
used as indicators of agreement between the simulated image and the experimental image.
Changing the detector angle resulted in only a horizontal change in pixel number, corresponding
to the x pixel value. Changing the detector height resulted in an only vertical change in pixel
number, corresponding to the y pixel value. For determining sample 0, ¢, and y, three new
parameters were used, the distance and the angle between the location of the truncation rod and
maximum in TDS intensity, and the angle at which the high streak of intensity which goes from

the maximum in the TDS is at. When these three parameters were satisfied, the image could be
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translated using the detector location to generate a matching image. The approximate values of

sample 0, ¢, and y are known initially from the experimental setup.

TDS profiles were extracted along a path which passes through the maximum in the TDS
intensity and extends along the streak of high intensity. Profiles were extracted using a
Mathematica notebook. The profiles were calculated by extracting a rectangle of pixels 51
pixels wide and 2048 pixels long. Columns of 51 pixels were averaged into a single value. The
2048 pixels were then averaged via a boxcar average with a boxcar width of 71 pixels to create

the profiles shown later in this chapter.

The experimental setup was tested by collecting x-rays scattered from a bulk region near
the membrane sample. The collected pattern was compared to the pattern expected from TDS
theory using the bulk Si phonon dispersion. The comparison is shown in Figure 3-5. Figure 3-5
(a) shows the experimentally observed bulk TDS pattern while (b) shows the predicted pattern.

Figure 3-5 (c) shows an intensity profile extracted along the paths indicated in (a) and (b), which

(a) (b) (c)

Bulk TDS Bulk Phonon

Measurement Dispersion Prediction
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Figure 3-5: (a) experimentally observed TDS intensity for a bulk-like thickness of the SOI handle
wafer. (b) Predicted first order TDS intensity based on the bulk phonon dispersion (c) Intensity
profile of the measured TDS intensity (points) and TDS predicted from the bulk Si phonon
dispersion (line) along the paths indicated in (a) and (b).
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traverse from near the zone center to near the zone edge. The profiles are scaled using a single
multiplicative scaling factor to match the observed and predicted TDS profiles. The images and
extracted profile show good agreement between the observed and predicted TDS. TDS
scattering patterns from Si nanomembranes with thicknesses of 315, 44, 28 and 6 nm are shown
in Figure 3-6 (a)-(d). The intensity in the image is normalized to the highest value, which is the
truncation rod. Membranes with reduced thicknesses show a lower TDS intensity and what

appears to be a relative increase in the intensity of the truncation rod.

(a) 315nm (b)

Normalized Intensity

Figure 3-6: (a)-(d) Nanomembrane TDS intensity distributions for membranes with
thicknesses of 315, 44, 28, and 6 nm, normalized to the TDS intensity maximum in each
image. The bright spot to the left of the maximum in the diffuse scattering arises from the
crystal truncation rod. Orange lines represent zone boundaries.

The first result is that the TDS intensity varies linearly with thickness in the nanometer
regime. Figure 3-7 (a) shows the expected scaling of TDS of silicon up to a thickness of a few
hundred microns. The maximum in intensity occurs at the x-ray attenuation length of silicon.
The plot indicates the expected linearity of TDS intensity with thicknesses in the sub-micron
thickness regime. Figure 3-7 (b) and (c) show the variation in TDS intensity as a function of

thickness in the Si nanomembrane samples. The variation is shown at two different,
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Figure 3-7: (a) Expected thickness scaling of x-rays TDS for samples in the few hundreds of
microns region. The maximum in TDS intensity occurs at the attenuation length of Si.

representative points in reciprocal space, one from near the zone center (b) and one from near the
zone boundary (c), with Qx = 2n/a. Sample-to-sample intensity variations in the small thickness
regime arise partially due to the small deviations in sample orientation generated by the sample
mounting procedure. This causes the path sampled in reciprocal space to be slightly different,
passing either closer or farther from the zone center resulting and intensity dependence on

sample orientation as well as thickness.

For thicker membranes, such as the 315 nm-thick membrane, the TDS intensity
distribution closely matches the bulk intensity distribution with a slight deviation observed near
the zone edge. The deviation near the zone edge becomes more apparent and pronounced with
decreasing membrane thickness, such as the 44 and 28 nm-thick samples. In the thinnest
membranes, such as the 6 nm-thick sample, the TDS signal at large wavevectors coincides with a
large scattering contribution from the residual, unsubtracted background and static scattering

from the oxide layer.

The deviation in the TDS intensity observed from silicon nanomembranes samples is
apparent in the dependence of the TDS intensity on the wavevector component Qx. Figure 3-8

(a)-(d) (black dots) shows the dependence of TDS intensity on Qx. The profiles are extracted
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Figure 3-8: Dependence of the TDS intensity on the wave vector Qx for (a) 315, (b) 44, (c) 28,
and (d) 6 nm membranes (black circles) and for bulk-like regions of the SOl handle wafer for
each sample (red squares). The intensity profiles are normalized to unity at their maxima and
offset vertically for clarity. The central maximum in (d) is sharper than in thicker samples due to
a small difference in the sample orientation.

along the high intensity streak extending from the maximum in the TDS intensity towards the
right corner, along the path shown in Figure 3-5. This corresponds to a reciprocal space path
which starts near the zone center and extends along the high symmetry I to X direction. The red
squares correspond to a profile taken from a bulk region near the membrane sample to which
they are being compared. The membrane and bulk profiles are normalized to unity at their peak
intensity of one, and offset for clarity. A broad excess in the TDS intensity is easily observed in

these profiles between Qx = 3/2 n/a and 2n/a.

The observed excess at large wavevectors could be accounted for by modifying the
phonon energy at those wavevectors. A confinement-induced reduction in the phonon energy by
as little as 1-2 meV would be sufficient to yield an increase of 10% in TDS intensity at
large-wavevectors. This would be consistent with previous results where confinement energies

on the order of 0.5 meV in 30-nm-thick membranes have been established in the
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small-wavevector regime.?® While these deviations are consistent with the energy scale of these
previous results, they occur at larger wavevectors at which different modes of vibration are

relevant.

The predicted phonon dispersions of nanomembranes available in the literature are based
on elasticity theory, as discussed in the previous section. The continuum elastic approximation
limits these calculations to long wavelength modes for which the length scale imposed by atomic
bonding is irrelevant. A more detailed comparison of the experimental results with theory will
require the computation of phonon dispersions based on atomistic rather than continuum
theories. Such predictions yield similar large-surface-displacement vibrational modes with very
low frequencies in Si nanowires®, but are not yet available for Si membranes with thicknesses of
many nanometers.

3.3 Development of 3-D phonon anisotropy from spatial confinement in silicon
nanomembranes

The next step is to extend the range of phonon wavevectors that can be studied by
scattering techniques at the nanoscale by probing the population of phonons in a
three-dimensional momentum-space volume over an extremely wide range of wavevectors,
extending from near the zone center to the Brillouin zone boundary. These synchrotron x-ray
TDS measurements probe phonon populations across the entire three-dimensional Brillouin zone

of a silicon nanomembrane and expose a significant anisotropy in the phonon population.

The vibrational properties of nanoscale crystals involve effects arising both from the
atomic-scale crystal structure and from the overall shape of the crystal. The frequencies and

displacements associated with the vibrational modes of nanomaterials have a complex
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Figure 3-9: Suspended 21-nm-thick silicon membrane. The thin dimension of the membrane is
termed the out-of-plane z direction.

dependence on spatial frequency because spatial confinement lifts the requirement that modes be
periodic. Crystallographic directions that are equivalent in the bulk (e.g. [001], [100], and
[010]) can exhibit anisotropy in low-dimensional nanostructures. The resulting vibrational
modes of nanomaterials involve atomic displacements for which the bulk description in terms of
longitudinal and transverse polarizations is not strictly correct.3®"* The in-plane and
out-of-plane directions in a nanoscale sheet like the one shown in Figure 3-9, for example, have

distinct features in the phonon dispersion.®” 3

The 3D contour plot shown in Figure 3-10 (a) shows phonon-energy isosurfaces for the
transverse acoustic (TA) mode of bulk Si calculated by diagonalizing the dynamical matrix for
silicon using bulk elastic constants.*> The TA mode is the lowest energy mode in silicon and
provides the dominant contribution to the TDS intensity, due to the consequent high thermal
population of phonons. Isosurfaces of different phonon energies are shown in different colors,
with a cutout being provided in the foreground to reveal the lower energy phonons near the zone
center. Figure 3-10 (a) demonstrates the complex but symmetric nature of the bulk phonon

dispersion. This complex phonon structure demonstrates the necessity for a three-dimensional
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Figure 3-10: (a) Bulk phonon dispersion of Si, with a sector of the plot removed to expose low-
phonon-energy contours. (b) Simulated distribution of x-ray TDS (TDS) intensity inside the (-3 -1
1) zone using the bulk Si phonon dispersion. A sector of the prediction has been removed to
expose regions of high intensity. High intensity streaks occur along <111> and <001>
directions, as was apparent in the phonon dispersion

phonon probe, particularly in nanomaterials where the bulk symmetry can be broken. A
quantitative prediction of the three-dimensional TDS intensity map from a bulk silicon crystal is
shown in Figure 3-10 (b), simulated using the approximation that the scattering is dominated by
the first-order TDS process. Again, isosurfaces of different colors show different levels of
predicted TDS intensity throughout the Brillouin zone, with a cut out being provided to show the
high intensity regions near the zone center. The zone depicted is the (-3, -1, 1) zone measured in
this experiment, as the intensity and shape of the TDS distribution changes with the particular
reciprocal lattice vector it is centered around. Figure 3-10 (b) demonstrates the motivation for
moving TDS scattering techniques from the arbitrary paths sampled in section 3.2 to a more

systematic sampling methodology presented here.*4?

In order to sample the population of phonons in a three-dimensional momentum-space
volume, the experimental arrangement shown in Figure 3-3 is further developed to allow TDS to
be probed in a three-dimensional volume of reciprocal space spanning the entire Brillouin zone.

X-ray scattering patterns were collected in a transmission geometry in which the incident beam
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Figure 3-11: X-ray TDS collects information about the phonon population along the two-
dimensional surface of the Ewald sphere, which is swept through the Brillouin zone by rotating
the sample through a series of values of the incident angle of the x-ray beam.

passed through the nanomembrane, at an angle respect to the surface normal. Varying the x-ray
incident angle relative to the membrane normal causes the condition for the quasi-elastic x-ray
scattering occurring during TDS and visualized using the Ewald sphere construction, to sweep
through reciprocal space. This is equivalent to collecting a series of closely separated slices,
each providing a two-dimensional map of TDS intensities, sampling a set of cross-sections

spanning the Brillouin zone, as shown in Figure 3-11.

Orientations spanning an angular range of 40° in 5° increments is sufficient to probe
regions spanning the Brillouin zone centered on the (-3 -1 1) reciprocal lattice point. TDS
intensity distributions were collected from membranes with thicknesses of 97 and 21 nm and, for
comparison, bulk-like micrometer-thick regions of the silicon frame near the edges of the
membranes. The background contribution to the detected intensity arising from scattering from
the x-ray optics was measured by directing the incident beam through a frame in which the

membrane had been mechanically removed and was subtracted from the TDS data.
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Figure 3-12: Scattering patterns with thicknesses of (a) 97 nm (b) 21 nm, acquired with incident
angles from -10 °to 30 °in 5 °steps. The image acquired at an incident angle of 10 °excites the
highly intense (-3 -1 1) Bragg reflection of the nanomembrane, saturating the detector, and is
thus not shown. The crystal truncation rod of the Si sheet appears as an intense highly localized
feature in several images. The three-dimensional representation of the experimental TDS
intensity constructed from the detector images appears in the right panels of (a) and (b). The
data has been removed from a sector of the Brillouin zone in order to show the high-intensity
contours.

Figure 3-12 shows TDS intensity distributions for the nanomembranes with thicknesses
of 97 nm (Figure 3-12 (a)) and 21 nm (Figure 3-12 (b)). Each intensity distribution in (a) and (b)
represents the TDS intensity at different incident angles captured by the cross sections shown in
Figure 3-11. Boundaries of the Brillouin zones are show are orange lines. A three-dimensional
representation of the TDS scattering constructed from the detector images is also shown. The
recorded intensities at each angular setting are multiplied by an angle-dependent factor to
account for the slight difference in volume of the sample probed in each geometry. Intense

scattering is observed (i) near the zone center, due to the large population of small-wavevector
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Figure 3-13: High-symmetry-direction profiles of the TDS intensity. The intensity is normalized
by x-ray data acquisition time and membrane thickness. Black and red dots represent measured
intensities from nanomembranes with thicknesses of 97 nm and 21 nm, respectively. Black and red
lines are first-order TDS simulated using the bulk phonon dispersion fit to the corresponding data
by a single overall scaling parameter, and provide a guide to the eye for comparing the measured
intensities with those expected from bulk-like samples.

phonons and (ii) along diffuse streaks close to high-symmetry directions where phonon modes
have low frequencies. The three-dimensional representation extracted from the detector images

qualitatively reproduces the predicted shape of the TDS intensity shown in Figure 3-10.

The straightforward relationship between the wavevector of scattered x-rays and crystal
momentum within the Si membrane allows the intensity distribution to be readily interpreted in
terms of the phonon wavevector. The TDS intensity along arbitrary crystallographic directions
was extracted by numerically resampling the intensity onto a three-dimensional grid spanning the
Brillouin zone and plotted as a function of the reciprocal space vector connecting each point to
the (-3 -1 1) zone center. The experimental and analytical techniques presented here represent an
advancement over previous TDS measurements in that it allows the extraction of intensity

profiles along the high symmetry crystallographic directions. Intensity distributions along
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<100>, <110>, and <111> high-symmetry directions, are shown in Figure 3-13 for the 97
nm-thick and 21 nm-thick membranes. The [010], [-1 1 1], and [1 1 -1] directions are not shown
in Figure 3-13 because there is low density of points sampling the intensity along those
directions as a result of the small number of Ewald sphere slices intersecting those paths. The
intensity axis in Figure 3-13 is normalized by the membrane thickness to allow the profiles for
the different crystallographic directions to be compared. The predicted TDS intensity based on
the bulk silicon phonon dispersion is scaled by a single fitting parameter to fit the experimental
data. These fits show that the shape of the TDS scattering is qualitatively similar to the observed

experimental data and are used to guide the eye.

The variation of TDS intensity with membrane thickness can be explored precisely by
plotting the TDS intensity along directions separated by fine angular steps, shown in Figure 3-14
(@) and (b). Figure 3-14 shows the ratio of the TDS intensity acquired from the 21 nm membrane
to the intensity from the bulk-like 97 nm membrane along these directions. Previous study has
shown that the intensity of scattering from membranes at approximately 100-nm thicknesses
follows the scaling proportional to thickness expected for bulk dispersions.*'42 If the intensity of
scattering from the 21 nm membrane was proportional only to nanomembrane thickness, the
intensity ratios in Figure 3-14 (a) would exhibit no dependence on direction and have a constant
value of 0.22, as indicated by the horizontal dashed line in Figure 3-14 (a) and (b). Instead, the
dependence of the TDS intensity on reciprocal space direction is dramatically different for the
two nanomembrane samples, as seen from the anisotropy in the intensity ratio, especially for
wavevectors shorter than half the zone radius (or wavelengths of a few nanometers).

Figure 3-14 shows that the phonon population of the previously equivalent in-plane and

out-of-plane directions is anisotropic for the smaller nanomembrane thickness. As Qz increases,
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Figure 3-14: Anisotropy of nanomembrane TDS. Ratios of intensities from 21 nm-thick and 97
nm-thick silicon nanomembranes along (a) out-of-plane and (b) in-plane directions. The
directions of the profiles are shown in the corresponding color in the inset schematic of the
Brillouin zone. The anomalously intense point plotted with a star includes an artifact due to
powder diffraction from the x-ray optics and thus does not fit the overall trend. The horizontal
dashed line indicates the expected ratio in intensity between the 21 nm-thick and 97 nm-thick
membranes assuming linear scaling of the TDS intensity with thickness.

the ratio of scattered intensity increases near the zone center. At its maximum, the ratio of the
TDS intensities for the 21 nm and 97 nm thicknesses is 400% larger than the value expected
from the linear scaling observed in thicker samples and 200% larger than the in-plane ratio.**
This result indicates that there is an anisotropy in the TDS intensity from the 21 nm-thick
membrane that does not occur in the bulk or in the 97 nm-thick membrane. The in-plane series
of directions, Figure 3-14 (b), does not exhibit a dependence on the profile direction, and the
intensity distribution in the in-plane directions is the same in both 21 nm-thick and 97 nm-thick
membranes. TDS ratio plots from the two bulk-like membrane frames (see supplemental
material) show that bulk Si does not exhibit the directional anisotropy observed in

nanomembranes.

Figure 3-15 shows the ratio of intensity between the bulk frame of the 21 nm membrane

and the frame of the 97 nm membrane. The in-plane and out-of-plane directions are plotted as
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Figure 3-15: Absence of anisotropy in bulk Si. The ratio of intensity between the bulk frame of
the 21 nm membrane and the frame of the 97 nm membrane. The (a) out-of-plane and (b) in-
plane directions are plotted as was done for the membranes in Figure 3-14. Neither the in-plane
or out-of-plane direction profiles show evidence of the anisotropy observed in the membrane

was done for the membranes in Figure 3-14. Neither the in-plane or out-of-plane direction
profiles show evidence of the anisotropy observed in the membrane. The in-plane and
out-of-plane ratios are slightly below one due to artifacts arising from differences in the total
thickness sampled for the bulk measurement and from small differences in the sample orientation
that lead to slightly different regions being sampled in reciprocal space with slightly different
phonon populations. The feature at Q=0 in the bulk ratios in Figure 3-15 results from differences

in the sample geometry, leading to a small error in the sample wavevector being compared.

It is also apparent in Figure 3-13 and Figure 3-14 that the 21 nm-thick membrane
produces a higher TDS intensity per unit thickness than the 97 nm-thick membrane across the
entire Brillouin zone. There are several possible causes for increased intensity including
contributions from a relative increase in the static background scattering or a relative increase in
the importance of scattering from the membrane surface, which would contribute a larger

fraction of the total scattering observed from the 21 nm-thick membrane sample.
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Existing experimental and theoretical results provide some insight into modes with
in-plane wavevectors. Brillouin light scattering measurements, while sensitive to out-of-plane
atomic displacements, are limited to the measurement of in-plane phonon wavevectors.®242527:28
These measurements show evidence of the conversion of bulk TA and longitudinal acoustic
modes into flexural and dilatational modes as predicted by elastic continuum theory, evidenced
by the creation of a quadratic dispersion near the zone center and higher order quantized
modes,2428:3637.394344 The jn-plane dispersions of the flexural and dilatational modes of the
lowest energy out-of-plane mode number n have lower energies than the bulk transverse and
longitudinal modes in Si.***? The low-energy vibrational modes of thin Si sheets change the
total phonon density of states and thus modify total phonon population probed in TDS
experiments.®”° The introduction of lower-energy phonon modes would contribute to the
overall rise in TDS intensity observed in the scattering from the 21 nm-thick membrane sample
through an increase in low-frequency phonon population with a correspondingly high x-ray

scattering cross-section.*! 42

There is far less insight available into the out-of-plane phonon mode energies, for which
Qx=0. Elastic calculations predict a quantization of modes in the out-of-plane direction due to
the finite thickness in that direction. The quantized modes in the out-of-plane direction have
wavevectors given by Qz=nn/d, where d is thickness of the membrane. Accordingly, the
out-of- plane phonon modes can no longer be thought of as a continuous dispersion.®” The
in-plane wavevector remains continuous as in the bulk dispersion.®”*® However the dispersion of
out-of-plane acoustic phonons predicted by elastic continuum theory is linear with a slope
dependent on the elastic constants, which take on their bulk values in elastic calculations.®” 3

These elastic theory predictions do not predict the development of new out-of-plane modes.
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A possible explanation for the higher phonon population in out-of-plane modes is a
softening of the elastic constants of the membrane in comparison to the bulk. Softening would
lead to a decrease in the frequencies of out-of-plane vibrational modes, with a larger reduction of
the elastic constants in the out-of-plane direction than in the in-plane direction. Mechanical
studies of ultrathin silicon suggest that the elastic properties are also affected by the reduced
dimensionality of the membrane.*>* In nanoscale silicon free-standing beams, the Young’s
Modulus was observed to decrease from 160 GPa to 108 GPa when the thickness was reduced
from 200 nm to 50 nm.*" This reduction in the effective elastic modulus is attributed to surface
effects the presence of the native oxide, and fabrication-induced defects.*® This effect is not
captured in the elastic continuum calculations discussed above because elastic predictions rely on

the bulk elastic constants.

However, continuum theories have limited validity in the large-wavevector regime and a
full comparison will require a more complete atomistic picture. A limited number of molecular
dynamics calculations have been performed for membranes as thick as 20 nm.%° The phonon
dispersion calculated by molecular dynamics extends into the large-wavevector regime and are
consistent with elastic continuum theory, but has only been presented for the in-plane
directions.*!® However the molecular dynamics calculations show evidence of an average
softening of the elastic moduli, especially for modes that create out-of-plane atomic
displacements, which would be consistent with anisotropy in the softening of the elastic

constants.1®

3.4 Modification of phonon spectrum in Si/SiGe/Si trilayer membranes

*Portions of this section were adapted with permission from McElhinny et al., MRS Advances, 1,
3263-3268, (2016). Copyright (2016) by the Materials Research Society.
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Additional modifications to the phonon dispersion may occur through the alloying of Si
nanomaterials with Ge. The structure of the Si/SiGe/Si trilayer and of uniform-composition Si
nanomembranes considered in this study are shown in Figure 3-16. The details of the processing
steps involved in membrane fabrication processes are outlined in Chapter 2. The Si/SiGe/Si
nanomembrane, shown in Figure 3-16, has a total thickness of 60 nm. The SiGe layer has a
composition of Sio.76Geo.24, and each Si and SiGe layer has a nominally equal 20 nm thicknesses
in order to minimize bending stresses. Optical profilometry images illustrating the flatness of
Si/SiGe/Si and Si nanomembranes with thickness of 60 nm, 97 nm, and 21 nm are shown in

Figure 3-16 (c), (d) and (e), respectively.

The experimentally measured distributions of x-ray TDS intensities for three
nanomembrane samples are shown in Figure 3-17. These scattering patterns were collected with
the same experimental setup as described in the previous sections. The scattering patterns were
collected from the trilayer Si/SiGe/Si nanomembrane with a total thickness of 60 nm, and Si

membranes with thicknesses of 21 nm and 97 nm, respectively. These scattering patterns are

(a) Si/SiGe/Si membrane (b) Si membrane
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Figure 3-16: Schematics of (a) Si/SiGe/Si trilayer nanomembrane and (b) Si
nanomembrane. Optical profilometry images of (c) the Si/SiGe/Si trilayer connected
to the substrate by narrow arms, and Si nanomembranes with thicknesses of (d) 97
nm and (e) 21 nm.
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Figure 3-17: X-ray TDS patterns acquired from (a) a 60 nm-thick, Si/SiGe/Si trilayer
nanomembrane, (b) a 21 nm-thick Si nanomembrane, and (c) a 97 nm-thick Si
nanomembrane. Orange lines are overlaid on the detector image to indicate the intersection
of the Ewald sphere with the Brillouin zone boundaries.

o (‘ne) Aususyu|

two-dimensional slices of the three-dimensional reciprocal space of the nanomembranes. The
intersection of the two-dimensional scattering pattern with the three-dimensional boundaries of
Brillouin zones centered at the diamond cubic reciprocal lattice points are drawn as orange lines
superimposed on the scattering patterns in Figure 3-17. The zone with the largest area at the tops

of the images in Figure 3-17 is centered on the (-3 -1 1) reciprocal lattice point.

Each scattering pattern in Figure 3-17 exhibits a broad distribution across the entire
detector as well as streaks of locally higher TDS intensity. These streaks of intensity extend
approximately vertically in the image as well as along a line from the center to the upper right
corner. The loci of wavevectors along these streaks correspond to directions in reciprocal space
close to the high symmetry directions, [111] and [100], respectively, of Si and Ge. Phonon
modes along these directions have lower frequency and hence exhibit a larger TDS intensity.
Two additional sets of features are also apparent in Figure 3-17. An intense region at the bottom
of the detector arises from the high population of low-frequency modes near the Brillouin zone
center. Sharp highly localized high-intensity artifacts in the scattering pattern arise from

diffraction from optical elements that was not completely obscured by the Pb shielding.
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The observed intensities can be systematically compared with the TDS scattering pattern
expected for bulk Si by plotting the simulated and observed intensities along specific directions
of the TDS data. Figure 3-18 (a)-(c) show the observed and simulated intensity along a direction
of the images in Figure 3-17 that lies approximately along [010]. Each profile is normalized by
the thickness to illustrate any regions of unexpectedly high intensity. Figure 3-18 (d)-(f) show
profiles extracted along [111] directions. For each sample the simulated intensity is scaled by a
single overall parameter to fit both profiles. The 21 nm Si nanomembrane exhibits excess
intensity along both crystallographic directions, consistent with the work Section 3.3. The

Si/SiGe/Si trilayer yields an intensity distribution that is qualitatively similar to the Si simulation.

There is excellent agreement between the observed and simulated intensity for the
thickest, 97 nm, Si nanomembrane. As is apparent in Figure 3-17, the thinner Si nanomembrane
and the Si/SiGe/Si trilayer nanomembrane exhibit qualitatively similar distributions of scattered
intensity. A comparison with the 21 nm nanomembrane intensity with the simulation shows that

the experimentally observed intensity follows approximately the expected distribution in
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Figure 3-18: TDS intensity profiles extracted along the intense streaks of intensity observed in
Figure 3-17(a), (b), and (c) Observed (points) and simulated (red line) intensity profiles
approximately along [010]. (d), (e), and (f) Observed (points) and simulated (red line) intensity
profiles approximately along [111]. Sharp features in (d) and (f) and the weaker feature in (e) at
Q[111] = 0 correspond to the intensity from the crystal truncation rod of the membrane and do
not arise from TDS.
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reciprocal space, but with a higher-than-expected intensity. This excess in intensity can arise
from the modification of phonon frequencies due to the free surface mechanical boundaries.**
The mechanical discontinuities in the Si/SiGe/Si system are not sufficiently large to introduce
spatial confinement of the phonon modes and consequently the intensity of the scattering is
quantitatively very similar to what would be expected from a bulk Si membrane of the same
thickness. There is, however, an excess of intensity of 3.75% along [010] in the Si/SiGe/Si
trilayer membrane and a broadening of the TDS profile, pointing to vibrational differences
between Si/SiGe/Si and the thicker Si membrane. Possible origins of the enhancement in
scattering from SiGe in comparison with Si include the larger atomic scattering factor of Ge

atoms with the SiGe layer or reduced phonon frequencies due to alloying.

3.5 Conclusions

To study the impact of spatial confinement on the vibration frequencies of nanoscale
semiconductors, flat single crystal Si and Si/SiGe/Si nanomembranes were fabricated with
dimensions of 200 um % 200 um with thicknesses from 300 nm to as small as 6 nm. Synchrotron
x-ray TDS studies of phonon populations throughout the entire Brillouin zone in Si
nanomembranes show an increased population, with phonons with out-of-plane phonon

wavevectors showing an additional excess in population.

A comparison of the intensities of different thicknesses of silicon nanomembranes shows
that the intensity deviates from the expected thickness scaling and that an anisotropy in the TDS
intensity has been created with the same symmetry as the sample geometry. These deviations
from bulk results could be explained by the development of new lower energy modes across the

entire Brillouin zone and a modification of the elastic constants resulting in a higher phonon
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population. However, the acoustic mismatch between Si and SiGe layers is insufficient to
modify the vibration properties through spatial confinement and instead shows evidence of small
changes due to alloying. X-ray TDS measurements allow the phonon population in nanoscale
materials to be probed across the entire range of relevant wavevectors and exposes systematic

trends in phonon population as a function of thickness and composition.

Future time-resolved diffuse scattering experiments offer a possible extension of this
technique, providing additional insight into both the effects of alloying and spatial confinement
on phonon lifetimes as well as populations.*®>° Potential extensions of this work include
extending it probing 1-D structures like nanowires or ribbons or providing additional surface
treatments to modify the acoustic boundary conditions. Additionally, demonstration of
modifications of the phonon dispersion out to large wavevectors should encourage the simulation
of the reasons for these changes and subsequent incorporation of the new dispersion into future
predictions of the thermal properties of nanomaterials. This work will also help to isolate the
contributions of the phonon dispersion to the thermal properties of nanomaterials, helping to

decouple clumped parameters like thermal conductivity.
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Chapter 4: Structural dynamics of reconfigurable organic-inorganic
interfaces

4.1 Introduction

The creation of materials incorporating optically reconfigurable interfaces between
organic and inorganic components provides access to a wide range of new electronic and optical
phenomena with both fundamental and practical importance. Dynamically reconfiguring the
structure of an interfacial molecular monolayer through the use of external stimuli has the
potential to provide precise control over charge transfer dynamics, energy offsets of interfacial
electronic states, dipole moments or polarizations, and vibrational phenomena. In the past,
various structural configurations have been created by varying the conditions under which the
monolayers are assembled. Such studies indicate that changes in the structural state can include
changes in the molecular height and conformation' and an increase or decrease in the dipole

moment and net polarization.>”’

Photoresponsive materials are attractive because optical control is intrinsically clean, can
induce fast responses, and can be delivered from a remote source.>® These reconfigurable
materials are being developed for a variety of exciting applications including molecular
machines,®!° organic electronics,*! solar energy harvesting,'?*2 high density information
storage,** and smart surfaces with applications in switchable wetting,'>*® directing liquid crystal
alignment,'” and catalysis.'® For example, computational studies proposed that it could be
possible to create high-energy-density solar fuels through a mechanism in which energy is stored
in the metastable molecular configuration and released through isomerization into the stable
trans isomeric state via optical absorption.'?1%2% This technology was recently realized through

the creation of a high energy density azobenzene/graphene hybrid as a solar fuel exhibiting a
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high energy density of up to 112 W h kg with a half-life of 33 days.!' Additionally, a
photoresponsive cross-linked azobenzene/polymer assembly has demonstrated its feasibility as a
high performance light driven actuator.?! Similarly, the structural cues provided by azobenzene
monolayers can drive photoinduced alignment in liquid crystal films and create surfaces with

photoswitchable wettability. 72223

One particular area where this reconfigurability presents exciting opportunities for
innovation is the field of organic-inorganic charge transfer. Charge transfer across
organic-inorganic interfaces is a crucial materials problem as the desire for added functionality
and reduced cost pushes the field onward. These include applications in solar energy
harvesting,?*2% photo- and electro-catalysis,?”?® and molecular electronics and sensing
applications.?®*° Within the field of organic-inorganic interfacial charge transfer the rapid
development and integration of electronically active small molecules has provided the
opportunity for innovation at materials interfaces as well providing a model system for the study

of interfacial charge transfer.

Molecular donors deposited on semiconducting oxides such as TiO2,%% Zn0,%* and
Sn0,,*® can inject electrons into the oxide from their metal-to-ligand charge transfer excited state
on the picosecond timescale.®2* Molecular monolayers and thin films exhibit variation in
molecular orientation, conformation, and binding motif, as well as macroscopic parameters
including thickness, roughness, packing density, and aggregation, all of which can affect the
charge transfer rates. Charge transfer occurs through conjugated links or through-space
tunneling and depends on factors such as the composition and structure of the chromophore and
the anchoring group, the extent of conjugation of the molecular bridge group, and macroscopic

structural factors such as the packing density and the aggregation state.333%63" |n this context,
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Re-bipyridine complexes have been extensively studied as photoabsorbers and electron donors.*

38, 39

Molecular level control of the structure offers exciting opportunities as a result of the
strong dependence of interfacial charge transfer in donor-semiconductor systems on the
structural parameters of the interface. These include structural factors such as the chemical
structure of the donor molecules, the binding motif of the molecules on the surface, the
aggregation state of the molecules, and in particular the conformation and orientation of
molecules on the surface. In one example, as the distance between the charge transfer center of
the molecule and the semiconducting substrate increased by increasing the length of the bridge
group from 0 CHa spacers to 3 CHaz spacers, the electron injection time increased from < 100 fs,
to 240 ps.3* This increase in electron injection time resulted from the reduction in electronic
coupling between the donor and semiconductor.®! Further investigation showed that depending
on if the bridge group is conjugated or isolating, the charge transfer rate and mechanism is
modified, with the latter showing that the charge injection rates decay exponentially with the
distance between the donor center and the acceptor.®® Even conformational fluctuations of a
single molecule on the surface are predicted to change the electronic coupling resulting in a

difference in the charge transfer rate by a factor of 14.%

This donor-surface distance can be manipulated through the incorporation of a
reconfigurable group which changes the distance between donor and substrate in response to an
external stimulus.®3%:3" For example, pentacene FETs incorporating an azobenzene-containing
monolayer at gate insulator/semiconductor interface exhibit a reversible variation of the
threshold voltage with illumination.*® The azobenzene-containing molecules change from

trans-to-cis conformation upon illumination, shifting the threshold voltage of the FET due to
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changes in the molecular dipole moment. It is possible to imagine systems where the structural
state can be switched or reconfigured using an external stimulus such as optical stimulation,
electric field modulation, or temperature changes. It would then be possible to drive the
structural state through molecular height and conformation oscillations, through order-disorder
transitions, to modify the aggregation state of the molecular systems, to have a built in,
controllable electric field and polarization, or even to have long range, switchable molecular
ordering. With this dynamic structural control, it would be possible to investigate the structural
influence on interfacial phenomena such as the charge transfer dynamics, electronic and
vibrational structure of the interface, dipole moments, and to correlate the timings of these
transitions. The challenge has been to fabricate reconfigurable interfaces with a specific

structure and to correlate the corresponding electronic kinetics systematically.

Reconfigurability can be introduced into organic/inorganic interfaces by assembling
molecules containing azo-groups at interfaces.’ 4! The azo group switches from trans to cis
configuration following electronic excitation by a photon resonant with the © to n* transition at a
wavelength of 320 to 350 nm. The cis-to-trans transformation can be induced by exciting the n
to * transition via the absorption of blue light at a wavelength of 400-450 nm.* In solution, the
azobenzene molecule reconfigures on a 10 ps timescale.***3 Thermal isomerization back to the
thermodynamically stable trans state occurs much more slowly, on the order of milliseconds to
days depending on the stability and steric bulk of the other constituents of the
azobenzene-containing molecule.* The timescale on which the trans to cis ratio in an ensemble
changes is often much longer due to the different probabilities of the elementary isomerization
processes. This change in the ensemble ratio of trans and cis isomers has commonly been

observed to be on the timescale of seconds.>** The photoisomerization leads to changes in the
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molecular conformation, from the planar, elongated trans isomer to the compact
three-dimensional cis isomer, which is accompanied by a change in the dipole moment, a
decrease in the intensity of « to ©* peak and an increase in the intensity of the n to 7* peak in the

absorption spectra.*

Photoisomerization in these monolayer systems is characterized by a variety of structural
phenomena. Photoisomerization in azobenzene monolayers is often hindered by steric
constraints. Steric hindrance and the restricted free volume available due to dense molecular
packing limit the photoisomerization rates of azobenzene monolayers, prolonging the timescale
of the initial reconfiguration to the order of seconds.?#¢ In self-assembled azobenzene
monolayers with 100% coverage, vibrational sum-frequency generation measurements have
observed no evidence for photoisomerization, despite the observation of photoisomerization at
sub-monolayer coverages.*® Additional insight into the role of mesoscopic effects is observed in
scanning tunneling microscopy (STM) experiments, which show that chains with widths of a few
molecules and lengths of 20 to 300 A photoisomerize more slowly under UV radiation than their
isolated counterparts and exhibit concerted switching.? The concerted switching phenomenon
observed using STM was described as arising from intermolecular electronic coupling due to
enhanced n-orbital overlap of the neighboring azobenzene groups.? These previous experimental
results offer insight into the behavior of localized and isolated sets of molecules, but do not

describe the behavior of complete monolayers.

In azobenzene monolayers, a dependence on the fraction of the monolayer composed of
azobenzene molecules and hence the available free volume is commonly observed.>**4" When
the azobenzene group is given sufficient free volume and electronically decoupled from the

surface, the switching behavior follows that of free molecules in solution.*® When molecules are
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deposited on spherical nanoparticles, the free volume is also increased leading to higher
isomerized fractions.*’ Systematic STM studies show that the isomerization is reduced as the
monolayer structure goes from individual molecules to 1-D and 2D chains.? In some cases,
monolayers of 100% azobenzene molecules show no evidence of photoisomerization, but the

photoisomerization rates increase with decreasing azobenzene fraction in the monolayer.*

Traditional techniques for probing the static structure of molecular monolayers include
techniques such as Atomic Force Microscopy (AFM),*4° X-Ray Photoemission Spectroscopy
(XPS),%85051 or STM.2 AFM provides information on the surface of the molecular monolayer in
an area of 100s of square microns, providing limited information about the surface coverage,
roughness and thickness of the molecular monolayer. Similarly, XPS provides information on
the surface coverage on the monolayer. Dynamic measurements of the reconfiguration in these
azobenzene system are carried out through measurements with electronic or vibrational
spectroscopic indicators. These results reveal the impact of free volume in the
photoisomerization as well as the timescale on which macroscopic restructuring of the
monolayer occurs, which is on the order of 100s of seconds. However, these techniques are
unable to address more subtle, but important structural questions such as the molecular

conformation, orientation, and packing of the monolayer.

Additionally, dynamic measurements using spectroscopic indicators provide little clear
information regarding the structural reconfiguration of the monolayer including the evolution of
structure of isomerically mixed monolayers. In particular, direct structural observation of the
change in conformation and height of the molecular monolayer has not been accomplished.** 46
This characterization challenge in evaluating the structure of monolayers fails to answer

important structural questions about the structure evolves with optical exposure and how the
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evolution rate and mechanism depend on the illumination conditions. Additionally, it is unable
to provide clear insight into the timescale over which the reconfiguration occurs and the stability

of the reconfigured states.

Inspired by these structure-property relationships, an initial work probes the connection
between molecular design, the deposition technique, and the resulting interfacial structure. The
interfacial structure and hence its properties can be controlled through the synthesis technigque
used to fabricate them, the molecular design of the organic component, and the resultant
interfacial structure. A series of previous studies have demonstrated the importance of the static
structural properties of interfaces in organic/inorganic electronic materials.3® 3”2 A degree of
control can be obtained by using deposition techniques which offer greater control over the static
structure than traditional solution deposition methods. One such approach is the
Langmuir-Blodgett (LB) technique which organizes organic layers on the surface of liquid and
compresses them into a tightly packed and semi-ordered film. Additionally, the design of the
molecules themselves play a critical role in determining the final structure and degree of
heterogeneity in the film. Molecules with molecular bridge groups of different rigidity are
studied by X-ray reflectivity (XRR). The results showed that molecules pack more or less

efficiently depending on the nature of the bridge group.

In an extension of the initial work, the synthesis of a novel photoisomerizable donor
(ReAzoC) molecule (Figure 4-1) and a study of its assembly and reconfiguration on oxide
surfaces was carried out. Structural characterization shows that LB assembly yields a monolayer
structure with the rhenium bipyridine complex as the head group and with carboxylic acid anchor
to the substrate, as in Figure 4-1(b). The molecules show spectroscopic evidence of

photoisomerization in solution and as deposited in a monolayer. The structure is thus further
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(a) ReAzoC molecule (b)

Trans Isomer

Figure 4-1: (a) Molecular structure of the ReAzoC molecule in trans and cis isomers. The
ReAzoC molecule is composed of a 2,2” Re-bipyridine complex head group, an azobenzene
bridge group, and a carboxylic acid attachment group. (b) Under UV and blue light the
azobenzene group reversibly photoisomerizes from trans to cis (UV) and cis to trans (blue),
respectively.

tunable using the trans to cis photoisomerization of the azobenzene group. Additionally, LB
assembly can be reproducibly used to create monolayers with a series of different molecular
coverage by varying surface pressure and an optimized single monolayer when deposited at the

correct conditions.

The order resulting from this simple deposition process permits more precise structural
characterization of the molecular reconfiguration than has been possible in the past. The
incorporation of the Re metal complex in the monolayer increases the electron density contrast,
enabling precise XRR studies of the mechanisms of structural reconfiguration. XRR
quantitatively characterizes the structure and structural changes in large areas of complete
monolayers with sensitivity to in-plane structural roughness at the 100 nm lateral length scale

and the molecular configuration at the Angstrom scale. The XRR studies reported in this thesis
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characterize the degree of order within the monolayer, the orientation of molecules on the

surface, the isomerization state, and the evolution of the structure under optical exposure.

The combination of structural and spectroscopic characterization studies described in the
remainder of the chapter show that ReAzoC can be organized into a closely-packed complete
monolayer. Optical absorption measurements indicate that 13-15% of the molecules on the
surface can be reversibly optically driven between structural states by illumination with
alternating UV and blue illumination and that larger fractions of up to 47-52% can be
irreversibly transformed at high optical power. X-ray and optical spectroscopy provide
independent and consistent estimates of the fraction of isomerized molecules and the resulting
monolayer structure. At low optical power, a small fraction of molecules isomerize in a spatially
random distribution. At higher optical powers, where optical absorption indicates that UV light
isomerizes approximately 50% of molecules there is an inhibition of the cis-to-trans reverse
photoisomerization. XRR measurements show that the mean height of the donor groups within

the monolayer is reproducibly changed as a result of the trans-to-cis isomerization.

When the reflected x-ray intensity of the sample is monitored during optical illumination,
the fraction of the monolayer isomerized as a function of total photon dose and photon flux are
monitored to complete the structural model for monolayer reconfiguration. These dynamic
measurements show that the isomerized fraction of the monolayer depends on the total photon
dose incident on the sample, rather than the photon rate. This suggests that monolayer structure
evolves through the growth of large cis isomeric domains which grow through a nucleation and

growth mode via cooperative switching.
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4.2 Molecular monolayers on oxide surfaces

*Portions of this section were adapted with permission from Joo et al., Langmuir 30, 6104-6113
(2014). Copyright (2014) by the American Chemical Society

The molecular synthesis of the ReEC and Re2TC molecules were developed and carried
out by Yongho Joo and Padma Gopalan. The use of Langmuir-Blodgett deposition to deposit
monolayers, AFM, and XPS characterization and associated analysis were carried out by Yongho
Joo and Padma Gopalan. The discussion of these results is included to frame and compare with

the x-ray analysis.

(b) Re2TC

=20.1A

Dmax

Figure 4-2: Molecular models for the (a ReEC and (b) Re2TC molecules. (carbon is gray,
chlorine is purple, rhenium is green, hydrogen is white, oxygen is red, nitrogen is blue, and
sulfur is yellow) (i) denotes the out-of-plane dimensions while (ii) denotes the in-plane
dimensions for each molecule.
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The creation of molecular monolayers with tunable heterogeneity offers many advantages
over solution deposition techniques for fundamental studies and applications. Through the use of
Langmuir-Blodgett (LB) technique the surface packing density of molecules at the interface can
be controlled through the surface deposition pressure used to organize the monolayer.
Langmuir-Blodgett technique works by assembling amphiphilic molecules at the water — air
interface, with the hydrophilic end on the water side and the hydrophobic end on the air side.

The molecules on the surface of the water are then compressed using an LB trough to a given
surface pressure or mean molecular area. This allows tuning of the structure from

sub-monolayer to single monolayer coverages.

Monolayers of metal-bipyridine complexes were deposited via Langmuir Blodgett
technique on SiO- substrates, either the silicon native oxide or fused quartz slides. The
molecules consist of a rhenium-bipyridine complex donor group, a molecular bridge group and a
carboxylic acid anchoring group. The bridge group, which connects the donor/head group and
the anchoring group, is either an aliphatic chain (ReEC) or a bithiophene (Re2TC), as shown in
Figure 4-2. The molecules form stable LB films the air-water interface when dispersed in
solution. It should be noted that these dyes don’t fall into the truly amphiphilic class of
molecules because the head group is polar with partial positive charge on the nitrogen atoms of
the bipyridine complex and negative charges on the chloride ligand. However, the carboxylic
acid group is relatively more hydrophilic, hence the bipyridine complex orients away from the
water and carboxylic acid anchors the molecule in the water sub-phase. The key difference
between the ReEC and Re2TC molecules is the change in the bridge structure from aliphatic to

aromatic. This change modifies the driving force for packing by altering the cohesive and
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Figure 4-3: Surface pressure isotherms for (a) ReEC and (b) Re2TC spread from chloroform
solution with a concentration of 1.0 mg/mL. A compression rate of 10 mm/min was used at a
temperature of 23°C + 1°C. These LB isotherms were collected by Yongho Joo.

repulsive forces between the donor molecules and the stiffness of the molecule, and hence the

characteristics of the surface pressure isotherms.

The first step in depositing monolayers of ReEC and Re2TC was to determine the LB
isotherms for each of the molecules, shown in Figure 4-3. The isotherms relate the measured
mean molecular area occupied by each molecule to the deposition surface pressure used. By
looking for inflection points in the isotherm, designated a and a’ in Figure 4-3, the optimum
conditions for depositing a single, closely packed monolayer were determined. The points (a)
and (a’) were defined as the points of intersection of the slopes of the liquid and solid phase

region of the isotherm.

For ReEC, the surface pressure needed to deposit a single, closely packed monolayer was
determined to be 10 mN/m, while the needed surface pressure for Re2TC was determined to be
20 mN/m. These correspond to a mean molecular area of 35 A% for ReEC and 32.2 A for
Re2TC, which are both in good agreement with the cross sectional areas shown in Figure 4-2.

AFM and ellipsometry results confirm the presence of a single smooth monolayer for films of
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ReEC and Re2TC deposited at these surface pressures. Upon further compression beyond the
points (a) and (a"), the surface pressure increases sharply. Both ReEC and Re2TC molecules

start to aggregate and form disordered multilayers, as shown by AFM, as the mean molecular
area goes below the cross-sectional area of molecules. Films deposited with surface pressures

below (a) and (a’) show sub monolayer coverage, supported with AFM observations.

The surface coverage of the optimized monolayers was also characterized by XPS.
Surface coverage is defined as the number of molecules per a unit area on the surface. From the
XPS data the concentration of ReEC molecules in films transferred at 10 mN/m SP was 1.84
molecules/nm?. This value is close complete single monolayer coverage. The estimated cross
sectional area of the vertically oriented ReEC molecule on the substrate is ~ 0.4 nm2. These
estimated dimensions give a theoretical maximum coverage of ~2 molecules/nm? for a
monolayer. For Re2TC, the surface coverage calculated from XPS was 2.27 molecules/nm? at
20 mN/m SP. The higher surface coverage for Re2TC compared to ReEC correlates with the
observations in the isotherm curve where higher pressures were required due to the rigid nature

of the thiophene bridge and the extended liquid phase regime.

XRR studies were conducted to obtain insight into the structural ordering of molecules on
the interfaces. XRR measurements were performed with a Panalytical X’Pert MRD in a forward
scattering geometry. XRR characterization was performed using monolayers deposited on
silicon substrates. The ReEC and Re2TC films were deposited using surface pressures of 10
mN/m and 20 mN/m, respectively. The electron density profile of these monolayers were
estimated using functional form of the electron density assuming a box model and the graded
interface model for interface roughness (Figure 4-4). A schematic of the box structure for

Re2TC is shown in Figure 4-4 (a). For the box model, the molecule was partitioned into two
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Figure 4-4: (a) Schematic of the box model of Re2TC used for fitting the experimental data. A
Re2TC molecule is shown schematically on a silicon substrate. To partition the molecule into
boxes, the molecule is split at the bond between the Re-complex and the bridge. (b) Example of
the electron density as a function of position along the molecule, as approximated by the box
model. The dashed black curve is a schematic of the electron density for the example case of
perfect interfaces. The red curve is a schematic of the electron density for the example case of
interfaces with a RMS roughness of 6 A similar to the experimental results. (c) Gradient of the
electron density as a function of position along the molecule for the case of RMS roughness at
each interface of 6 A.

boxes as shown in Figure 4-4 (b). The top box consists of the rhenium complex and the bottom
box of the molecular bridge group. Each box is characterized by its thickness L and its electron

density p.

The box thickness L (A) was estimated by splitting the molecule at the bond between the
Re-complex and the bridge group and taking the corresponding fraction of the calculated
maximum length of the molecule. The electron density p (e/A%) was estimated by counting the
number of electrons in each box and dividing it by the volume of each box with the calculated
lateral dimensions and thicknesses. The molecular model parameters for ReEC are Ltop = 8.3 A,
Lgottom = 8.8 A, prop = 0.692 £7/A3, prottom = 0.203 €7A3, and psubstrate = 0.699 e7A3. The model

parameters for Re2TC are Ltop = 8.3 A, Laottom = 11.8 A, prop = 0.692 €7/A3, prottom = 0.310 e7/A3,
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and psubstrate = 0.699 /A%, The RMS roughness of each interface o; is determined during the
fitting process. A schematic of this model for the electron density is shown in Figure 4-4 (b) for

the example cases of perfect interfaces (dashed black lines) and for interfaces with 6 A
roughness (red curve). The corresponding gradient in electron density, d’;—(zz), for the example

case of 6 A roughness is shown in blue in Figure 4-4 (c).

The simulation was fit to the experimental data by taking the common logarithm of the
experimental and simulated intensity and minimizing the least squares fitting. The reflectivity
data from ReEC and Re2TC samples deposited using surface pressures of 10 mN/m and 20
mN/m, respectively, are shown in Figure 4-5. The intensity is shown normalized to the incident
beam intensity. The high intensity points at Q < 0.01 A arise because a portion of the direct
beam is incident on the detector at small angles. The local minimum and increase in intensity
from 0.01 A< Q <0.03 A (Qc =0.0314 A1) results from changes in the beam footprint with
increasing incident angle. As the incident angle increases, a larger fraction of the beam footprint

is occupied by the sample, resulting in an increase in the reflected intensity. The broad feature

observed at 0.2 A for ReEC and Re2TC films, arises from reflection from the film. Using the
I I
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Figure 4-5: XRR data from ReEC (a) and Re2TC (b) samples. The data are fit assuming constant
layer thickness and electron density values as derived from the box model. The data are fit by
varying monolayer coverage and interface roughnesses.
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model parameters described above, the data was fit using seven parameters: incident beam
intensity I, the width of the direct beam set by the detector op,5, the percentage of the signal

arising from the respective molecule x, the RMS roughness of each of the three interfaces o;, and
the background intensity Ip,ckgrouna- The layer thicknesses and electron densities are not fit and

assume the values determined from the box model. The best fit parameters for each data set are

inset in the plot.

Figure 4-5 shows reflectivity data from a ReEC film (a) and a Re2TC film (b). The fit
values for the percentage of signal arising from the monolayer covered substrate is 0.74 and 0.96,

respectively. For the ReEC film, oo, = 6.66 A, 0gor0m = 7.20 A, and oy, = 6.60 A. For the
Re2TC film, a7 = 6.43 A, 0portom = 7.50 A, and a5, = 5.88 A. For reference, oy, =

6.38 A for a bare silicon substrate.

The XRR data confirms the presence of a well-ordered monolayer on the surface. The
ability to fit the data without adjusting the length and electron density parameters suggests that
the molecules are extended close to their calculated maximum length and are oriented with the
long axis of the molecule more or less normal to the substrate. The roughness values determined
by the fitting process suggest that the roughness of the substrate is translated to the film. The
higher percentage of signal arising from the monolayer for Re2TC agrees the higher surface
coverage values extracted from the XPS results and indicates a better packing conformation for
the Re2TC sample. The higher coverage observed using XPS and XRR for Re2TC support the
hypothesis that the higher rigidity of the Re2TC molecular bridge allows Re2TC to form more

stable and well-ordered monolayers.
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4.3 Structurally reconfigurable organic-inorganic monolayer interfaces

*Portions of this section were adapted with permission from McElhinny et al., Langmuir 39,
2157-2168 (2017). Copyright (2017) by the American Chemical Society.

The molecular synthesis of the ReAzoC molecule was developed and carried out by Peishen
Huang, Catherine Kanimozhi working in the research group of Padma Gopalan at the University of
Wisconsin - Madison. The use of Langmuir-Blodgett deposition to deposit monolayers, AFM, and XPS
characterization and associated analysis were carried out by Yongho Joo and Padma Gopalan. The
discussion of these results is included to frame and complete the model developed in conjunction with the

x-ray analysis.

4.3.1 ReAzoC synthesis and monolayer static structure

For this work, unique azo-based chromophore ReAzoC that contains three moieties relevant to
the XRR studies was designed. The head group containing the bipyridine group can complex with
transition metal ions to increase the electron density contrast and hence the x-ray scattering cross section.
The middle unit of the molecule contains the photo-switchable azo group which is used to reconfigure the
monolayer by photo-isomerization from trans to the cis form. The tail group of the molecule is a polar
carboxylic acid group which anchors the molecule at the water sub-phase during assembly and

subsequently to the oxide substrate.

The rhenium bipyridine group is chosen as it has a metal-to-ligand charge transfer state
which is aligned with the conduction band of semiconducting oxides like TiO2. Similar
molecules containing Re-bipyridine groups have a singlet MLCT state with an energy of ~ 1 eV
above the bottom of the TiO2 conduction band.® In these donor-semiconductor systems the rate
of electron injection increases with the increasing energy difference between adsorbate excited
state and the conduction band edge.>® The azobenzene group is incorporated to allow
reconfiguration of the molecular conformation through optical exposure to uv (trans to cis) or

blue (cis to trans) illumination. The reconfiguration from the trans to the cis state is expected to
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change the distance between the Re-bipyridine group and the donor surface by ~1 nm. The
carboxylic acid attachment chemistry to attach the molecules to the oxide substrate. Carboxylic
acid chemistries have strong binding to oxide substrates and using a single carboxylic acid
reduces the number of binding modes available in comparison to two mode systems, hence

reducing the structural variation within the monolayer.

The LB method is typically used to assemble amphiphilic molecules such as lipids at the
air-water interface and transferring the ordered monolayer on to a substrate. LB characterization
and deposition experiments were performed using a LB trough (KSV KIMA Medium size
KN2002, Helsinki, Finland). The surface pressure-area (z-A) isotherm of donor molecules
molecule was measured with a Wilhelmy balance (Pt plate). The water subphase was treated to
have a resistivity of 18.2 MQ cm by a Milli-Q water filtration station (Millipore, Inc.). The
molecular layers were transferred to the solid substrates using the LB dipping technique at a set
surface pressure. A ReAzoC solution with a concentration of 200 uL of (1 mg/mL
CHCI3:THF=9:1) was used. The solvent was allowed to evaporate for 30 min before
compression of the monolayer. A drop cast film was prepared for comparison by dropping
ReAzoC solution (Img/mL CHCIs:THF=9:1) onto a Si substrate prepared via the piranha

treatment and allowing it to evaporate for 24 h in vacuum.

Quiartz substrates were obtained from Structure Probe, Inc. under the trade name SPI
SuperSmooth Quartz Slides. The manufacturer’s specification for RMS roughness of these
quartz slides is less than 0.5 nm. Minimizing substrate roughness maximizes the quality of XRR

data can be achieved through both improvements in the vertical alignment of electron rich
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Figure 4-6: Surface pressure-mean molecular area isotherm of ReAzoC spread from

chloroform and THF (9:1) with concentration 1.0 mg/mL. Regions of gas, liquid, and solid
phase are defined by slope discontinuities at 125 A% and 50 A2,

portion of molecule and a reduction in interfacial roughness. Si/SiO2 substrates were purchased
from Montco Silicon Technologies. The Si/SiO2 and quartz substrates were cleaned by the

piranha process (7:3 H2S04:H202) at 90°C for 30 min and rinsed with DI water.

Although not truly amphiphilic, the ReAzoC molecule has a more polar carboxylic acid
tail group which makes it a good candidate for stabilization at air/water interface and to
preferentially interact with oxide substrates.*® For LB monolayer deposition, ReAzoC was
spread on the water subphase. After complete solvent evaporation, a surface pressure-mean
molecular area isotherm was recorded at 20 °C with a compression speed of 10 mm/min (Figure
4-6). The isotherm in Figure 4-6 exhibits three distinct phases: gas, liquid, and solid, each
separated by discontinuities in the slope of the pressure-area curve. For the isotherm of ReAzoC
donor molecules, the transition from a two-dimensional gas to liquid phase and from liquid to
solid phase occurs at a mean molecular area of 125 A? and 50 A2, respectively, as shown in

Figure 4-6. Based on bond angles and bond lengths given by Dominey et al.,>* the trans state of
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Figure 4-7: AFM characterization of a monolayer of ReAzoC donor molecules deposited at
25 mN/m surface pressure. (a) 5 um x 5 um and (b) 1 um x I um regions. The inset in (b)
shows a height line profile taken along the dashed line. The height difference between the
molecular layer and substrate in the line profile is 2.3 nm.

the molecule theoretically occupies an area of 37.44 A2, The 50 A? mean molecular area
observed at a surface pressure of 25 mN/m is thus close to the theoretical cross-sectional area of
ReAzoC in the thermodynamically favored trans conformation. The pressure-area curve
suggests that transferring a monolayer of ReAzoC to a solid substrate at the transition point
between the solid and liquid phases in the isotherm produces the most densely packed single
monolayer which can be deposited. This hypothesis is supported below by detailed XPS

characterization.

AFM images of monolayers transferred from the LB trough to a substrate at a surface
pressure of 25 mN/m are shown in Figure 4-7. The surface morphology of the monolayers of
ReAzoC molecules was imaged using a Nanoscope 111 Multimode atomic force microscope
(Digital Instruments). A non-contact imaging mode was used for the AFM measurement. A
triangular cantilever with an integral pyramidal SisN4 tip was used. The typical imaging force
was on the order of 1 nN. The thickness of the monolayer was determined using line profiles

through pinholes in the film. AFM images in Figure 4-7 (a) exhibit low RMS surface roughness



114

| | T | T
16000 6000
B 15000 7 50
214000 o 4000
= =
213000 § 3000
© 2000
12000
1000
11000 1 1 L i
392 396 400 404 408 190 195 200 205 210
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
I 1 T 1 T ] T
17000 23000f-( @) Cl(2p)4 ™™ () Re(4f)]
2, 5000 ¥ ¥ 4000
= & 22000 12
£ £ £ 3000
215000 = =]
Q
Q S 21000} ] 2000
14000
20000 ' , ' 1000
392 396 400 404 408 190 195 200 205 210 40 45 50 55
Binding Energy (eV) Binding Energy (V) Binding Energy (eV)

Figure 4-8: XPS spectra of ReAzoC (a)-(c) an LB film transferred at a surface pressure of 25
mN/m to Si and (d)-(f) a drop-cast film on Si.

of 0.218 nm, far less than the total thickness of the molecule. The holes evident in Figure 4-7(a)
and (b) allow the thickness of the film to be measured. The height profile inset in Figure 4-7 (b)
shows a height difference of 2.3 nm between the top and bottom of the monolayer, which
corresponds to the height of the ReAzoC molecule. This height is predicted to be 2.4 nm based

on the bonding configurations given in ref. 54.

The surface concentration of ReAzoC molecules within layers deposited at different
surface pressures (5, 15, 25, and 40 mN/m) and via drop casting was measured by XPS. The
drop cast film which is expected to be disordered was used as a comparison. A Thermo
Scientific K-alpha XPS was used for compositional analysis of films deposited on Si/SiO-
substrates. The XPS instrument used a microfocused monochromated Al Ko X-ray source with a
spot size of 400 um. A pass energy of 50 eV was used to collect survey spectra. Spectra were

analyzed using the manufacturer’s Avantage software and peak fitting with Gaussian/Lorentzian
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peak shape and a Shirley/Smart baseline. The surface coverage, defined as the number of

molecules per unit area on the substrate, was determined using:

_ Ax Ssi 95isi0z4si,5i0,

sin(8)e (t/Ax,0rganicSin®)

x Asi Sx

e(t/)lx,organicsme)

Equation 4-1

Here, N, is number of atoms per unit area for element x, and A,./Ayand S,,,/S, are the ratio of

integrated peak areas for element x, and the ratio of the sensitivity factors of element x on the

substrate Si, respectively. The factor ¢g; s;0, is the number of Si atoms per unit volume in SiO,

and Ag; sio, Is inelastic mean free path (IMFP) of Si photoelectrons in SiOz. The layer thickness

is t, and Ay organic is the IMFP for the electrons emitted from element x in the molecular

monolayer.

Table 4-1: Atomic coverage of ReAzoC on Si/SiO; substrate calculated from CI(2p), N(1s), and
Re(4f) peaks with Si(2p) peak as internal reference.

Cl2p
(molecules/cm?)

N 1s
(molecules/cm?)

Re 4f
(molecules/cm?)

Average
ReAzoC
coverage?
(molecules/nm?)

Drop cast film | Small S/N* 1.50 x 10* 1.28 % 101 139
;:)nnNollgr;/;B Small S/N* 1.08 x 10 0.70 x 1014 0.89
ﬂ?ﬁ&m Small S/N* 1.36 x 101 1.14 x 10" 1.25
sto?oTzi;”erLB 1.46 x 10* 2.58 x 10 1.85 x 10 1.84
éoo?o[}la/{;arLB 2.85 x 10 3.65 x 10% 3.11 x 101 3.20

2 Average of the atomic coverage of component elements.

* Signal to noise ratio obscures the Cl 2p peak, preventing surface coverage quantification.

The XPS data for N(1s), Cl(2p), and Re(4f) transitions for a monolayer transferred at 25

mN/m and a drop cast film are shown in Figure 4-8 (a) and (b), respectively. The N(1s) peak at
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Figure 4-9: Surface coverage determined by XPS as a function of the surface pressure during
LB deposition.

399-404 eV, CI(2p) peak at 198-204 eV, and Re(4f) peaks at 41-49 eV together confirm that the
ReAzoC molecules have been transferred to the substrate. The surface coverages calculated

from the CI(2p), Re(4f), and N(1s) peaks in the XPS spectrum are shown in Table 4-1.

The dependence of the molecular coverage on surface pressure is shown in Figure 4-9.
The surface coverage of the ReAzoC molecules in LB films transferred at the optimum surface
pressure of 25 mN/m was 1.84 molecules/nm?. This is consistent with the estimate of 2
molecules/nm? from the LB isotherm (Figure 4-6). The theoretical maximum coverage of a
single monolayer of ReAzoC is 2.7 molecules/nm? calculated from the molecular dimensions
estimated based on Dominey et al.>* When taken together the XPS spectra, AFM profile, and
LB isotherm confirm the formation of an optimized ReAzoC monolayer at a surface pressure of

25 mN/m.

The trans-cis photoisomerization of ReAzoC thin films deposited on a transparent quartz

substrate was monitored using UV-Vis transmission spectroscopy. UV-Vis absorption
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measurements were performed in a transmission geometry in a wavelength range of 200 to 800
nm using a Shimadzu PC-2401 spectrometer. Two different light sources were used to
photoisomerize the molecules. Prizmatix FC8-LEDs with wavelengths of 365 nm and 465 nm
were used for the UV-Vis studies. Light emitting diode (LED) sources (Engin LZ1-00DB00 and
LZ1-00UV00, with peak wavelengths of 460 nm and 365 nm, respectively) were employed for

XRR studies and studies of sequential XRR measurements and optical exposures.

The absorption spectrum before irradiation (black curve, Figure 4-10 (a)) exhibits a
strong peak at 360 nm arising from the n-* electronic transition of trans-azobenzene.
Absorption spectra for ReAzoC at a concentration of 2.74 x 10 M in a chloroform-THF (9:1)
solution are shown in Figure 4-10 (b). Absorption spectra were acquired under ambient room
light and the initial configuration thus consisted of a mixture of trans and cis states. The two
absorption peaks at 244 nm and 285 nm arise from the n-n* transition of the rhenium bipyridine

group.>>: %

[llumination of the transferred LB film at a wavelength of 365 nm LB film of ReAzoC
leads to a decrease in the absorbance of the 360 nm absorption band, reaching a photostationary
state after a 10 s exposure at 16.9 mW/cm? (Figure 4-10 (a)). The absorbance of the 360 nm
peak recovered to its initial value after a 10 s exposure to 465 nm wavelength illumination at 9.5
mW/ cm?. The photostationary state observed in the spectra of the thin film is consistent with
observations in solution, as in Figure 4-10 (b). The change in the optical spectrum provides
direct evidence for the trans-cis photoisomerization of both monolayer and solution forms of

ReAzoC.

The absorption cross section was estimated using the UV-Vis spectra shown in Figure

4-10. In solution, the absorption cross section at 352 nm was 6.8 x 106 cm? for the trans isomer
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Figure 4-10: UV-Vis absorption spectra of ReAzoC for (a) a monolayer deposited using the
LB method and (b) 2.74 x 10 M solution of ReAzoC in chloroform-THF (9:1). Reversible

switching of the absorbance maximum of ReAzoC of (c) LB film and (d) solution after
alternating cycles of UV (365 nm, 10 s) and blue (465 nm,10 s) irradiation.

and 4.0 x 10°%® cm? for the cis isomer. The absorption cross section of the molecular monolayer
was 1.8 x 10716 cm? for the trans isomer and 1.6 x 1026 cm? for the cis isomer. The difference
between the absorption cross section of ReAzoC in solution and the ReAzoC monolayer can be
in part attributed to the anisotropic distribution of the molecular orientation in the monolayer.
The transition dipole moment of the azobenzene n-nt* transition is oriented approximately
parallel to the long axis of the azobenzene group and is thus oriented nearly along the monolayer
surface normal. The electric-field vector of the incident radiation is in a plane perpendicular to
the surface normal under the normal-incidence conditions used for the UV-Vis measurements.
The absorbance under these conditions is proportional to 3/2 Sin?(0), where  is the angle
between the transition dipole moment of the azobenzene and the surface normal.** With the
molecules oriented approximately normal to the surface as is the case in the ReAzoC monolayer,
this factor serves to reduce the absorption in comparison to the solution. The absorption cross

section of the m-7* transition in an azobenzene-containing monolayer can be estimated from
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values given in ref. 46. With a correction based on the approximately 20% quantum vyield of the
reorientation transtition,>” the total absorption cross section from ref. 46 is on the order of 3.5 x
10" cm?. The peak position of m-m* transition in the LB monolayer was red-shifted by 8 nm
relative to that in solution. The origin of this red-shift is unclear at this point. However multiple
factors such as the tilt of the molecular orientation with respect to the surface normal,
contributions to the maximum at 360 nm from the S2 m-m* transition in Re-bipyridine group,

and possible solvatochromic effects influencing the S2 transition may play a role.

The optical absorption spectra were used to estimate the fraction of molecules that
undergo the trans-to-cis isomerization. The 360 nm absorption band has contributions from the
absorbance of the azobenzene group in both the cis and trans isomer as well as a small
contribution from the Re-bipyridine head group.®® However, if this small contribution is
neglected, an estimation of the lower limit for the fraction of molecules isomerized can be

estimated by an extension of Beer’s Law:
A = €rransNrrans + EcisNeis

Equation 4-2
Here & is the absorption constant for the isomer and Ny is the number of molecules of each
isomer in the optical beam path, and Ntrans + Ncis = N7otarl. The absorption constants of the trans
and cis isomer are related by a scalar n, the wavelength-dependent ratio of the trans-cis isomer
absorption constants. Thus the absorbance of the peak can be rewritten as a function of a single

isomer independent absorption constant.
A = neNrrans + €Ngis

Equation 4-3
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The fractional change in the absorbance can be related to the fraction of molecules

isomerized by computing the fractional change %, where A is the absorbance of the initial state
and 4’ is the absorbance of the final state. With Equation 4-3 following expression for the

fractional change in absorbance is determined:

A—A" neANppgns + AN
A ngNTrans + gNCis

Equation 4-4

Here ANtrans and 4 Ncis are the differences between the number of molecules of the trans
and cis state present in the initial and final states, respectively. Necessarily, ANtrans = - ANcis =
AN, thus:

A-A  (n—1AN
A nNTrans + NCis

Equation 4-5

Under the assumption that the initial state, before UV exposure can be reasonably
approximated as consisting only of trans isomers, which is applicable because the trans state of
the azobenzene group is the thermodynamically stable state. In this approximation, Ntrans = N

and Ncis = 0 and equation (6) becomes:

AN n 4A
N n-1A4
Equation 4-6

Literature values of n are between 5 and 10.* %8 The absorption spectra for ReAzoC
molecules in solution (Figure 4-10 (b)) have % = 40%, and thus between 44 and 50% of the

molecules in solution are photoisomerized. When deposited as a monolayer (Figure 4-10 (a)),
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% = 12%, and thus only 13 to 15% of the molecules on the surface are photoisomerized by a

UV intensity of 16.9 mW/cm?. This limited photoisomerization is commonly observed in
para-substituted azobenzenes as a result of very rapid thermal relaxation which makes the

creation of large fractions of cis isomers difficult.>

The reversibility of the trans-cis photoisomerization of ReAzoC was characterized by
alternating 10 s periods of illumination at wavelengths of 365 nm and 465 nm wavelength at
optical intensities of 16.9 mW/cm? and 9.5 mW/cm?, respectively. A decrease and recovery of
the absorbance of the monolayer at 352 nm in solution and at 360 nm is evident in the summaries
of the absorption peak heights after repeated exposures shown in Figure 4-10 (c) and (d). At low
optical intensities the molecules in solution deposited in a monolayer undergo reversible

photoisomerization.

4.3.2 X-ray reflectivity structural characterization

The fractional intensity of an incident x-ray beam reflected by a thin film on a substrate
depends on the electron-density profile of the interface along the surface normal direction.®%-6°
A model consisting of the substrate, the monolayer, and the ambient environment was used to
interpret the XRR measurement. The model parameters are psub, the electron density of the
substrate, which is held constant, osub the roughness of the substrate-monolayer interface, and
L Monolayer, PMonolayer, GMonolayer, Which are the thickness, electron density and roughness of the
monolayer-air interface, respectively. An initial point for the refinement of the reflectivity
model was obtained by predicting the height using the distance along the long axis of the
ReAzoC molecule from literature values of bond angles and bond lengths.>* The initial electron
density estimate was obtained by counting the number of electrons within the theoretical volume

occupied by the molecule. Based on the model for the ReAzoC molecule, an ideally packed
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monolayer of trans conformation molecules is expected to have an electron density of 0.396

e /A3, thickness 24 A, and a substrate roughness near that of bare silicon. A corresponding
monolayer of cis conformation molecules is expected to have an electron density of 0.521 e /A3
and a thickness of 8.45 A. Additional geometric and experimental parameters such as sample
width, beam width, and direct beam intensity are measured to allow the fit to match the measured

intensity with no overall scaling parameter.

XRR measurements were performed at the University of Wisconsin-Madison and at the
National Institute for Materials Science (NIMS), Tsukuba, Japan, in the research group of Dr.
Kenji Sakurai. Measurements at NIMS used a custom-built x-ray reflectometer with an x-ray
source operating at 1.6 kW producing Cu Ko radiation. The incident beam width measured
using a knife edge was 42.6 um. Measurements conducted at UW-Madison used a Panaltytical
X’PERT MRD using Cu Ko radiation at a source power of 1.8 kW, for which the incident beam
width was 220 um. The analysis of the experimentally acquired XRR intensity distributions was
conducted using the GenX software package.®® The GenX package employs a curve fitting
algorithm that adjusts values of the interface roughness, layer thickness, and density to optimize

a figure of merit Log(R1):

Zi[lloglo(ﬁ) ~ 10g10(\/5—i)|]
Yi[log1o(VY7)]

Log(R1) =

Equation 4-7

where Yi is the measured reflected intensity, S; is the corresponding simulated value, and the sum

spans the series of data points.
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An XRR measurement of a ReAzoC monolayer deposited at a surface pressure of 25
mN/m is shown in Figure 4-11(a). The reflectivity curve for the 25 mN/m samples exhibits total
external reflection at incident angles lower than 20 = 0.4° and a single broad reflectivity fringe,
including an intensity minimum at 260 = 1.4° and a maximum at 26 = 1.8°. Only one fringe is
observed as a result of the small thickness of the monolayer and the limited dynamic range of the
laboratory-based x-ray instrumentation. The reflectivity from a monolayer deposited at 15
mN/m, Figure 4-11 (b), shows a weak reflectivity fringe as seen by the changes in the curvature
of reflected intensity near 20 = 1.5° and 20 = 2.25°. The reflectivity signal from the drop-cast
film, Figure 4-11 (c), and bare silicon, Figure 4-11 (d), do not exhibit interference fringes. The
extracted electron density profiles for each sample are shown in the inset of the reflectivity
curves. Fitting parameters for the XRR curves are summarized Table 4-2. For a monolayer
deposited at a surface pressure of 25 mN/m, the substrate-monolayer roughness and electron

density of the single layer agree with the theoretical model. The agreement between the fitting
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Figure 4-11: XRR of (a) ReAzoC monolayer deposited at surface pressure 25 mN/m, (b) ReAzoC
monolayer deposited at surface pressure 15 mN/m, (c) drop-cast ReAzoC film, (d) bare Si/SiO>
substrate. The red line shows the best fit using the model and parameters in Table 4-2. Insets
show model electron density profiles.



parameters and the molecular model indicates that the monolayer is closely packed, with the

molecules orientated and ordered with their long axis more or less normal to the surface.

A systematic XRR study of several samples shows small variations in the apparent

monolayer thickness of films deposited under nominally identical deposition conditions.
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Thicknesses are consistent for samples in a single batch, but are different in different deposition

events and substrates. The mean molecular thickness obtained by averaging the thicknesses

measured for each sample is 29.6 A with a standard deviation of 3.2 A. A further difference

between the predicted and measured heights can arise from the roughness of the substrate, which

is nearly 1/3 the height of the molecule. The physical interpretation of the parameters of the

XRR model is thus complicated by the relative magnitudes of the surface roughness and of the

molecules.

Table 4-2: XRR fit parameters.

Substrate-monolayer | Monolayer Monolayer Monolayer-air
Sample | interface roughness thickness electron density interface
(A) (A) (e1A3) roughness (A)
25 mN/m
ReAzoC 5.9 33 0.41 13.2
monolayer
15 mN/m
ReAzoC 8.8 28.7 0.34 15.2
monolayer
Drop cast
ReAzoC 12.4 8 0.29 8.2
monolayer
SUSIO 7.6 N/A N/A N/A
substrate

An alternative to the single layer model is to conceptually split the molecule into two

layers of different density with a boundary between the two layers placed at the ether group
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connecting the head and the bridge groups. The result is a two-layer model with an electron rich
head group with a density of 0.718 /A3, 8.3 A in thickness and an electron poor bridge and
attachment group with a density of 0.226 e/A3 15.7 A in thickness. The substrate-air interface
roughness of the silicon substrate, is fit to be 7.6 A RMS. The interface can be modeled as a
monolayer of molecules, assuming this two box model, conformally coating a rough silicon
substrate. In this case, the out-of-plane electron density profile created by integrating the density
along the in-plane direction appears to form a single layer with average density and increased
thickness as a result of the comparable magnitudes of the molecular length and surface roughness

and the comparable densities of the molecular head group and the Si substrate.

The XRR results exhibit a clear difference in the electron density profiles of samples
deposited with different surface densities. The model fit of the monolayer deposited using a
surface pressure of 15 mN/m deposited shows a reduction in magnitude of the thickness and
electron density parameters. This reduction in the magnitude of the thickness and electron
density is indicative of a reduced monolayer coverage with the fit parameters being a weighted
average between the densities of the molecular monolayer and air. This weighted average
interpretation is used to account for samples with sub monolayer coverage to account for the lack
of lateral homogeneity. The reflectivity pattern is indicative of a surface with the molecules
organized into closely packed islands due to the spatial constraint imposed by the lateral
coherence length of x-rays. The weighted average model estimates the surface coverage for the
15 mN/m film to be 75% the value of the complete single monolayer, as compared to 68% as
observed via XPS. This discrepancy arises from uncertainty in accounting for the interfacial

roughness for the bare silicon and complete monolayer films used in the weighted average
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model. Further reduction of those parameters in the case of the drop cast films is consistent with

a randomly distributed array of molecules or the formation of three-dimensional aggregates.

4.3.3 X-ray reflectivity characterization of isomerization.

XRR provides insight into the structural changes, including changes in the thickness of
the molecular layer, resulting from optical illumination. XRR studies of the reconfiguration
were conducted using monolayers deposited at a surface pressure of 25 mN/m. The
experimental procedure used for the structural studies of the reconfiguration process consisted of
a series of alternating exposures to UV and blue light at wavelengths of 365 nm and 460 nm,
respectively. The UV and blue optical intensities for this structural study were 94 mW/cm? and
100 mW/cm?, respectively, far higher than the intensities used to obtain the optical spectra in

Figure 4-10.

XRR measurements of the as-deposited structure are shown in Figure 4-12(a). Following

this initial configuration, the monolayer was exposed to blue light for 30 s and the XRR curve
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Figure 4-12: XRR characterization of optically induced structural changes. (a) XRR as-
deposited, following 30 s blue illumination, and after 360 s of UV illumination. (b)
Reflectivity measured after subsequent 360 s, 720 s, and 1440 s blue exposures overlaid on
the reflectivity curve after 360 s UV illumination.
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was remeasured. No change in the structure was observed (Figure 4-12 (a), solid blue line), as
expected because the initial state is composed of molecules in the trans isomeric state. The same
sample was then exposed to first 30 s and then 360 s of UV light. After the UV exposure there is
an increase in intensity near the local minimum (Figure 4-12 (a), solid violet line). This increase
in intensity near the local minima is consistent with a change in the structure due to the

photoisomerization of the monolayer from the trans state to the cis state.

The XRR data can be used to estimate the fraction of the monolayer isomerized as a
result of UV exposure. Using the simple structural model described above, the reflected
intensity curve can be modeled as the weighted average of the reflectivity from the starting
structure, which is assumed to be dominated by the trans isomer, and the reflectivity from a
theoretical 100% cis monolayer. Adding the intensities in this way is appropriate for sample
configurations in which the isomeric domains have lateral extents on the order of the x-ray
transverse coherence length, which is 350 nm for the experimental geometry used here. An
analysis of the XRR data shown in Figure 4-12 using this two-domain model gives an
isomerization of 11+2% of the area of the monolayer. An analysis of UV-Vis studies under
these optical conditions using Equation 4-6 gives an isomerized fraction of 47 to 52% depending
on the value of the constant n. The difference between these fractions may arise because the
X-ray measurements are insensitive to isomerized areas that are smaller than the lateral x-ray

coherence length on the order of 100 nm.

When the XRR experiment was performed with the optical conditions as were used for
the UV-Vis spectroscopy studies, no statistically significant change in the reflected intensity was
observed. The combination of x-ray and spectral data thus suggests that for experiments

conducted with low-intensity light, the isomerized molecules are randomly distributed, rather
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than grouped into domains, because a change in the XRR curve is not observed under low

intensity illumination.

The return to the trans state was probed by studying the structure under blue illumination
following UV illumination. The initial UV exposure was followed by exposures with durations
of 360 s (Figure 4-12 (d), solid blue line), 720 s (Figure 4-12, dashed red line) and 1440 s Figure
4-12, dotted black line) to light with 460 nm wavelength at an optical intensity of 100 mW/cm?.
An XRR measurement was performed after each of these exposures, but no evidence of

structural change in the monolayer was observed in the XRR signal.

To further investigate the monolayer structural changes, the molecular structure was
probed by a series of alternating XRR and UV-Vis spectroscopy measurements performed with
same power density and exposure times as were used for the measurements shown in Figure
4-12. A 25 mN/m LB sample was prepared on a quartz substrate, its initial structure was probed

using XRR, and a subsequent series of measurements were conducted using alternating optical
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Figure 4-13: (a) XRR of a ReAzoC monolayer deposited at a surface pressure of 25 mN/m
before illumination (black), after UV exposure (violet), and after subsequent blue exposure
(blue). (b) Optical absorption spectra for the starting structure and before and after each
XRR measurement.
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illumination and XRR. The 365 nm illumination was carried out at a power density of 94
mW/cm? for 360 s. The 460 nm illumination was performed at a power density of 100 mW/cm?
for 720 s. Optical spectroscopy measurements were performed before and after each XRR

measurement. The resulting XRR measurements are shown in Figure 4-13 (a).

The reflectivity curve from the starting structure in Figure 4-13 (a) (black curve) shows a
local minimum at 26=2°. Upon exposure to UV light (violet) the intensity at the local minimum
increases and the reflectivity fringe becomes less pronounced. Upon subsequent exposure to
blue light, the reflectivity curve remains unchanged. This progression in the reflectivity curves is

consistent with the results observed in Figure 4-13.

The UV-Vis spectra resulting from the high power and duration optical exposure are
shown in Figure 4-13 (b). The starting UV-Vis spectrum (black, solid) remains unchanged after
the x-ray measurement (black, dashed). After UV exposure (violet, solid) the absorption peak at
360 nm is reduced from 0.031 to 0.018, a decrease of 42%. After the XRR measurement, the
magnitude of the absorbance increases to 0.021, a recovery of 23% of the original
transformation. After blue light exposure, the absorbance magnitude remains unchanged in
comparison to the absorbance before blue exposure. This progression of UV-Vis spectra and
with the x-ray results together indicate that a fraction of the area of monolayer undergoes
trans-to-cis photoisomerization, followed by a small fraction of the isomerized portion of the
monolayer recovering to the trans state, and no additional recovery occurring as a result of blue
optical exposure. At this higher power and duration exposure, XRR and UV-Vis spectra not
only exhibit an isomerization from the trans to cis state, but also indicate a suppression of the
reverse cis to trans isomerization. The limited cis to trans photoisomerization is consistent with

steric effects from either the bulkiness of the molecule or monolayer close-packing. Damage to



130

the monolayer from UV/Ozone is unlikely, as the wavelength of UV light used in the experiment

is reported as generating extremely low concentrations of ozone.®’

4.3.4 Structural evolution of ReAzoC monolayers.

Previous work has shown that large isomeric domains can form in azobenzene-containing
monolayers deposited as self-assembled monolayers on gold substrates.%® Large domains of cis
isomers were observed via STM 90 minutes after a 15 min optical exposure at 365 nm.% The
long range order is ascribed to a cooperative process within the monolayer. A few molecules
initially photoisomerize serving as a nucleation point for the isomeric domains. Around these
photoisomerized molecules the intermolecular interactions, such as electronic coupling and the
exciton delocalization, are weakened, as well as the reduction in steric hindrance near the cis

isomer.

Recently, computation work of this system was performed to investigate the underlying
physics of this cooperative switching.®® Point defects like vacancies in the azobenzene
monolayer, areas with locally larger free volume or line defects between domains of trans
molecule with slightly different tilt orientation serve as nucleation sites for the cis domains.%°
The results showed that the key was the distortion in the local ordering caused by the cis isomer
reduced the steric hindrance of the twist of the N=N double bond crucial to the
photoisomerization mechanism.%® The result also showed that this effect was much more
important than the endothermicity of the photoisomerization reaction of creating a cis isomer in a
lattice of trans isomers.%® This model also predicts that short irradiation times should yield
different monolayer structures between nucleation from point defects or line defects.®® Point
defects are expected to yield small islands of photoisomerized molecules, while line defect

would yield long strips of photoisomerized molecules.5®
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A schematic model for this domain growth is shown in Figure 4-14 (a). First, (Figure
4-14 (a)(i)), the monolayer is deposited predominately in the trans isomeric state. The locations
of the trans molecules are indicated by the blue ovals. Depending on the deposition technique
there may defects or areas of locally greater free volume. A defect in the monolayer is indicated
by the dashed white oval. Then, (Figure 4-14 (a)(ii)), photoisomerization occurs in a small
fraction of molecules near defects in the monolayer. It is also possible that there are an
equilibrium number of cis isomers present in the deposited monolayer. The location of the cis

isomer is indicated by the violet oval. These cis isomers serve as the nucleation points for large
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Figure 4-14: (a) Schematic model for the growth of isomeric domains in monolayers of azobenzene
containing molecules (i) a monolayer of trans isomers (blue) with a defect in packing of the monolayer.
(if) Upon exoposure to UV illumination, molecules near the defect have a higher probability of
photoisomerization (iii) the presence of the defect and initial cis molecule nucleates the growth of
domains of cis isomers with continued optical exposure. (b) Microscopic schematic of experimental
setup and isomeric monolayer composition during monolayer structural evolution. (c) X-ray reflectivity
pattern of 25 mN/m monolayer deposited on quartz substrate. The red represents the fit of the structural
model to the data. (d) The reflectivity from a monolayer composed of 100% trans isomers (blue) and
100% cis isomers (violet).
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domains of cis isomers. Finally, (Figure 4-14 (a)(iii)), molecules near the cis molecules

photoisomerize to grow into large domains.

It has also been proposed that in densely packed trans monolayers, intermolecular
coupling and local-field effects weaken the exciton binding strength. When the exciton binding
strength is increased via the creation of a cis isomer in the trans isomer lattice, the neighboring
molecules become more likely to photoisomerize thus leading to large isomeric domains.”®
Additional work suggests that the excitonic coupling is so strong, that significantly hinders the
trans to cis photoisomerization process. It is suggested that in order to prevent delocalization on
the timescales relevant for switching that the average distance between neighboring molecules

should be increased from 6-8 A by at least a factor of four.”> 72

There are two challenges in extracting structural information from monolayers using
XRR. The first is that the small monolayer thickness on the order of 2-3 nm produces broad
interference fringes in reciprocal space. The dynamic range required to resolve multiple fringes
requires a dynamic range of 108, which is not accessible via conventional lab sources. The
second challenge is in the interpretation of scattering from monolayers with mixed isomeric
composition. XRR theory assumes that the surface is laterally homogenous. However, in
monolayers containing both trans and cis isomers, the height and density of the monolayer vary

within the x-ray beam footprint, as shown in Figure 4-14 (b).

To overcome the first challenge and achieve the necessary dynamic range, XRR
experiments were carried out at station 7-IDC of the Advanced Photon Source at Argonne
National Lab. The beam energy was 10 keV with a beam size of 200 um X 200 um. Calibration
measurements were carried out to determine an x-ray intensity which did not damage to the

structure of the molecular monolayer. The beam was then attenuated to this intensity for the
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experiments outlined here. The reflected intensity was captured by an avalanche photodiode. A
schematic of the experimental setup is shown in Figure 4-14 (b). The second challenge was
overcome through the development of a weighted average model for interpreting XRR patterns

from inhomogeneous surfaces which will be discussed in detail later in this section.

To investigate the evolution of the monolayer structure during optical exposure and
photoisomerization, time resolved reflectivity data were acquired by monitoring the reflected
x-ray intensity during UV illumination. The UV light source was a Time-Bandwidth Duetto
Laser System operated at 54 kHz at a wavelength of 355 nm. The optical power of the laser was
chosen through the use of wave plate as an attenuator. The polarization of the laser beam was
horizontal at the sample, independent of the angle of wave plate as a result of a polarizing beam
splitter which allowed only the horizontally polarized components of the beam to pass through.
The FWHM of the laser beam was 350 um X 450 um. The laser beam was oriented such that the
angle between the sample surface and the incident laser beam was 4.92°. In this geometry, the
horizontal and vertical aspect ratios of the beam are sufficient that the x-ray beam spot is always
contained within the optically exposed area. Blue illumination was provided by an Engin

LZ1-00DB00 LED with a peak wavelength of 460 nm.

The XRR of an optimized single monolayer deposited at a pressure of 25 mN/m via LB
on a quartz substrate is shown in Figure 4-14 (c). Three reflectivity fringes are clearly visible as
a result of the high dynamic range and strong ordering and high molecular packing of the
monolayer. The periodicity of the fringes arises from the thickness of the molecular monolayer.
The amplitude of the fringes arises from the contrast between the density of the molecular

monolayer and the density of the underlying substrate as well as the roughness of the top and
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bottom interfaces of the monolayer. The peak in intensity at Q = 0.032 A is the result of the

incident angle becoming greater than the angle of total external reflection for the substrate.

A theoretical model for the electron density profile of a ReAzoC monolayer of molecules
in either the trans or the cis molecular conformation has been described above. For a monolayer
of trans molecules, the structural parameters predict a thickness of 24 A and an electron density
of 0.396 e/A3 The red line in Figure 4-14 (c) is a result of the fit to the measured intensity using
the structural model. The fit parameters for the optimized monolayer structure on quartz are
shown in column (ii) of Table 4-3. These fit parameters are consistent with structural model
previously developed, though the increased dynamic range and fit of multiple fringes provides

important verification of the monolayer structure.

Table 4-3: Structural parameters extracted from the XRR patterns in Figure 4-15. The fit
parameters of monolayer thickness, density, and roughness and substrate roughness are shown
for the (i) theoretical model, (ii) a 25 mN/m ReAzoC monolayer on a quartz substrate, (iii) a 25
mN/m ReAzoC monolayer on a silicon substrate, (iv) the 25 mN/m ReAzoC monolayer on a
silicon substrate after exposure to a 365 nm-wavelength photon dose of 9.94 x 10?° total
photons/cm?, (v) the 25 mN/m ReAzoC monolayer on a silicon substrate after exposure to a 365
nm-wavelength photon dose of 9.94 x 10%* total photons/cm?.

Fit Parameter (i) Model (i) O total (iii) O total (iv) 9.94 x 10%° | (v) 9.94 x 10%
photons/cm? | photons/cm? total total
(Quartz) (Silicon) photons/cm? photons/cm?
Monolayer 24 32 31 28.6 24.6
Thickness (A)
Monolayer 0.396 0.44 0.4 0.42 0.48
Density (e/A3)
Substrate 8 3.7 4.5 7.5 10
Roughness (A)
Monolayer N/A 3 6.1 4.8 4.2
Roughness (A)

For this study, monolayers of the ReAzoC molecule were deposited on silicon and quartz

substrates. In order to evaluate the reflectivity from isomerically mixed monolayers, the

structure and reflectivity signatures of a monolayer composed of 100% trans isomers and of a
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monolayer composed of 100% cis isomers needs to be established. The structure of the
monolayer created during monolayer deposition is taken to be the structure of a nearly 100%
trans isomer monolayer since the trans isomer is the thermodynamically stable state at ambient
conditions. The reflectivity from a monolayer deposited at 25 mN/m is shown blue in Figure
4-14 (d). The reflectivity curve from a 100% cis monolayer by exposing an initially trans
monolayer to 355 nm optical illumination and remeasuring the XRR curve until the reflectivity
curve no longer changed in response to additional optical illumination. This reflectivity curve is
shown in violet in Figure 4-14 (d). The black lines represent model fits to the experimental data
using the model described above. The model parameters extracted from these fits is shown in

columns (iii) and (v) of

Table 4-3. The extracted thickness and density of the trans monolayer deposited on
silicon are slightly less than the structural parameters extracted from the monolayer on quartz.
The resulting structural parameters from this fit show a decrease in the thickness of the

molecular monolayer of 6.4 A and an increase in the density of the molecular monolayer of 0.08

e /A3,

To investigate the structural evolution in an isomerically mixed monolayer, a 25 mN/m
monolayer was deposited on a silicon substrate. The reflectivity from this as deposited
monolayer on silicon is shown as the black curve in Figure 4-14 and is the same as the blue data
in Figure 4-14 (d). The ReAzoC monolayer on Si was systematically exposed to increasing
optical intensity and total photon dose from the UV laser. After each exposure, the reflectivity
from the monolayer was remeasured and the resulting evolution of the reflectivity pattern is
shown in Figure 4-15. The result of increased total exposure is that the local minimum initially

at Q=0.1 A increases in intensity and shifts to higher scattered wavevectors. Eventually, a point
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Figure 4-15: Evolution of X-ray reflectivity pattern of the same sample with exposures with
increasing optical intensity and total photon dose.

is reached at which the intensity of scattered x-rays from the sample no longer changes with
increased photon dose. This corresponds to the curve shown in violet in Figure 4-15, and is the
same as the violet data in Figure 4-14 (d). The extracted structural parameters for an
intermediate, mixed monolayer surface are shown in Table 1(iv). The decrease in thickness and
monolayer density in response to UV exposure is consistent with the photoisomerization of
ReAzoC into the cis state, which brings the electron rich Re-bipyridine head group closer to the

substrate.

In order to interpret the structure of the molecular monolayer at photon doses between the
pure trans and pure cis isomeric monolayer states a reflectivity model in which the lateral
inhomogeneity present in isomerically mixed monolayers is accounted for has been developed.
Traditional XRR modeling assumes that the surface is homogeneous in the plane direction, with
no changes in density, thickness, or roughness within the footprint of the x-ray beam. However,
in the case of these reconfigurable monolayers, there is necessarily the creation of a

heterogeneous surface in terms of height and density.
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The lateral inhomogeneity of the interface can be accounted for by treating the surface as
weighted average of the scattering of a pure trans monolayer and a pure cis monolayer, which
are the black and violet in Figure 4-15. This model can be used to estimate the fraction of the
monolayer surface area occupied by large enough areas to be observed via XRR. This is shown
schematically in Figure 4-16 (a). The purple areas represent large area of predominately cis
isomers forming within the initial trans isomer monolayer structure. A sample model cross
section following the dashed black line is shown below with a change in height of the monolayer
between the trans and cis portions of the monolayer. The reflected x-ray intensity for each
section is shown above the schematic. This simple structure model can be used to model the

scattering from this inhomogeneous surface using Equation 4-8.

I = (1 - f)ITrans,Fit + fICis,Fit

Equation 4-8

In this equation, Itrans, Fitand Icis, Fit are the simulated intensities of a pure trans and pure cis
monolayer using the parameters extracted from the data in Figure 4-14 (d). Using Equation 4-8,
the XRR spectrum can be predicted as a function of the fraction of the monolayer consisting of
cis isomers. The results of this structural model are shown in Figure 4-16 (b). The evolution of
the XRR pattern is most evident in the evolution of the local minimum near Q=0.1 A%, with the
intensity increasing and the local minimum shifting to higher Qs. This evolution accurately

reproduces the evolution of the experimental reflectivity patterns shown in Figure 4-15.

This evolution in the XRR pattern indicates the grown of large cis isomeric domains
within the predominately trans isomeric monolayer. Additionally, this model allows the
estimation of the fraction of the monolayer photoisomerized directly from the XRR spectrum.

An alternative model for photoisomerization would be a model where the molecules
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Figure 4-16: (a) (Top) Schematic top view of large areas of cis isomers forming within the
monolayer (Bottom) A schematic cross section of the dashed black line in the top of the
figure showing the change in height as a result of a change in the molecular conformation.
(b) Predicted reflected x-ray intensity as a function of the fraction of the monolayer in the cis
conformation using Equation 4-8.

photoisomerize in a spatially random distribution. However, if this model is applied is used to
simulate the evolution of the XRR curves, a distinctly different progression would be observed.
In the case of random photoisomerization, the increase the number of cis isomers would appear
as an increase in the roughness at the air-monolayer interface. The monolayer parameters would
appear to be the average of the height and electron density of the corresponding fraction of trans
and cis isomers. In this model, the increasing roughness at the air-monolayer interfaces results in
a decay in the reflected intensity at x-ray wavevectors larger than the local minimum. This

decay in intensity at large wavevectors is not observed.

4.3.5 Isomeric domain growth in reconfigurable monolayers.

Using the isomeric domain structural model, it is possible to evaluate the structural
evolution of the monolayer on the timescale of seconds. By monitoring the structural evolution

in real-time structural questions such as the mechanism by which the domain growth occurs, the
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speed at which this structural evolution is occurring and the dependence on optical intensity are
able to be investigated. Additionally, it is possible to evaluate the stability and reversibility of

the structural state.

To evaluate these dynamic structural questions, the intensity at a single x-ray incident
angle was monitored as a function of time. Even at the synchrotron, the capture of a complete
XRR curve over multiple angles is limited to the timescale of minutes. To improve the time
resolution, the experimental setup was aligned at the point of maximum contrast between the
trans and cis isomeric monolayers at Q = 0.1 A and the change in the intensity of the reflection
at this angle was monitored as a function of optical intensity and total photon dosage. Optical
intensities from 0.3 W/cm? to 4.3 W/cm? were used to expose previously unexposed regions of
the same sample. Each sample exposure began with monitoring the reflected intensity for 10 s to
establish the starting intensity and then begin to expose the sample. The intensity during the
initial 10 s was then averaged and subtracted from the remaining time points to establish the
change in intensity in response to the illumination. The results are shown in Figure 4-17 (a).
The intensity continues to change on the timescale of 100s to the 1000s of seconds, with the rate

of change in the intensity increasing with increasing optical intensity.

Using the structural model developed above, the change in the reflected intensity is
converted to the fraction of the monolayer photoisomerized. Using the reflectivity curves from
Figure 4-14 (d) as the 100% trans and 100% cis end points, the change in the reflected intensity
from Figure 4-17 (a) are linearly related to the fraction of the monolayer isomerized. Small
differences in incident intensity, sample size, angle of the reflected x-rays and starting monolayer
structure are accounted for when converting the change in intensity to the fraction of the

monolayer photoisomerized. Additionally, the total exposure time and optical intensity are
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Figure 4-17: (a) Plot of the change intensity vs. exposure time for different positions on the
sample exposed to different UV optical intensities. (b) Plot of the fraction of the monolayer
isomerized vs. the total photons dose/cm?. The data are converted from (a) using the structural
model described in the text.

converted into the total 355 nm photon dose/cm?. The fraction of the monolayer isomerized as a
function of the total photon dose/cm? is shown in Figure 4-17 (b). Figure 4-17 (b) shows that
fraction of the monolayer photoisomerized is independent of the optical power used and rather is

only a function of the total photon dose/cm?, with all the data following the same general curve.

The data shown in Figure 4-17 (b) also contain information about the mechanism through
which the isomeric domains form in the monolayer. The data in Figure 4-17 (b) show the
characteristic s shaped curve consistent with Johnson-Mehl-Avrami-Kolmogorov (JMAK)
model. This curve is characterized by slow transformation rates at the beginning and end of the
transformation. The JMAK model is used to describe how materials transform from one phase
of matter to another, in this case the nucleation and growth of cis domains in a starting structure
of primarily trans isomers. The IMAK model makes three primary assumptions. First it
assumes that nucleation occurs randomly and homogenously over the entire untransformed
portion. In the case of the ReAzoC monolayers, this translates to a model where the first
molecules to photoisomerize from trans to cis, do so with a random spatial distribution within

the monolayer. This random distribution is supported by previous measurements at low optical
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intensities in which the photoisomerization was observed in UV-Vis spectroscopy
measurements, but not in XRR measurements. The second and third assumptions are that the
growth rate does not depend on the extent of the transformation and that the growth rate is the

same in all directions.

The data in Figure 4-17 (b) can be interpreted using the JMAK model. The IMAK

equation, shown in equation 2, describes the fraction transformed as a function time.

Equation 4-9

K is a lumped parameter including the nucleation and growth rate while n describes the
dimensionality of transformation. In the case of the photoisomerization of the ReAzoC
monolayer f is the fraction of the monolayer in the cis isomeric state and t is replaced the total
photon dose (D) which is simply the optical intensity used times the time after starting the
exposure. Since the system is a monolayer system, the maximum expected value of n is n=3,
which would correspond to two-dimensional domain growth with continuing nucleation, a value
of n=2 indicates two dimensional growth after nucleation has stopped, and a value of n=1 would

indicate one dimensional growth after nucleation has stopped.
The parameters n and K can be extracted by converting the data to the form:
log(—In[1 — f(t)]) = logK + nlogD

Equation 4-10
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Using this relation, the data from Figure 4-17 (b) are replotted in Figure 4-18 (a). In this
construction the slope of the data at any given point is the dimensionality of the transformation
and the y-intercept is log K and contains information about the nucleation and growth rates of the
isomeric domains. The data are very noisy at low total photon doses as a result of the small
change in intensity at those times corresponding to small fraction photoisomerized. In order to
extract the parameters for n and K, the four data sets in Figure 4-18 (a) are combined and
smoothed using a boxcar average. This data is shown as the black circles in Figure 4-18 (b).

The black circles form a locus of points with decreasing slope as the total photon dose increases.

Typical IMAK plots are characterized by a single value of n and K.

However, looking at Figure 4-18 (b), it is obvious this system is not characterized by a
single value of n and K. Instead the transformation is characterized by regions of three different
slopes. At values of the total photon dose below 3.16 x 10%° photons/cm?, which corresponds to
a total photoisomerized fraction of 9.8%, the JIMAK plot indicates that at low optical exposures
and fractions isomerized, the monolayer is undergoing high rates nucleation and two dimensional

growth. At values of the total photon dose between 3.16 x 10% photons/cm? and 1.58 x 10%
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Figure 4-18: (a) JMAK plot for each different optical intensity use to photoisomerize the
monolayer. (b) The data from (a) are combined and smoothed to allow extraction of the IMAK
constants n and K. The fits in (b) indicate nucleation of isomeric domains followed by two-
dimensional growth of the domains which slows at fractions isomerized greater than 28.5%.
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photons/cm?, between 9.8% isomerized and 28.4% isomerized, the transformation is
characterized by n=1.64 and Log K =-35.2. These values indicate that in this growth regime,
that nucleation has greatly slowed down or stopped all together and that the domains are growing
via two-dimensional growth. At values of the total photon does greater than 1022, which
corresponds to a total photoisomerized from of 28.4%, the transformation is characterized by
n=0.76 and Log K =-16.75. The values indicate that photoisomerization rate is reduced. The
reduction could be caused due to experimental factors such as the aspect ratio of the x-ray beam
being 50 times longer than it is wide at small incidence angles which could mimic the signature
of one-dimensional growth, or a slowing of the growth rate due to sample effects. The XRR
results shown in this work are consistent with the growth of large domains of cis isomers within
the trans isomeric monolayer. Additionally, the growth model is consistent with the model
outlined in Figure 4-14 (a), in that a small fraction of molecules can reversibly photoisomerize

followed initially by 2D growth and a reduction or elimination of additional nucleation.

It is also possible to reconsider a model in which the molecules photoisomerize with a
spatially random distribution. In this case, the evolution of the fraction switched vs. total photon

dose (time) curve would be expected to evolve with a curve modeled by:
f=1—e KD

Equation 4-11

However, this model does not fit the data in Figure 4-17 (b) and thus it is discounted as

was also done previously.

After exposure to UV light the samples were exposed to 460 nm illumination for periods of

time up to 4000 s at an intensity of 9.5 mW/cm?. However, no change in the reflected intensity
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or structure was observed. This indicates an enhanced stability of the cis molecules within these
large domains. This behavior has been observed previously and attributed to stabilization from

enhanced 7-x orbital overlap within the cis domains in comparison to isolated cis monomers.

4.4 Conclusions

Molecular monolayers of a new molecule with electron donating characteristics and
externally reconfigurable structure have been fabricated. The physical and electronic structure of
the molecules and monolayers have been characterized and show near full coverage when
deposited via the LB technique. Monolayers of three different molecules ReEC, Re2TC, and
ReAzoC show a closely packed structure with the molecules standing normal to the substrate, as
indicated by the high quality of XRR data. Comparing the ReEC and Re2TC monolayers shows
a more pronounced XRR fringe indicating a greater degree of ordering which is attributed to the

more rigid bridge group and is consistent with other experimental results.

In the case of ReAzoC, the molecules and monolayers showed evidence of structural
reconfiguration in response to optical exposure both in solution and when confined to a
monolayer. A structural model for the photoisomerization and reconfiguration in the monolayer
has been developed, in which a fraction of the monolayer is isomerized, depending on the
intensity and duration of optical exposure. In this domain scattering model, the initial monolayer
is deposited a single monolayer of predominately trans isomers. Structural reconfiguration
within the monolayer progresses via the growth of large cis isomeric domains. Initially, a small,
spatially random distribution of molecules can switch reversibly. At more intense and higher
dose optical exposures, a larger fraction of the monolayer is driven into the cis state, but the
photoisomerization process becomes irreversible. This limited reversibility of the

photoisomerization in monolayers, hypothesized to be steric hindrance or other molecule-surface
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interactions. Finally, the mechanism by which the large domains grow nucleation and growth
mode characterized through the JMAK model with separate growth regimes of nucleation and

growth, two-dimensional growth, and the appearance of one-dimensional growth.

This work has important implications on the fields of electronic organic-inorganic
interfaces and on reconfigurable materials. With this work as a basis, systems with fully
switchable functionality to be developed to act as switches to turn on and off charge transfer
from the monolayer. Additionally, in the irreversible switching limit, these monolayers could be
used as a kind of photoresist, where the charge injection can be spatially patterned to create
conductive channels through the passivation of trap states. In the field of reconfigurable
materials, this work has important implications in areas such as solar thermal fuels and
phostoswitchable metal organic frameworks. Based on this initial work it would be important to
avoid low isomerization fractions by minimizing confinement in these systems to increase the
efficiency and that it may be challenging to coordinate the simultaneous photoisomerization of

the azobenzene groups to effectively release the cargo stored in the metal-organic framework.
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Chapter 5: Surface faceting energetics and kinetics evaluated by
x-ray reflectivity

*Portions of this chapter were adapted with permission from McElhinny et al., Surface Science,
647, 90-95, (2016). Copyright (2016) by Elsevier B.V.

5.1 Introduction

The formation of surface facets provides insight into the chemistry and energetics of
crystal surfaces and their interfaces with other materials. The faceting of an initially planar
surface occurs through a process of nanometer scale self-assembly that exposes new crystal faces
and creates additional surface area.! While surface faceting is ultimately driven by a
minimization of the total surface free energy, the evolution of the surface upon, for example, the
creation of interfaces, is controlled by kinetic processes including nucleation and diffusion.! By
studying the surface geometry and processing conditions that lead to faceting, it is possible to
examine the interplay between thermodynamics and kinetics in complex interfacial systems.
Although faceting phenomena have most often been observed with atomic or molecular
absorbates, recent observations have found that faceting can also occur during the formation of

two-dimensional materials.

In particular, the formation of Ge facets below graphene grown on Ge (001) via chemical
vapor deposition was recently reported.? These Ge facets form during the deposition of graphene
at elevated temperatures and are stable under ambient conditions after rapid cooling to room
temperature.? The faceting is highly selective, as it only occurs in areas where graphene has
nucleated and is even observed below relatively small crystals with dimensions less than 10 nm.
Atomic force microscopy shows that the Ge/graphene faceting pattern exhibits four-fold
symmetry, with approximately equal area occupying each of the four facet domains.? The

nanometer-scale structure of the faceted Ge/graphene surface is clear from scanning tunneling
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microscopy studies, which show that the facets are stable under ambient conditions and upon
reintroduction into vacuum.? These Ge facets belong to the {10L} family. Interestingly, such
faceting was not reported in other studies of graphene growth on Ge (001), which may be due to
differences in growth conditions, differences in the thermal profile, or the absence of

characterization of the Ge surface.® 4

The formation of {10L} facets has been previously observed on Ge surfaces under a
number of conditions. The heteroepitaxial growth of elastically strained Ge with a thickness of a
few atomic layers on Si (001) results in the formation of Ge islands with {105} facets, allowing
the elastic relaxation of the near-surface region and lowering the total strain energy.>® The Ge
{107} facet is formed as a result of mounding in Sn-mediated Ge/Ge (001) homoepitaxy.’
Contributions to the relative energetic stability of facets on Ge include the atomic reconstruction

of the faceted surface and the strain dependence of the Ge surface energy.5 8

The work in this thesis has focused on developing and performing systematic x-ray
reflectivity (XRR) studies probing the faceting of Ge (001) surfaces during the chemical vapor
deposition of continuous graphene layers as a window into the interplay between the surface
kinetics and thermodynamics. This technique offers a statistical measurement of the surface
facets angles, orientations, and angular distributions of the Ge facets beneath the graphene layer.
These measurements are then used provide insight into the underlying energetics of the
Ge/graphene during the deposition process. Unlike atomic force microscopy and scanning
tunneling microscopy measurements, X-ray scattering measurements provide precise insight into
the orientation and roughness of the facets over large areas, providing precise statistical averages

for the faceted surface structure.
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The creation of multiple surfaces with different orientations splits the surface diffraction
spots in surface x-ray diffraction and reflectivity, producing multiple crystal truncation rods.®
For an accurately oriented high-index surface, each truncation rod passes through both the origin
of reciprocal space and a series of Bragg reflections. With small misorientations, the origin and
each Bragg reflection produce a rod of intensity at a specular angle depending on the
misorientation.® At the small angles of x-ray incidence on which focused on in this work, the
specular reflection from the surface is thus split by the pattern of facets.!® In the limit of the
x-ray beams with short transverse coherence lengths produced by laboratory x-ray sources, the
scattering pattern of surfaces with multiple facets can be accurately approximated as the
appropriately weighted sum of the intensities of a series of misoriented surfaces. XRR studies of
faceted surfaces have included step-driven faceting in Si*'23, faceting in Au'* and Pt,® and
earlier studies on Cu surfaces.® In a technical sense, the results reported here extend XRR
methods to the special case of Ge/graphene and describe the analysis methods necessary to

perform such studies using large two-dimensional x-ray detectors.

Understanding the surface energetics and interactions of the Ge/graphene system is also
important to advance the synthesis of graphene on semiconducting substrates, and in ultimately
promoting better compatibility of graphene with conventional microelectronics.2® The
formation of facets during the synthesis of graphene nanoribbons on Ge (001) is particularly
interesting, as this growth process has the potential to lead to arrays of high-quality
semiconducting nanoribbons directly on a substrate compatible with conventional

microelectronics.
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5.2 Formation of single-layer graphene on a Ge(001) surface

The synthesis of the graphene sheets on germanium substrates presented here was
developed by Bobby Jacobberger and the Arnold Group at UW-Madison. The following
discussion serves to explain the samples and set up the processing conditions used for the XRR

studies.

The faceting of the Ge surfaces was investigated using Ge/graphene samples grown at
temperatures of 870 °C, 910 °C, and 920 °C at atmospheric pressure using 4.6 sccm of CHg as
the carbon precursor and a mixture of 200 sccm of Ar and 100 sccm of H; as the reducing carrier
gas. Growth times of 42, 12, and 10 hours were used for synthesis at 870 °C, 910 °C, and 920
°C, respectively, to ensure that a continuous layer of graphene covered the entire surface.
Following growth, the samples were rapidly cooled in the same environment used during
synthesis by sliding the furnace away from the growth zone to bring the samples to room
temperature. This process resulted in complete coverage of the surface by a single layer of
graphene distributed across sharp hill-and-valley facets.? Figure 5-1 (&) and (b) show SEM and

AFM images, respectively, of the local surface faceting of the Ge under the graphene. The

“H‘eigvﬁf (n;m): ‘

Figure 5-1: (a) SEM and (b) AFM images of faceted Ge (001)/graphene.
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dimensions of the faceted structure visible in the SEM and AFM images are typically less than 6
nm high and nearly 70 nm wide, valley-to-valley, along their short axis. The ridges between
facets are nearly parallel to the [100] and [010] directions. The faint ripples visible in the AFM
image in Figure 5-1 (b) arise from wrinkling of the graphene during cooling as a result of the
mismatch in the thermal expansion coefficient between the graphene and the Ge. Interestingly,
graphene growth followed by a much slower cooling rate of 0.5 °C/min results in a different Ge

faceting motif, which will be discussed in more detail below.

5.3 Two-dimensional x-ray reflectivity from faceted surfaces

A systematic precise study of the faceting angles was performed using XRR. The
Ge/graphene surface produces specular x-ray reflections from the facets that form during the
growth of the graphene layer. Reflectivity measurements can be interpreted with geometric
optics in methods similar to previous studies of faceting of Si surfaces.'? 1® These methods must
be adapted for the use of large-area two-dimensional x-ray detectors that permit the collection of

intensity data from multiple surface truncation rods simultaneously.

XRR measurements were performed with a Bruker D8 Discover with a VANTEC 500
Area Detector in a theta-theta geometry with the detector subtending an opening angle of 39°. A
Bruker 1S microfocus x-ray source was operated at 50 W to produce a Cu ka incident x-ray
beam with a flux estimated to be 2.3 x 107 counts per second and a beam divergence of 0.03°.
The incident beam had a diameter of 0.5 mm, which was sufficiently small to ensure that the
incident beam footprint was never larger than the dimensions of the sample, but sufficiently large

to gain ensemble information about the faceting.
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In XRR measurements of planar surfaces, a theta-two theta scan is performed to measure
the scattered intensity along the specular rod of reciprocal space with scattered wavevector (0, 0,
0.).1" The faceted Ge surface presents a more complex XRR problem. Here the special case in
which the footprint of the incident x-ray beam lies along a [100] direction is considered. In this
case, two of the facets of the Ge/graphene surface are illuminated at sufficiently small angle to
produce specular reflections. Intensities from these two facets as well as from small areas

retaining the (001) orientation lead to the creation of three surface rods simultaneously.

The geometrical arrangement of the XRR measurement is shown in Figure 5-2. The
sample surface orientation is defined as a function of several angles. The surface normal of the
average sample surface, denoted navg, Serves as the ¢ axis. A rotation around nayg is denoted by

angle ¢. The @ axis is fixed normal to the ¢ axis. The incident beam is normal to the ¢ axis and

Flat
Area Detector 4" .o Surface Right
[001] Face’\tﬁ l /Facet
n A 200
o101y °1 /X

i
¢ l’t,’, (I-

[1 0] A
Ge 24 ace
Surface XL

X-Ray Beam
Figure 5-2: Schematic of the geometry of the x-ray experiment. Reflected x-rays form three
distinct spots: one from the right facet, one from the left facet, and one from the flat surface. The
geometry of the problem is defined by three angles. The x-ray incident angle relative to the
average surface is given by 0. The total angle of the reflecting plane is Tand ¢ is the angle of
azimuthal sample rotation around the average surface normal. The angle y defines the angle of
the facet with respect to the average surface. The angular location of the reflected x-ray beams is
given by the angles o and p.
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moves with 6. Thus a right handed coordinate system can be defined in which the § axis is in the
x direction, the ¢ axis is in the y direction, and the z direction is the beam direction at 6 = 0°.
The tilt angle zis defined as the angle between the surface normal of the reflecting facet and the
phi axis. The zaxis is normal to the ¢ axis and rotates with ¢. The tilt angle 7 is the sum of the
angle of the facets on the surface y and a small rotation of the sample around an axis parallel to
the beam axis at = 0°.22 This small misorientation of the sample with respect to the incident
beam causes the left and right facets to appear to have slightly different values of z, an effect
which will be discussed further below. The angular locations of the reflections on the x-ray
detector are measured as angles « and 3, the azimuthal and polar elevation with respect to the
incident beam, respectively. « is the angular location of the x-ray reflection measured around an
axis normal to the incident beam and in the same plane as the ¢ axis. Note that the ¢ axis tilts as
6 changes. £ is the angular location of the reflection measured around a fixed axis coincident
with the @axis. The values a = £ = 0 corresponds to the location of the direct x-ray beam on the
detector, indicated schematically by a transmitted beam spot in Figure 5-2. These angles can in
turn be used to determine the orientation of the surface from which the x-rays are reflected. The
surface facets are assumed to be oriented approximately along the incident beam footprint with a
small azimuthal misorientation ¢ (Figure 5-2). With these definitions, the detector angles a and

S can be expressed as:

1 2cosg sint (cosf sinzsing + coszsind)

a0, 7,p) = —tan™ . , . , . ,
©%9) —1 4 2 cos? @ sin? 7 sin? ¢ + 2 cos? 7 sin? 6 + sin 27 sin ¢ sin 26

Equation 5-1
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B(8, 7, ) = sin"1[2(cos @ sin 7 sin ¢ + cos 7 sin 8)(cos 7 cos O — sin 7 sin ¢ sin 6)]
Equation 5-2

In the case where the azimuthal angle ¢ is zero, such that the direction of the x-ray beam

is along the long axis of the facets, the relationship then simplifies to:

_,.2sin7 cos 7 sinf])
a(6,7) = tan" [

1—2cos? 7 sin? 0
Equation 5-3

B(O, ) = sin"1[2 cos? 7 cos B sin ]
Equation 5-4

When the small angle approximation is applied to 8 and z, the relationship further

simplifies to:
0 ) = 210(—2+ )
“6.0="77 62(—2 + )2
Equation 5-5

B8, 1) = —%9(—2 +62)(=2 + 2)?

Equation 5-6

With these relationships, the tilt angle, z, can be calculated from the position of the
reflection on the detector by substituting measured values of  and £ into equations (3) and (4)

and numerically solving the system of equations for § and z.
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Figure 5-3: (a) X-ray scattering pattern acquired with an incident angle of 4 < from the
Ge/graphene sample grown at 910 <C. The center streak is the x-ray reflection from the portion
of the surface aligned with the average surface. The left and right streaks arise from reflections
from the left and right facets. (b) Intensity profile taken horizontally across the image in (a).

A detector image and a reflectivity profile extracted along the horizontal direction across
the image are shown in Figure 5-3 (a) and (b), respectively. The three intensity maxima in the
detector image comprise two reflections from the facets (the maxima to the left and to the right
of the center of the image) and a single central reflection from unfaceted regions in which the
local surface normal is oriented along the average macroscopic surface normal.*? In comparison,
the reflectivity of the starting, unfaceted Ge surface produces a detector image consisting of a

single sharp high-intensity reflection.

5.4 Surface faceting angle dependence on growth temperature

The in-plane symmetry of the faceted surface was probed by studying the XRR as a
function of the azimuthal orientation of the sample. A series of scattering patterns were acquired
at values of the azimuthal angle ¢ ranging from 0° to 360° with an incident angle 6=2° and
exposure times of 30 seconds per pattern. Maxima in the total reflected intensity from a region
of interest which includes the scattering from the flat surface and right and left facets are

observed at multiples of 90°, as shown in Figure 5-4 (a). The reflection from the flat surface
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Figure 5-4: (a) Azimuthal () data showing that the maxima in the total reflected intensity, from
a region which includes the reflectivity from the flat surface and right and left facets, are
observed at multiples of 90°. The reflection from the flat surface appears throughout the 360 °
scan, while the reflection for the right and left facets appears and disappears every 90 © (b)
Intensities of the right, left, and center streak as function of the azimuthal angle ¢ over a narrow
range. With the assumption that there is equal population of right and left facets, alignment of
the x-ray beam with the long axis of the faceting occurs at the point at which the intensities of the
scattering from the right and left facets are equal.

appears throughout the 360° scan, while the reflection for the right and left facets appears and
disappears at 90° increments. The surface thus has four-fold symmetry, with the facets
preferentially oriented close to the <100> directions of the Ge (001) substrate.> A similar
four-fold symmetry is apparent in the SEM and AFM images in Figure 5-1 (a) and (b). Figure
5-4 (b) shows the intensity of each streak as a function of a very narrow range in ¢. The
intensity of each of the individual reflections from the facets varies in this narrow range because
the effective incident angle with respect to the facets is changing. Figure 5-4 (b) was used to
determine the alignment of the sample in which the long axis of the facet is precisely parallel to
the projection of the x-ray beam on the surface, taking ¢=0 as the point of equal intensities of the

two reflections.

Precise measurements of the faceting angles were performed by examining the variation
of the angular positions of the reflected beams as a function of the x-ray incident angle. A series

of detector images was collected at values of the incident angle 8 from 4° to 5.5° in 0.5°
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Figure 5-5: Detector images at the indicated incident angles from Ge/graphene grown at 910 <C.

increments. These measurements were conducted at the angle set as ¢=0 in Figure 5-4. The
value of @in this case is far larger than the critical angle for total external reflection, 6=0.32°,
and the intensity for each reflected beam is thus several orders of magnitude weaker than the
incident beam. The images were acquired using exposure times of 3600 seconds. The series of
detector images for the sample grown at 910 °C is shown in Figure 5-5. Two reflections, one
from each of the two facets illuminated at small angle at =0, move to higher angles and

decrease in intensity as @increases. A faint streak of intensity from the flat surface can be

observed between the two facet streaks.

(a) (b)

B (deg.)

o (deg.) o (deg.) o (deg.)

Figure 5-6: Angular positions a. and B of x-ray reflections for samples grown at (a) 870 <C, (b)
910 <C, and (c) 920 <. The solid black lines are o and B for the total tilt angle x of each
reflection averaged over all incident angles.
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The facet angle can be determined from the detector images by examining the
dependence of the locations of the intense reflections, « and g, on the incident angle 6. Figure
5-6 shows the angles « and £ associated with the point of maximum intensity of the reflections
from the facets of samples grown at different temperatures. Each set of values of « and S are
used to determine the precise values of § and 7z using Equation 5-3 and Equation 5-4 above. The
angles listed on Table 5-1 are the total misorientation designated as the tilt angle z, which
includes both the crystallographic angle of the facet and the misorientation of the sample. The
measured values of « and £ and the corresponding fit values of # and 7 for each temperature and

incident angle are shown in Table 5-1.

Table 5-1: The measured values of o and 3 and the corresponding fit values of 6 and t for each
temperature and incident angle.

Measured Measured 8 .o o e
Growth Temperature | Facet () ©) Fit 0 (°) | Fitt (°)
-1.12 8.15 4.15 -7.76
-1.26 9.05 4.61 -7.83
Left
-1.44 10.18 5.19 -7.91
-1.59 11.18 5.70 -7.97
870°C
0.98 7.72 3.92 7.20
1.12 8.76 4.45 7.21
Right
1.24 9.83 4.99 7.08
1.40 10.94 5.56 7.15
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-1.28 8.86 4.52 -8.12

-1.40 9.91 5.05 -7.91
Left

-1.55 10.82 5.52 -8.04

-1.77 11.79 6.02 -8.37

910°C

1.12 8.57 4.36 7.38

1.34 9.70 494 1.75
Right

1.46 10.82 5.51 7.53

1.57 11.71 5.96 7.50

-1.14 7.97 4.07 -8.07

-1.28 8.97 4.58 -8.02
Left

-1.48 10.10 5.16 -8.19

-1.61 11.16 5.70 -8.08

920°C

1.00 7.59 3.86 7.47

1.16 8.70 4.43 7.51
Right

1.28 9.82 4.99 7.32

1.44 10.97 5.58 7.33
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The tilt angle zis determined for each individual point with an accuracy that
systematically increases with increasing 6, ranging from A7=0.4° at 6=4° to A7=0.3° at 6=5.5° for
the sample grown at 910 °C. The fit curves plotted in Figure 5-6 are calculated as a function of ¢

for the given average r for each facet.

The values from the individual points from different ¢ are averaged to determine the
average tilt angle for the right and left facets, which reduces the uncertainty significantly. For
example, in the case of the 910 °C the uncertainty in the average value is + 0.16°. The two
values of the tilt angle zfor the right and left facet are then averaged to determine the average tilt
angle for a sample grown at the given temperature. The error in average tilt angle for a given

temperature is reduced to + 0.12°.

The average value of zfor the two facets is plotted in Figure 5-7 as a function of the
growth temperature. The error bars are computed by propagating the single measurement error.

The horizontal dashed lines indicate the facet angle of the nearest {10L} facets to the data. A
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Figure 5-7: Temperature dependence of facet angles. Horizontal dashed lines are angles of the
{1 0 L} family of crystal facets.
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slight variation of the faceting angle with growth temperature is observed. At 870 °C, the facet
angle is closest to the {108} facet at 7.13°, while the higher temperature points are closer to the
{107} facet at 8.13°. These are both significantly different than the commonly observed {105}
facet observed in Si-Ge systems.® This growth regime (870°C - 920°C) was chosen because it is
the regime over which high-quality monolayer graphene growth is achieved, as indicated by
Raman spectroscopy. Specifically, the Raman D:G ratio was negligible (less than 0.1) over this
temperature range, indicating a low defect density. The trend in the faceting angle with
temperature suggests that while the faceting process is dominated by the energetics of the crystal
surface, kinetic processes, such as limiting the growth rate to allow for surface diffusion, still

play a role in the formation of facets in this temperature regime.

A further question is whether or not all facet angles are equal or if the angles of the four
sets of facets apparent in Figure 5-1 are slightly different. For example, a physical difference in
angle can arise from the effects of stresses due to sample miscut. If all facet angles are
equivalent, however, a difference between the apparent values of zcan also arise from a small
overall misorientation of the sample with respect to the incident beam. To investigate this, the
average value of zfrom the two facets is compared to the zvalue for the reflection from the flat
surface for the sample grown at 910 °C. The average value of the right and left facet is 7
=-0.29° £ 0.12° compared to 7= -0.52° + 0.21° for the flat surface. These two values are the
same within error, and the angles of the left and right facet are thus identical within the
resolution of the measurement. Hence, the average value of zfor a given sample is the angle (y)

of the surface facets. The mean value of all of the samples is 7.7°+0.07°.
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While reflectivity from the starting planar Ge surface appears as a single spot on the
x-ray detector consistent with the incident beam profile, the reflectivity from these faceted
surfaces is elongated into streaks of intensity. The length and width of the streaks on the detector
provide insight into the angular distribution of the surface facets. In the limiting case of zero
roughness, the length of the streaks along their long axis can be explained by a distribution in
facet orientations in a combination of the #and ¢ angles. By taking the angular derivative of
Equation 5-4, it is shown that the angular extent of the streak is twice the change in 6. The
sample grown at 910 °C, has an angular width corresponding to a variation in & of 0.30° + 0.02°.
Similarly, taking the angular derivative of Equation 5-2 shows that the angular extent of the
streak given by 1/4 times the range of ¢. The sample grown at 910 °C has an angular width
corresponding to a variation in ¢ of 2.26°+ 0.17°. Thus, in the limit of zero surface roughness,
the elongation of the streaks could be due to rotational disorder of the facets by as large as 0.30°

in @or as large as 2.26° in ¢.

The width of the streaks perpendicular to their long axis can be explained by a
distribution in facet orientations in the y angles. Since y varies with the same relationships as r,
taking the angular derivative of Equation 5-4 shows that the angular width of the streak is 0.136
times the change in y at 4° and 0.188 times the change in y at 5.5°. The sample grown at 910 °C
has an angular width corresponding to a variation in y of 1.14° + 0.08°. However, it is unclear
whether this distribution arises from variation within the individual facets or from variation
between different facets. Additionally, while the model assumes sharp peaks and troughs with
flat plateaus, it is possible that a more rounded hill-and-valley structure could account for the
observed variation in the facet angle. The presentation of the reflectivity as streaks provides

insight into the surface homogeneity over a large length scale.
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Table 5-2 shows the angular widths of the facet reflections as a function of sample
growth temperature. As sample growth temperature increases, the distribution of facet
orientations narrows, suggesting that the higher growth temperature allows the system to reach a

state closer to its thermodynamically favored state.

Table 5-2: The angular widths of the facet reflections as a function of sample growth
temperature.

Growth Temperature 870°C 910°C 920°C
Variation in @ 0.28° £ 0.01° | 0.30° £ 0.02° | 0.22° £ 0.01°
Variation in ¢ 2.47°+0.09° | 2.26°£0.17° | 1.85° £ 0.11°
Variation in y 1.05°+£0.11° | 1.15° £ 0.08° | 0.85° + 0.06°

5.5 Surface faceting angle dependence on cooling rate

Further insight into the interplay between kinetics and thermodynamics at the

Ge/graphene interface is obtained by varying the rate at which the sample is cooled after growth.

Intensity (a.u.)

50

Figure 5-8: SEM image of Ge surface after slow cooling. In the case of slow cooling, the
surface is a terraced structure. (b) X-ray reflectivity pattern from a sample which was
slowly cooled. The angled streaks observed from the hill-and-valley structure are absent,
as would be expected from a terraced structure composed of a (001) faceted surface.
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A SEM image of the Ge surface for a sample cooled at 0.5 °C/min, is shown in Figure 5-8 (a). If
a slow cool rate is used, the surface adopts a terraced structure instead of the hill-and-valley
structure observed using faster cooling rates. A reflectivity pattern from the terraced structure is
shown in Figure 5-8 (b). The reflectivity pattern shows an elongated streak from the (001)
oriented surface and there is no evidence of reflectivity from angled facets. We hypothesize that
during the previously discussed, fast cooling process, the facets are quenched into place.
However, when a relatively slow cooling rate is used, the temperature decreases below the value
at which the {107} facets are stable, and the (001) facets are favored. It was previously shown
that the faceted Ge surface becomes atomically-flat after annealing at 800 °C.? Thus, we believe
that the temperature at which the {107} facets becomes more energetically-favorable than the
(001) facet is between 800 and 870 °C. It is not yet clear if other transitions exist between these
two temperatures. The formation of the terraced structure implies that the faceting is
kinetically-limited by surface diffusion. At lower temperatures, the germanium diffusion length
during the cooling time is short, leading to the formation of terraces rather than a planar (001)

surface.

5.6 Conclusions

The underlying Ge (001) surface facets beneath the graphene layer during growth to form
a four-fold symmetric faceted surface structure. The faceting is symmetric with a faceting angle
of 7.7°£0.07°, corresponding to the {107} facet of Ge. The angular distribution of facet angles
could arise from a rotational disorder of the facets by as large as 0.30° in @or as large as 2.26° in
@. The facet angle and angular distributions vary slightly with temperature in the growth regime
indicating that the faceting of Ge(001) during graphene growth is dominated by the surface

energetics. However, the slight dependence and the development of a terraced structure as a
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result of a reducing the cooling rate after growth indicates that there is a strong competition with

surface diffusion Kkinetics, with a transition temperature between 800 and 870 °C.

Substrate faceting is closely linked with the formation of high quality 2D materials.
Within the last year, faceting of Cu, Ge, Ir, and SiC have all been shown to be advantageous for
the growth of high quality and large area graphene monolayers.'#2* Understanding the
fundamental surface energetics and kinetics at work in graphene/substrate systems holds the key
to property improvement and device commercialization. XRR techniques offer key insights into
the competition between energetics and kinetics at the 2D material/substrate interface. The
techniques developed here are also readily extensible to in-situ measurements to probe the

growth dynamics with unprecedented spatial and temporal resolution.
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