THE UNIVERSITY OF CHICAGO

THE USE OF BLOCK-COPOLYMER NANOLITHOGRAPHY TO FABRICATE
ULTRAFINE PHONONIC CRYSTALS AND PHONONIC CRYSTAL-ENHANCED

DEVICES

A DISSERTATION SUBMITTED TO
THE FACULTY OF THE PRITZKER SCHOOL OF MOLECULAR ENGINEERING
IN CANDIDACY FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

BY

ELIZABETH MICHIKO ASHLEY

CHICAGO, ILLINOIS

MARCH 2021



DEDICATION

To Michiko lwata Hansen, who introduced me to the beauty of crystals (and rocks). This

dissertation would not exist without you.



Contents

LSt OF TADIES ..o %
List Of FigUIES ... vt e, Vi
ACKNOWIEAZEMENLS ...\ttt e e e e s xiii
ADSITACT .ottt e XVi

Chapter 1: Introduction to block-copolymer directed self-assembly, nanolithography,

phonons, and pPhononic CryStals .........oouiiiiiii e 1
1.1 Lithography and phononic crystals.................oiiiiiiiii i, 1
1.2 Introduction to bloCK-copolymers ...........coovieiiiiii e 4
1.3 Linear diblock COPOIYMETS .........ooviiiii i 7
1.4 Modern nanolithography Strategies ..........couiirientiirietiitiit i eieeieenieanaanns 10
1.5 Directed self-assembly ..........c.couiiiiiirii 14
1.6 Directed self-assembly: density multiplication .................ccoviviiiiiiiiiiinineinnnnn. 15
1.7 Block-copolymers and pattern transfer ..............ccoeveiiiiiiiiiiiiii e, 17
1.8 Research applications of DSA-templated nanostructured devices ....................... 21
1.9 Introduction t0 PhONONS ........ieiii e ae e 22
1.10 Introduction to phononic Crystals ...........ccvvuiiiiiiiiiiiiiiiiiieieeean, 27
1.11 Phononic crystal fabrication ................ooiiiiiii 28
1.12  Measuring the thermal conductivity of phononic crystals ............................ 30
1.13  Current topics in phononic crystal research ... 33
I S ) 1<) 1 35
Chapter 2: Design, fabrication, and measurement of ultra-low thermal conductivity SiNx

phononic crystal membranes using block-copolymer directed self-assembly ....................... 40
2.1 INEOAUCEION ..ttt e e e e 41
2.2 EXPETIMENIL ...\ttt ittt ettt ettt ettt e e e et et et et e e e ae e 44
2.3 Ultimate suppression of thermal transport in amorphous silicon nitride by phononic

NANOSTIUCIUTES ...t ettttt ettt et et et ettt e et et et e et et et e et et et e eneeeeaens 46

2.4 The use of directed self-assembly of block-copolymers to fabricate phononic crystals

in amorphous silicon nitride, resulting in enhanced thermal conductivity reduction...52
2.5 CONCIUSIONS ...\ttt e e e e e e e e e e e S7
2.6 R CIENCES .. oo 59

Chapter 3: Fabrication and characterization of polysilicon suspended membranes that
functioned as phononic crystals and IR sensors with nanostructures templated by block copolymer

CYHNder Self-aSSemDbly ........o.iii i 62
S L INtrodUCHION ... 62

BB 540 1S 81011 L 65

.21 Materials ..o 65

3.2.2  Sample Preparation ..........o.eeeeeeeontitaae e 65

3.2.3  CharacCteriZation ..........cc.uiiiineet ittt et 70

LB R SUILS ..ttt 71

3.3.1 Device fabrication .........c.c.oiiiniiiii e 71

3.3.2  CharacCteriZation ............cuviiiinett ittt e et e 76

e DISCUSSION ...ttt et et et e e e e et 78



B D CONCIUSIONS - e ettt e e e 82

3.6 Supplementary process information: challenges and solutions ........................... 82
3.6.1 BCP assembly and pattern transfer quality ................c.ooeiiiiiiiin... 83

3.6.2 Etching inconsistencies for 100 mm wafer due to BOX insulating layer... 85

3.6.3 SiO; hard mask: use and removal complications ............................. 87

3.6.4 RTA damage during dopant activation ................c.eveeriieeneeniannn.n. 90

3.6.5 Membrane collapse .......c.ooiuiiiiiii i e 91

BT RETEIEICES ...ttt e 94
Chapter 4: Porosity characterization as a ultrasensitive tool for measuring chemical dry
etch rate differences INAOPEA Si ... 96
A1 TNEPOAUCTION ...ttt e e e e 96
VA 254 o 1<) 4111 =) 1 1 AN 98
421 Materials ....oouiitiii i e 98

4.2.2  Sample Preparation ..........e.eeeeieeentitie e 99

4.3 Results and diSCUSSION .......euineintii i 100
O ) 1 Ted 11 £ 101 o P 107
4.5 RETCICIICES ...ttt ittt 109
Chapter 5: The use of directed self-assembly to generate precise, ultra-fine phononic
crystals for determining the effect of superstructure orientation on thermal conductivity ........ 110
S. L INrOAUCLION . ..eett e e e 110
T4 2540 1<) 41111 1| AR PRSP 113
5.2.1 Materials ....ovii i 113

5.2.2  Sample preparation ..........o.eveiuiitiitiitii e 115

5.2.3  CharacteriZation ...........outenriirtet ettt ettt ee e e 119

BB RESUILS ..t 120
5.3.1 Silicon phononic crystal membrane construction ........................... 120

5.3.2 Time-domain thermoreflectance measurements ............................ 125

5.4 Molecular dynamics SIMuUlations .............oevvriiiiiniiitiitii i eneineannns 129
5.4.1 Molecular dynamics results .............cooevuiiiiiiiiiiiiiiiiii 132

5.5 DISCUSSION ..ttt et et e et 136
5.5.1 Comments on phononic crystal design ..............c.oooeviiiiiiininn.. 139

5.5.2 Directional phonon transport .............c.eeeeiiiiiriiiiiiiireieeeennns. 141

5.6 CONCIUSIONS ....vettttt ettt et et e et et e e eeeeas 144
5.7 Supplemental INfOrmation .............coooiiiiiiiiii i 146
5.7.1 Neural mat Synthesis .........oeviiiiiiiiii e 146

5.7.2 Etch-transfer characteristics and film defectivity ........................... 146

5.7.3 DSA tests on various neutral mat chemistries ..........................eee. 149

5.7.4 Dimensional analysis of holes and porosity calculations .................. 153

5.7.5 Surface to volume ratio calculations ..............cooveiiiiiininiiieninnn.. 158

5.7.6 Standard error calculation .................coooiiiiiiiiiiii 160

5.7.7 Classical volume reduction effect on thermal conductivity ................ 160

5.7.8 All T measurements for each measured device ....................oeeneenn. 162

5.7.9 Porosity calculations from SEM images pre- vs. post-VHF etching ...... 163

BB RETEIENCES ... 165



List of Tables

Table 2.1 Summary of the dimensions of the nanoporous membranes and the thermoreflectance
measurements. p, d, and n represent nanopore pattern pitch, nanopore diameter, and neck width
between nanopores, respectively. z is the decay time of the thermoreflectance measurement.
Kpredicted aNd Keff are the thermal conductivity values based on the classical porosity and on the
analysis of the thermoreflectance measurement, respectively...............ooooiiiiiiiiiiiinennn. 55

Table 5.1. Measurements of decay time 11, material and effective thermal conductivity ksj and Kefr,
and the corresponding surface to volume (s/v) ratios. Error for 11, kmat, and ke IS the standard error.
Error for pand nis the standard deviation. ..., 129

Table 5.2: Thermal conductivity of porous silicon bridges, 100 nm thick, as a function of porosity
and pitch. MD indicates results of the molecular dynamics simulations on blocked configuration
nanostructures with varying p, P, and n, while 0° DSA refers to the experimentally fabricated and
measured membranes with the blocked (0° DSA) configuration. .................ccocoeviiiiniinnn... 134



List of Figures

Figure 1.1: Examples of polymer-polymer molecular architectures that can be formed from
polymerization of two different monomers. Figure taken from Science, Vol 251 (898-905),

Figure 1.2: Examples of phases that have been reported in linear diblock copolymer systems. In
(A), schematic illustrations of classic and complex structures formed in a linear diblock system
are shown, taken from Phys. 106, 2436-2448 (1997). In (B), SEM micrographs of lamellar,
gyroidal, cylindrical, and quasicrystalline microstructures are shown. The images of lamellar and
gyroidal phases were taken from the indicated references, while the images of cylindrical and
quasicrystalline BCP phases are the author’s own work (submission pending). ....................... 7

Figure 1.3: The mean-field phase diagram for a symmetric, linear diblock BCP melt calculated
via self-consistent field theory (SCFT). The different phases formed in this system are labeled Scp
(close-packed spherical), S (spherical), C (cylindrical), L (lamellar), and G (gyroid). Figure taken
from J. Chem. Phys., Vol. 106, No. 6, 8 February 1997. .........cooiiiiiiii e 10

Figure 1.4: Illustration of various lithographic patterning strategies designed to achieve sub-
lithographic patterning. At the top, LELE approach is shown on the left, while SADP is shown on
the right. Below, an example of a DSA process flow for generating nanoscopic lines is shown.
Note the process simplicity relative to LELE and SADP. Figures taken from P. Zimmerman, SPIE
Newsroom (2009) and Prog. Polym. Sci. 54-55, 76-127 (2016)..........cccoviiriiiiiiiiiiiininnen.. 12

Figure 1.5: An illustration of 1:1 compared to 1:4 density multiplication. On the left, hexagonally
packed spots are patterned at Lo, leading to 1:1 density multiplication, while on the right, spots
patterned at 2Lo lead to 1:4 density multiplication. Taken from Science 321, 936-939 (2008).....16

Figure 1.6: On the left, an illustration of the SIS process, showing how inorganic compounds are
nucleated selectively within BCP domains for a PS-b-PMMA system. First, trimethyl aluminum
is allowed to diffuse into the BCP film, and is then reacted with water vapour to nucleate alumina.
This step is repeated for some number of cycles to build up alumina within the PMMA domain.
Then, Oz plasma is used to selectively remove the PS matrix, leaving only the alumina-
impregnated PMMA domain, which can then be used as a template for pattern transfer. Taken
from ACS Nano 5, 4600-4606 (2011). On the right, proposed reaction kinetics for TMA
complexation to PMMA and P2VP monomers. Taken from Chem. Mater. 32, 4499-4508

Figure 1.7: The spectrum of phonon frequencies spanning from infrasound, to audible sound, to
ultra- and hypersound, to heat. The wide range of frequencies relevant to each portion of the
spectrum makes phonon engineering challenging, particularly as the wavelengths approach tens to
SINELE NANOMGLETS. ...\ttt e e e et et et e aaeeeenaas 23

Figure 1.8: Illustration of phonon dispersion relations. In (A), a simplified schematic of a phonon
dispersion is shown to illustrate optical and acoustic phonons. In (B), an overlapped simulated
and experimental dispersion relation for Si at 300K is shown. The solid lines are simulated values,
and the dotted lines are experimental values®®. Figures taken from Tsymbal, E. Y. Physics 927
Section 5: Lattice Vibrations and Eur. Phys. J. B 60, 171-179 (2007). ......ccvvvviiiiiiiiniennnn.. 24

Vi



Figure 1.9: The relative contributions to thermal conductivity for bulk Si and SiGe plotted against
MFP at room temperature. Taken from Appl. Phys. Lett. 109, 173104 (2016). ...........cceueen... 27

Figure 1.10: Examples of phononic crystals formed by introducing periodic voids with various
geometries into Si. In A, hexagonal and honeycomb lattices are shown. In B, square and
staggered-square lattices are shown. A staggered square lattice is not hexagonal; every other row
is laterally shifted % the lattice constant. In C, an example of a phononic superlattice is shown,
with two different hole sizes and lattice constants. In D, an example of concentric arrays of holes
for converging and diverging heat is shown. In E, examples of square packed square holes (right)
and a nanowire array (left) is shown. All devices shown here, apart from the nanowire array, were
fabricated via electron-beam lithography (EBL). Figures taken from Nat. Nanotechnol. 5, (2010),
Phys. Rev. B 93, 45411 (2016), Phys. Rev. B 95, 205438 (2017), Nat. Commun. 6, 1-8 (2015),
and Nat. Commun. 8, 1-8 (2017 ... .iurii it e 30

Figure 2.1: (i-v) Schematic illustration (top row) and corresponding optical microscopy images
(middle row) of the fabrication process. (i) Initial Si substrate coated with SiNy, spin-on-carbon
(SOC), and spin-on-glass (SOG). (ii) Pattern transfer of the BCP-templated holes into the
SOG/SOC film and the SiNx layer. Only holes in the exposed area (light blue region in bottom
row) were transferred into the SiNx. (iii) Photolithography and metal lift-off were used to form the
aluminum pads (white regions in bottom row). (iv) SiNx was removed in the two triangular areas.
(V) Wet etch of the underlying Si to release the SiNx PNC membrane and leave it suspended above
the opening in the Si. In the bottom panel, scanning electron microscopy (SEM) images of
amorphous SiNx phononic crystals are shown. (A) Overall image of a device. Al pads were
deposited on the center and the edges of the suspended bridge for the thermal conductivity
measurement. High magnification SEM image of the phononic crystal holes for pitch sizes of (B)
36 nm, (C) 100 nm, (D) 200 nm, and (E) 800 nm. The definition of pitch size P and minimum neck
width n are illustrated in (E). Figure taken from ACS Nano 2020, 14, 6980-6989

Figure 2.2: Material thermal conductivity of amorphous SiNx phononic crystals. Material thermal
conductivity kmat Of amorphous SiNx thin films plotted as a function of (A) the minimum neck
width and (B) the surface-to-volume ratio. Plot legends denote the pitch size of PNCs. The dashed
black line in (A) represents the thermal conductivity of the nonporous amorphous SiNx thin film...
Figure from SCi. AdV. 6, (2020). . ..uinreii it 47

Figure 2.3: Effective thermal conductivity weft of amorphous SiNx PNCs. Comparison between
the measured and the simulated effective thermal conductivity amorphous SiNx PNCs plotted as a
function of the neck width. Plot legend denotes PNC pitch size. Figure from Sci. Adv. 6, (2020)

Fig. 2.4: Calculated thermal properties of amorphous SiNx. (A) Comparison of the effective mean
free path of propagons and diffusons for bulk SiNx and SiNx phononic materials, taking the sample
with pitch size P of 200 nm and hole diameter D of 175 nm as an example. (B) Comparison of
thermal conductivity k spectra for bulk SiNx and SiNx phononic materials, taking the sample with
P =200 nmand D = 175 nm as an example. (C) and (D) are the calculated thermal conductivity
contribution from diffusons (ko) and propagons (kp) for all samples as a function of neck width n.
Figure from SCI. AdV. 6, (2020) .....vintie it 51



Figure 2.5: (a) SEM images and (b) corresponding thermal conductivities of DSA patterned
silicon nitride phononic crystals with four different rotation angles and of self-assembled (SA)
holes. The SEM images were taken near the longer edges of membranes. The white arrow in (a)
at 0° shows the direction of heat flow. Figure taken from ACS Nano 2020, 14, 6980—6989
(2020). . ettt e 54

Figure 3.1: Illustration of the fabrication process for area-selective ion implantation for pSi
suspended membranes. Wafers were lithographically patterned with regions for p-doping, then n-
doping. After both B- and P- implantation were complete, the wafers were characterized in optical
microscopy. An optical micrograph of the doped regions prior to ion activation is shown at the
(070] 1 (0] 1 018 4T | 1 SO 72

Figure 3.2: An illustration of the post-ion implantation process flow to fabricate nanostructured
IR sensors from polysilicon-on-insulator wafers. ...............ocooiiiiiiiiiiiii e, 74

Figure 3.3: Images of different kinds of devices present on the full wafer design. On the left, the
full 200 mm wafer design file is shown. The wafer is visibly divided into 52 1 x 1 cm?chips. Each
1 x 1 cm? chip contains an array of 32 identical membranes with the same design, doping, and
porosity characteristics. To the right, optical micrographs are shown for S1 and S2 devices
compared to their design files. The optical micrographs were taken prior to VHF etching, so the
devices are not released from the base wafer in these images. The porous nanostructure causes a
color change under optical inspection, so the membrane legs appear to be a different color (blue-
brown) than the rest of the pSi (taUPE). ....oovinri i e 75

Figure 3.4: Thermoreflectance and IR sensitivity measurement setups. The TDTR setup is shown
on the left, and the IR sensitivity measurement setup is shown on the right. Examples of the
measurement signals for nonporous S1 devices are shown on the bottom. Details about the
measurements are described 1N teXt. ... ...t 77

Figure 3.5: SEM micrographs of S1 and S2 devices, with top-down, tilt, and magnified views
shown. (A) A tilt-view of a nanoporous S1 device showing it is not in contact with the base
substrate. (B) A top-down view of a control S1 device. The dark spot in the center of the square is
the SiO; support pillar, which is magnified in the inset. (C) A magnified view of the self-assembled
BCP-templated nanostructure. (D) A low-angle tilt view of a nanoporous S2 device. The central
square in A, B, and D is the Al pad for TDTR measurements. The two rectangular legs attached
to the square are either nonporous (control) or nanoporous (PnC) regions. ...............cceuvueen... 79

Figure 3.6: TDTR (A) and IR sensitivity (B) measurements on Design 1 membranes with and
without holes templated by BCP self-assembly (SA). Precise values for 1, irradiated laser power,
signal amplitude, and IR sensitivity are listed in (C). .........cooiiiiiiiii e, 80

Figure 3.7: Schematic illustrations of the hypothesized mechanism by which large defect
structures were etch transferred into pSi as a result of the imperfect 57S neutral mat base. In (a),
defects in the annealed PS-PMMA film, including parallel PS cylinders at the bottom interface and
discontinuous cylinders, led to the formation of a defective SIS structure. Note that the defects

viii
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Figure 4.1: SEM micrographs of suspended nanoporous membranes fabricated from single crystal
silicon. Two different device designs are shown in A and B. In A, a membrane with long, L-
shaped legs is shown, while in B a membrane with short, linear legs is shown. Each image to the
right in A is a zoom of the previous image. Magnified views of the n-implanted leg of the
membrane are shown only. The membranes in A broke selectively on the n-doped side, resulting
in membrane collapse. This was likely due to the significantly larger porosity in the n-doped Si
vs the p-doped Si after the same amount of etch time for both, weakening the mechanical stability
of the n-implanted side. Membranes like in B with shorter, linear legs, had a higher survival rate
despite the differences in porosity and mechanical strength. ........................c 101

Figure 4.2: SEM micrographs of the nanoporous p-doped, n-doped, and undoped SOI substrates.
From left to right, a clear trend of increasing porosity is observable, with n-doped Si having the
largest porosity and p-doped Si having the smallest porosity. As all substrates were etched
simultaneously for the same amount of time, the porosity difference is a result of differences in
the chemical etching rate of doped Si in plasma etching. ...............cccoviiiiiiiiiiiiiiiie. 103

Figure 4.3: SEM images of nanoporous amorphous, polycrystalline, and single-crystal Si
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Figure 5.1: Nanoporous template fabrication routes by directed self-assembly (DSA) and self-
assembly (SA) of cylinder-forming block copolymer C2050. For DSA, electron beam lithography
(EBL) was used to define the initial pattern in the nonpreferential random copolymer mat, 67S.
Hydroxy-terminated polystyrene (PS-OH) was grafted into the openings defined in the 67S mat
by EBL. Coating and annealing C2050 on the substrates leads to DSA or SA cylindrical PS
domains in the C2050. Sequential infiltration synthesis (SIS) is used to convert the C2050 matrix
around the PS cylinders into a rigid inorganic hard mask prior to etch transfer. Removal of the PS
by a plasma etch forms the dark holes observable in the scanning electron micrographs at the
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Figure 5.2: Post-SIS fabrication process schematic for forming nanoporous suspended Si
structures. The SIS-PS film schematic shows that perfect assembly only occurs where the DSA
pattern was made (center), and self-assembled structures were present outside of this area (figure
S3). A 20 nm protective Au film was deposited via e-beam evaporation. Photoresist (PR) was
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the pattern area to expose the SIS-PS film. PS cylinders were selectively O2 plasma etched from
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Figure 5.3: SEM Micrographs and dimensions of suspended nanoporous silicon membranes. a)
Top-down SEM micrographs of blocked (0° DSA), open (30° DSA), and random path
nanostructure configurations formed by block copolymer self-assembly. b) Tilted SEM
micrograph of a 0° DSA membrane. From this viewing angle, it is possible to see that the length
of the bridge was completely suspended. The magnified image on the bottom shows a highly
regular pore profile through the thickness of the silicon. c) A design file showing how many
bridges are fabricated per chip, demonstrating how many identical devices can be created
simultaneously. d) Histograms showing the size distribution of pitch, neck width, and radius for
the DSA structures, plus a table showing the average values of pitch, neck, and radius for DSA
and SA structures. The error was the standard deviation of each dataset. Analysis for DSA
dimensions was based on 2177 points for DSA and 13310 points for SA. Only “normal” holes
(excluding defect holes at grain boundaries) were considered for the hole, neck, and radius analysis
for self-assembled structures. Details about this calculation are available in Section 5.7. ......... 124

Figure 5.4: Time-domain thermoreflectance (TDTR) measurement results and geometries of
membranes. A) Schematic of the TDTR measurement setup, with heat flow and raw signals
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the direction of heat flow for 0° DSA. The black arrows are shown to suggest possible paths for
phonons in each sample. Due to the random orientation of grains in the self-assembled geometry,
the direction of heat flow samples randomly oriented pathways, plus large neck and hole defects
at the grain boundaries. E-F) Material (kmat) and effective thermal conductivity (kefr), respectively,
for hole geometries made by self-assembly (SA) and directed self-assembly (DSA) structures
oriented at 0° and 30° to the direction of heat flow. G) xmat plotted as a function of surface to
volume (s/v) ratio for all geometries. The external surface area of the membrane as well as the
surface area provided by the pores are included in the determination of s/v. The inset shows a
close-up zoom of the values for porous samplesonly. ..o, 126

Figure 5.5: Illustrations of the geometry used for molecular dynamics simulations. At the top, a
comparison is shown between the experimentally fabricated blocked 0° DSA structure (top left)
and the atomistic simulation box (top right). The simulated yellow and red atoms represent silicon
and oxygen, respectively. At the bottom left, nomenclature used to describe the geometrical
properties of the samples are shown (not to scale). At the bottom right, a schematic representation
of the main phonon scattering processes in a nanoporous silicon membrane is shown. .......... 130

Figure 5.6: Summary of molecular dynamics simulations. (A) Thermal conductivity of
nanoporous silicon membrane as a function of the diameter of the pores and porosity. The pore
diameter is calculated using Eq 4.1. (B) Thermal conductivity of nanoporous silicon membrane as
a function of neck length and porosity. The neck length is calculated using Eq. 4.2. (C) Thermal
conductivity of nanoporous silicon membrane as a function of the surface-to-volume and porosity.
Solid lines are calculated from a single fitof Eq. 4.3 usingalldata. .................................. 133

Figure 5.7: Images of C2050 assembly and pattern transfer on three different neutral mats
synthesized for this work. Differences in BCP film quality in self-assembled applications showed
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very little difference. Top row shows the BCP film as-annealed; bottom row shows the same films
after sequential infiltration synthesis (SIS) to convert the PMMA domain into AlOy, then O-
plasma etching to selectively remove the S block, leaving behind a nanoporous AlOx film that
serves as an inorganic etching template. ....... ... 148

Figure 5.8: Tests conducted to assess DSA quality for 20-50 PS-PMMA on mats 6, 7, and 8 as a
function of e-beam dose. Mat 8, 67S, produced the highest quality assembly in DSA application.
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generated with an e-beam dose of 45k mJ/C2. The insets show the e-beam pattern for each
dose/assembly CONAITION. ... ... i e e, 150

Figure 5.9: SEM micrographs showing how the assembly of the block copolymer within and
outside of the chemical template. Within the pattern area, the block copolymer assembles into a
large defect-free single orientation grain of hexagonal packed cylinders. Immediately outside the
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Figure 5.10: Distribution of hole areas in self-assembled structures across a 5 pm SEM
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Abstract

In recent years, phononic crystals have emerged as a possible route for engineering the
thermal properties of semiconductor materials like silicon independently of their electronic
properties. Heat carriers, or thermal phonons, in Si are very difficult to manipulate due to their
wide range of frequencies and nanoscale size. Nanostructures are required to most effectively
manipulate thermal phonons, but are extremely difficult to fabricate due to resolution limitations
of modern lithography equipment. We present in this work several different block-copolymer
nanolithography-based approaches for fabricating sub-resolution limit hexagonal arrays of holes
at a pitch of 37.5 nm with an overall porosity of ~42% in Si materials that functioned as phononic
crystals. In addition to fabrication details, thermal conductivity measurements are presented for
several Si-based phononic crystals and a prototypical phononic crystal-enhanced IR sensor. The
overall theme of this work was to expand the experimental understanding of low-dimensional
thermal phonon transport in nanostructured materials, with an emphasis on probing the roles of
incoherent and coherent scattering, and diffusive and ballistic transport under ambient conditions.
We demonstrate that Si nanostructures templated by block-copolymer nanolithography effectively
function as phononic crystals capable of reducing the thermal conductivity by 80-90% relative to
bulk. We also demonstrate that the orientation of nanostructures with respect to the direction of

heat flow at these length scales has a measurable effect on the thermal conductivity.
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Chapter 1: Introduction to block-copolymer directed self-assembly, nanolithography,
phonons, and phononic crystal fabrication
1.1 Lithography and phononic crystals

The rapidly diminishing feature sizes in modern electronic devices has led to a
technological revolution over the past several decades. As devices have shrunk to the single- and
tens-of-nanometers scale, a number of engineering challenges have emerged, ranging from
resolution limits of lithographic equipment to limits on materials selection for continuing to
improve device performance. Lithographically, resolution limits are limited practically to ~30-80
nm, which rely heavily on complex and time- and resource-expensive self-aligned multiple
patterning strategies based on 193i immersion lithography. The electronic and mechanical
properties of materials with dimensions on the order of a few tens of nanometers are subject to
performance degradation due to materials properties varying between the nanoscale and bulk. A
primary source of performance degradation at the nanoscale is poor thermal management. The
nature of thermal management required for optimal performance depends on the device- for
cooling applications, larger thermal conductivity is desirable, while for IR sensors, low thermal
conductivity supports are critical to the sensitivity of the device.

Currently, technologies such as thermoelectric generators and IR sensors are close to the
materials selection limit; i.e., optimizing the electronic and thermal material properties for
improved device performance is no longer a long-term viable design approach for continually
enhanced devices. Furthermore, materials used in these applications (i.e. VOx) tend to be rare,
expensive, and challenging to incorporate into micromachining processes. Materials that have
desirable electronic properties for these applications typically have undesirably large thermal

conductivities that hamper performance. The ideal material for thermally sensitive applications



would have fully customizable thermal and electronic conductivity, which is challenging as both
are material dependent intensive properties.

One emerging potential route for improving the design and efficiency of these devices is
to manufacture them monolithically from silicon (Si). Si is a highly desirable material for
electronic devices because its electronic properties can be fully customized by selective ion
implantation. The disadvantage of Si is that it has a large native thermal conductivity. However,
an innovative approach for reducing the thermal conductivity of Si has been introduced in recent
literature: creating Si nanostructures with anomalously low thermal conductivity, called phononic
crystals. Phononic crystals are periodic, elastically mismatched binary materials that typically
consist of periodic voids created in some material like Si. Phononic crystals are thought to function
predominantly by incoherently scattering phonons, the primary heat carrier in Si. How well a
phononic crystal scatters phonons (i.e. how much a phononic nanostructure reduces the thermal
conductivity of the host material) depends on the minimum dimension of the structure. Thermal
phonons consist of THz frequency vibrations, and thus can only be effectively scattered by
nanoscale structures.

While a number of phononic crystals have been fabricated and studied experimentally with
minimum dimensions ranging from a few hundred nanometers to micrometers in scale, larger
dimensions are not as effective phonon scatterers because the phonon wavelengths are very small
(~ few nm) and the mean free paths of phonons in Si can be rather large- up to a micrometer.
Manipulating phonons most effectively in nanostructured materials is also limited by the relative
paucity of experimentally verified understanding of low-dimensional phonon transport, especially
in nanostructured systems. This is due in part to the resolution limit of conventional lithographic

processes, as fabricating structures with a few nanometers of periodicity is almost impossible to



do, especially in large volume. While several studies have produced phononic nanostructures with
periodicities in the range of 30-50 nm, the structures have been low-volume with large variation
sample-to-sample due to poorly controlled defectivity and roughness.

One potential route to address the resolution limitations and nanostructure quality problems
is using block-copolymer directed self-assembly nanolithography to create porous nanostructures
needed for phononic crystal research. BCPs tend to self-assemble into well-ordered nanostructures
across large areas with isodimensional, thermodynamically determined features. BCP
nanostructures can be oriented into defect-free perfect single-orientation regions by directed self-
assembly at length scales unattainable conventional lithographic equipment in very few steps
relative to self-aligned multiple processing strategies. Furthermore, BCP nanostructures are easily
integrated with Si micromachining processes, allowing their nanostructures to be transferred into
technologically useful materials like Si. These attributes make BCP nanolithography a highly
lucrative potential route for fabricating high precision phononic crystals at the minute length scales
required to sensitively probe low-dimensional phonon transport and to engineer the thermal
conductivity of Si.

In this work, we present the development of fabrication processes implementing BCP
nanolithography to fabricate ultra-low thermal conductivity devices from a silicon-based materials
as part of an industrial collaboration with Panasonic. We first present introductory information on
block-copolymers, nanolithography, and phononic crystals. Next, we describe the fabrication and
measurement of phononic crystals in amorphous silicon nitride, where we studied nanoscale heat
transport in structures ranging from 37.5 nm to 1600 nm. Next, we present the fabrication and
measurement of a polysilicon IR sensor, which was enhanced by phononic crystal nanostructure

templated by BCP nanolithography. We also present discussion regarding assessing BCP



suitability for nanolithographic pattern transfer, processing challenges for complex nanostructures,
and a discussion of nanoscale etch rate differences that are important to consider when fabricating
low dimensional structures. Finally, we present a combined experimental and simulation-based
effort to fabricate, and measure, and interpret the performance of DSA-templated Si phononic
crystals with varying nanostructure orientation with respect to the direction of heat flow.

Throughout this work, we were able to fabricate ultra-low dimensional Si nanostructures
with pitches of 37.5 nm, hole radii of 12.5 nm, and porosities of 40-42%, which effectively reduced
the thermal conductivities of our nanostructures 80-90% relative to bulk. We extended
understanding of phonon transport from larger-scale experiments into the <20 nm regime and
demonstrated that thermal conductivity reduction in nanoscale phononic crystals is largely
governed by increased phonon scattering from boundaries in low dimensional structures.
Furthermore, we demonstrated that the orientation of aligned channels with respect to the primary
direction of heat flow through a nanostructure measurably affects the thermal conductivity.
Overall, we meticulously expanded understanding of how thermal conductivity is reduced and how
to design an effective phononic crystal into the <20 nm regime through a combination of
experimental and simulated measurements on Si phononic crystal nanostructures with dimensions
and precision previously unattainable in the literature.
1.2 Introduction to block-copolymers

Block-copolymers (BCPs) are a diverse class of soft materials that have been extensively
studied for several decades due to their ability to spontaneously assemble into a wide variety of
highly regular nanostructures. Broadly, BCPs are a class of polymers consisting of two or more
different polymer blocks (a contiguous region of one chemistry) that are chemically attached to

each other at the molecular level®. Due to the differing chemical properties of each distinct block,



BCPs tend to phase separate into a variety of periodic and complex nanostructures with very
narrow distributions in feature size. There are a vast range of potential applications for BCPs
including drug delivery, metamaterials, conductive polymers, micro- and nanofluidics, and ultra-
fine sub-lithographic templating.

Many different types of BCPs have been studied in recent decades, including (but in no
way limited to) linear (diblock, triblock, etc.) copolymers, starblock copolymers, and branched
copolymers. Examples of these different chain architectures for two-block systems are shown in
Figure 1.1. Each BCP has a unique phase diagram that is a function of its molecular weight and
composition. A number of BCP phases have been reported, ranging from relatively simple phases
like lamellae, spheres, and cylinders, to complex phases like bi- and tri-continuous gyroids®™*, o-
phases®®, and quasicrystals. Some phases are so complex that they have earned humorous

colloquial names, such as the distorted gyroidal phase fondly known as “plumber’s nightmare.”’
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Figure 1.1 Examples of polymer-polymer molecular architectures that can be formed from
polymerization of two different monomers. Figure taken from Science, Vol 251 (898-905), 19918,



BCPs tend to form highly ordered microdomains with dimensions that typically between
5-50 nm®. While BCPs microstructures have been studied both in thin films (~ >500 nm) and in
bulk, in this work we will focus exclusively on thin-films (<100 nm). The standard approach to
prepare a BCP thin film begins dissolution into an organic solvent, spin-coating the solution on
top of a target substrate (typically a silicon wafer), and annealing at an elevated temperature
achieve phase separation. The sizes and shapes of the microdomains are governed by the
molecular weight, composition, chemical functionality of the blocks, and annealing temperature.
Interfacial energy between the BCP and both the bottom and top interfaces significantly affects
the final morphology of the film as well°.

The microphase behavior of a BCP system is caused by the chemical bond that prevents
the two phases (in the case of diblock copolymers) from macroscopically separating. As a result,
BCPs microphase separate at a length scale comparable to the dimensions of the polymer molecule.
The resulting microstructure exhibits very different phase behavior than is seen in macroscopic
phase separation for conventional binary systems like oil and water mixtures®. Examples of
different kinds of phases that have been reported for linear block copolymers are shown in Figure

1.2.
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Figure 1.2 Examples of phases that have been reported in linear diblock copolymer systems. In
(A), schematic illustrations of classic and complex structures formed in a linear diblock system
are shown, taken from Phys. 106, 24362448 (1997).! In (B), SEM micrographs of lamellar'?,
gyroidal*®, cylindrical, and quasicrystalline microstructures are shown. The images of lamellar
and gyroidal phases were taken from the indicated references, while the images of cylindrical and
quasicrystalline BCP phases are the author’s own work (pending).

1.3 Linear diblock copolymers

The phase behavior of BCP systems, as mentioned previously, is generally dependent on
the composition, molecular architecture, number of segments N, and monomer chemistry of the
BCP system.8191 The equilibrium phases formed by a BCP are governed by complex
thermodynamics, and constitute a delicate balance between enthalpic and entropic factors that are
combined to form the Gibbs Equation of State,

G = H-TS. (1.1)
where G is the Gibbs Free Energy, H is enthalpic contributions (H = UPV, where U is the system
energy, P is the pressure, and V is the volume), and S is entropic contributions. Thermodynamic
models to predict the phase behavior of BCPs are derived from G, and often result in representation
of phase space as a two-dimensional function of the fraction of a given block and a variable derived

from the Flory-Huggins parameter 2. The composition of a linear diblock system is generally
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represented by f for one block (0 < f < 1). Experimentally, for each new A:B composition ratio, a
new BCP must be synthesized.

The Flory-Huggins parameter y describes the energetic and entropic penalties that result
from A-B segment-segment interactions, and (roughly) describes the degree to which the different
blocks will phase separate. The strength of this separation strongly influences the phase behavior

of a system, and is a function of the different block chemistries. y is written as

1 1
X =0T [EAB - E(EAA + EBB)] (1.2)

where kg is the Boltzmann constant and &j; is the interfacial energy between segments i and j.8 A
positive value for yas implies that the interfacial energy cost for A-B mixing is lower than the sum
of interfacial energies for A-A and B-B interactions. In this circumstance, phase separation will
not occur as mixing is energetically less expensive. However, a negative value of yas implies that
the energetic cost of A-B mixing is larger than the sum of the energetic costs of A-A and B-B
mixing, meaning that phase separation is energetically favored over mixing. Thus, both the
magnitude and sign of x are important when describing the strength of phase separation for a given
diblock system.

In addition to ¥, the size of the chain, or number of segments N, is critical in determining
the polymer phase behavior. In a melt, BCPs have a statistical length that is a function of the
monomer chemistry and architecture and the stiffness of the chain. Stretching the chain beyond
its equilibrium size incurs an entropic penalty upon mixing. However, A-B interactions also
represent an energetic penalty. For a system that phase separates, the equilibrium morphology is
a balance of entropic costs (stretching chains into ordered configurations) and the minimization of
system interfacial energy (minimizing the total A-B interfacial area). As chain size increases with

N, reorientation of chains into ordered configurations becomes increasingly slow and energy
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expensive, making phase separation challenging for chains with large N (Mw > 80k). Thus, phase
separation behavior of a system is better described by the parameter yN, which accounts for both
the interfacial energies of the blocks and configurational challenges that scale with chain size.

An example of a phase diagram for a symmetric (blocks A and B have equivalent statistical
lengths) linear diblock copolymer is shown in Figure 1.3. As yN increases above ~10.4, the
polymer transitions from a disordered state to an ordered state with a phase determined by its
composition. This point is called the order-disorder transition (ODT). As f increases, the polymer
moves through several phases, primarily spherical, cylindrical, and lamellar phases. Some phases,
such as lamellar and cylindrical phases, occupy large areas of phase space over a range of values
of N and f, and are thus relatively easily formed. Others, like the gyroidal phase, occupy very
narrow regions of phase space and are thus difficult to obtain experimentally. The most
technologically useful BCPs for integration into lithographic processes are lamellae and cylinders
because each occupy a relatively large portion of phase space, are well studied, and are relatively

easy to obtain, in addition to enabling formation of useful shapes in processes (i.e. lines, holes).
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Figure 1.3 The mean-field phase diagram for a symmetric, linear diblock BCP melt calculated via
self-consistent field theory (SCFT). The different phases formed in this system are labeled Scp
(close-packed spherical), S (spherical), C (cylindrical), L (lamellar), and G (gyroid). Figure taken
from J. Chem. Phys., Vol. 106, No. 6, 8 February 1997.1

1.4 Modern nanolithography strategies

Over the past several decades, enormous progress has been made in electronic technology.
Computers and related devices have become smaller, faster, and more efficient, with significantly
larger memory, thanks to significant advances in lithographic techniques. These technological
advancements have largely been driven by the need for increasingly smaller feature sizes for
transistors in chip manufacturing. Moore’s law is a concept that describes this phenomenon,
stating that for technology to keep progressing at the same rate, the number of transistors on a chip
must double every two years. Until approximately the mid-2000s, this “law” held true, and smaller
feature sizes were regularly obtained via decreasing the wavelength of light used for lithographic
patterning and other improvements.

In the modern era, the feature sizes of devices are comparable to the wavelength of the

light used for patterning, which problematic because it is impossible write patterns smaller than
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the wavelengths of light in a tool. Current industry standard relies on 193 nm immersion
lithography (193i), which has reached its physical resolution limit*. Extreme ultraviolet (EUV)
light with a wavelength of 13.5 nm has been ardently sought after since 2004, but industrial
implementation has been hampered by a number of issues related to source power, high energy
stochastics, and large expense!®4-16,

A number of clever approaches to circumvent the resolution limits of conventional
lithographic tools have been devised, including litho etch litho etch (LELE or LE?) and self-aligned
multiple patterning (SADP, SAQP, and SAOP for double-, quadruple-, and octuple patterning,
respectively). Examples of these lithographic techniques are shown in Figure 4. In LELE, the
substrate is patterned then etched at least two times, with the second lithographic pattern being
offset by the desired xy spacing, to achieve sub-resolution lithography. While relatively simple in
concept, this method suffers from overlay issues as dimensions approach 22 nm and smaller and
requires costly extra processing'’. Self-aligned multiple patterning (SAMP) is an attractive
alternative to LELE. In SADP, a resist is exposed and developed, and a masking material is then
deposited. This material is then etched to form sidewall spacers. Finally, the resist is removed,
and the spacers are used as a mask to etch the underlying material.

While SAMP eliminates the overlay issues endemic to LELE and requires only one major
exposure, it suffers from issues of pitch walking and is only suitable for regular patterns. One of
the biggest issues with LELE, SAMP, and other multiple-patterning strategies is that they require
multiple etch steps to achieve the nanostructure dimensions required for continually shrinking
transistor feature sizes, in which fin pitches are currently around 34 nm for Intel’s 10nm node®®.
This is both expensive and time consuming, and subject to overlay and roughness issues as the

number of process steps increases. Electron-beam lithography (EBL), while capable of patterning
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with in-plane resolution of a few tens of nm, is a serial technique and is extremely slow and
expensive by comparison, and does not have the throughput required to be implemented at an

industrial scale, among other issues®®.

LELE Process

ﬂﬁtl&kﬁ%}‘m

s 9 g sl T sl
1+ E 3 Ftch 27 Fxposurs Ftch
thhspﬁ;';ze Process
P il il _
Si Si Si i Si
1 Exposure Freeze 27 Bxposurs Etch

A W - \_)). » AN = AN = AW

strip photoresist

crosslink mat trim etch
with solvent

material etch

-\ w AN -
spin coat brush remove spin coat PS-b- \ . \';
and anneal excess brush PMMA Directed self-assembly

=

Figure 1.4 Illustration of various lithographic patterning strategies designed to achieve sub-
lithographic patterning. At the top, LELE approach is shown on the left, while SADP is shown on
the right'’. Below, an example of a DSA process flow for generating nanoscopic lines is shown.
Note the process simplicity relative to LELE and SADP°. Figures taken from P. Zimmerman,
SPIE Newsroom (2009) and Prog. Polym. Sci. 54-55, 76-127 (2016).

Directed self-assembly (DSA) of BCPs has emerged as a highly attractive alternative to
multiple patterning processes due to its ability to form highly regular, self-assembled features in a
single etch step. Natively, BCPs phase separate and form highly ordered microstructures that are
polycrystalline, consisting of grains of a single-orientation separated from neighboring grains by
complex biphasic defect structures. Defects are not acceptable features in most circumstances
because nanostructured devices require extremely narrow and controllable feature sizes. To solve
this problem, DSA was developed by the Nealey group in the mid-2000s*.

To achieve DSA, a chemical template capable of guiding the assembly of a BCP melt into

a single-orientation region is fabricated. An example of a DSA process to form lines is shown in
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the bottom of Figure 1.4. Generally in a chemoepitaxial DSA process, the first step is to deposit
a polymer film that is energetically neutral to both blocks. Then, a resist is deposited on top of
this film and patterned, in the case of a lamellar BCP, with lines spaced at some multiple of the
native pitch of the polymer, Lo. Then, a polymer preferential to one of the blocks is grafted to the
lines etched in the previous step to complete the formation of a chemical template. Finally, the
BCP film is coated and annealed. Due to the presence of the chemical template, it becomes
energetically favorable for the BCP to assemble into a single-orientation region over the template,
resulting in perfect assembly. After this step, the BCP can be used as an etch template to transfer
its structure into some underlying material (often, silicon).

The world of DSA is very diverse. A variety of diblock copolymers, phases, pattern
transfer methods, and end applications have been extensively researched both for industrial and
academic purposes. DSA is currently the only self-assembly technique capable of producing sub-
lithographic features over large (user-defined) areas, and has the advantage of being compatible
with existing processes. Furthermore, the chemical templates needed to guide the BCP assembly
can be fabricated on conventional lithography equipment (193i, EBL), allowing the potential
“increase” of the resolution limits of these tools.

While DSA continues to suffer from defect densities that make it challenging to incorporate
into mass produced industrial lines, computational and experimental research partnerships have
made extensive progress in the last few decades in understanding defect formation and annihilation
pathways. DSA still has enormous potential to shrink the feature sizes and improve feature quality
in nanolithographic processesi®'®2°, For device research applications that require nanoscopic
feature sizes in which industrial-scale defect densities are not an important consideration, the

potential uses for DSA are even more diverse.
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1.5 Directed self-assembly

In order to direct the self-assembly of a BCP, the polymer must first be induced to assemble
in a perpendicular orientation. For this to occur, both blocks of the polymer must be able to wet
the surface. Equal surface wetting will only occur when the blocks have roughly equivalent
interfacial energy at both the top and bottom interface?!?2, If either the top or bottom interface has
a lower interfacial energy with one block, that block will preferentially wet the interface, resulting
in parallel morphology. Perpendicular assembly is required for a BCP to be useful for etch-transfer.
Dry (plasma) etching, which is a top-down anisotropic process, is typically used for etch transfer.
Phases like lamellae and cylinders are thus far more useful than sphere phases because they form
continuous domains in the vertical direction, and can thus be relatively easily pattern-transferred
with high precision and etch contrast.

In addition to the phase type, the surface free energy (SFE) of a copolymer system is
important in determining its ease of incorporation into a process. Poly(styrene)-b-
poly(methylmethacrylate) (PS-b-PMMA) is an extremely well-studied model BCP system because
the relative SFE of PS and PMMA is sensitive to annealing temperature. Between 170 and 270 °C,
the SFE of both PS and PMMA is roughly equivalent (depending on composition). As this
temperature range is below the degradation temperature of PS-b-PMMA (in a non-oxidizing
environment) and is easily accessible by standard hot plates, it is relatively easy for this polymer
system to form perpendicular structures when given an energetically neutral bottom interface?*24,
A number of different neutral bottom interfaces for perpendicular assembly and DSA have been
reported, including random co-polymer, brush, and other materials?>2>-%,

At both the top and bottom interfaces, the temperature range for neutral assembly depends

in part on the relative proportion of PS to PMMA present. For example, in a lamellar system, the
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proportion of PS to PMMA is equal, whereas for a cylindrical system, much more of the matrix
(majority component) is present at the surface than the cylinders themselves (minority component).
Therefore, different annealing temperatures are required to achieve neutral SFE for lamellae vs
cylinders. For PS-b-PMMA cylinder forming materials discussed later in this thesis where PS was
the minority component and PMMA was the majority, a relatively high annealing temperature of
270 °C was used?®.

1.6 Directed self-assembly: density multiplication

Another advantage of DSA is that the resolution of the chemical template can be much
lower than the final resolution of the assembled BCP nanostructure. As DSA chemical templates
are formed by lithography (EBL, 193i), using DSA with density multiplication is a way to enhance
the resolution of a process beyond the tool capabilities.

For a cylinder-forming BCP in perpendicular assembly, the cylinders are hexagonally
spaced at a pitch Lo. To generate a chemical template, a neutral copolymer mat is coated and
patterned with spots spaced at some multiple of Lo. The spots are then plasma etched to remove
the neutral mat, creating holes in the neutral mat. Those holes are then backfilled with a material
preferential to the minority block (typically, a homopolymer brush) to complete template
formation. Annealing the BCP on top of this pattern results in a single-orientation array of
hexagonally packed cylinders guided by the underlying template. If Lo is large enough (larger than
the resolution limit of the EBL tool), it is technically possible to pattern the spots at 1:1 using EBL,
with a spacing of Lo. However, for density multiplication, the spots could be patterned at 2Lo,
which would still result in the assembly of a single-orientation array of cylinders with a density
multiplication factor of 4%, An illustration of 1:1 vs 1:4 density multiplication is shown in

Figure 1.5.
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Figure 1.5 An illustration of 1:1 compared to 1:4 density multiplication. On the left, hexagonally
packed spots are patterned at Lo, leading to 1:1 density multiplication, while on the right, spots
patterned at 2L, lead to 1:4 density multiplication. Taken from Science 321, 936-939 (2008)*°.

Each spot in a DSA chemical template is energetically preferential to the minority
(cylindrical) block. In 1:1 DSA, each cylinder is registered to an underlying spot in the chemical
template, hence 1:1. In 1:4 DSA, for each 1 preferential spot in the chemical template there are 4
aligned cylinders, hence 1:4. While only 1/4" of the cylinders in 1:4 density multiplication are
directly registered to an underlying spot in the chemical template, the thermodynamics and
microphase behavior of the BCP results in the rest of the assembly being guided and anchored by
those preferential spots. In this way, the resolution of the original pattern is quartered with a very
narrow feature size distribution. The DSA pattern can be as large or as small as the chemical
template can be written, from a few hundred nm? up to pm? in size. While perfecting a DSA process
flow can be complex and challenging, no other lithographic technique is currently capable of
producing such uniform, nanoscale features over large areas with so few process steps, which is

why DSA lithography is such an appealing technique for both industrial and research devices.
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1.7 Block copolymers and pattern transfer

Transferring the BCP microstructure into a technologically useful material like Si typically
begins by the selective removal of one block. This step enables transfer of the BCP nanostructure
via either deposition or etching, and is analogous to the development step in a conventional
lithographic process. The process selectivity between the two blocks determines how the
sacrificial block is removed. Blocks with highly orthogonal etch behavior (an etch that removes
one block does not affect the other) are best suited for these processes. There are a number of
different BCP pattern transfer approaches including direct pattern transfer, metal liftoff, and
sequential infiltration synthesis.

Conventional lithographic approaches use the BCP itself as an etch mask, in which one
block is removed via selective degradation. For example, the PMMA block of a PS-b-PMMA film
selectively degrades upon UV exposure and can be rinsed away in an organic solvent, which leaves
behind the PS nanostructure®.. Similar results have been reported in other BCP systems with
blocks vulnerable to UV radiation, such as polyisoprene-containing BCPs*. This technique has
been successfully used to produce nanostructures templated by lamella, cylinder, and sphere
forming PS-b-PMMA6:32-3  The disadvantages of this method include the volatility the organic
solvents used to dissolve the degraded PMMA (typically, acetic acid), as well as collapse of high
aspect ratio features due to the capillary forces endemic to wet etch processes.

Metal liftoff is a process option that can help improve etch selectivity prior to pattern
transfer. In a metal liftoff process, one block is selectively removed from the BCP thin film
structure. Then, a thin layer of metal (typically, Cr or Au) is deposited at a low temperature. The
metal is deposited on the surface only in the areas where the sacrificial block was removed,

replicating it. Then, a wet etch to remove the remaining block, and the metal on top of it, is done
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to complete formation of a metal nanostructure, which can then be used as a template for dry
etching with high selectivity®333%_ Dry-etching with a plasma is an easier way of obtaining high
aspect ratio features that are not subject to capillary collapse; however, the organic nature of most
polymers makes it difficult to get large etch selectivity in a purely organic system. Converting the
BCP template to an inorganic etch mask generally results in larger and more versatile process
window for etching.

Choosing a BCP with a block containing an inorganic component is another way to achieve
high block etch selectivity. This is typically accomplished either by synthesizing and directing the
assembly of a BCP with an inorganic-containing block (such as for PS-b-PDMS), or by selectively
decorating one block of a BCP with inorganic compounds post-assembly. This is a powerful
approach because O plasma has high etch selectivity for organic/inorganic systems, and can be
used to completely remove an organic component while leaving the inorganic structure untouched.
While a number of reports for inorganic post-modification of blocks have been reported, perhaps
the most impactful is a technique called sequential infiltration synthesis®’—°.

Sequential infiltration synthesis (SIS) is a method that was developed at Argonne National
Lab*® to selectively introduce inorganic components into one block of a BCP film in order to
improve the etch selectivity. In the SIS process, samples are typically placed in an atomic layer
deposition (ALD) tool and subjected to precursors, as illustrated in Figure 1.6. In a standard ALD
process, a reactive precursor is pumped into the chamber to saturate the surface, and then a second
precursor (for thermal ALD, typically water) is pumped in to the chamber to react with the initial
precursor to form (typically) a metal oxide monolayer. The process is repeated for some number
of cycles (generally, tens to hundreds) to build atomically thin inorganic films monolayer-by-

monolayer. However, in as SIS process, the initial volatile precursor is pumped into the chamber
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and held for an extended period of time. This precursor diffuses into the BCP film and becomes
selectively attracted to polar moieties in one of the blocks. The model system for SIS is forming
alumina (AlOy) in PS-b-PMMA, in which the precursor trimethyl aluminum (TMA) selectively
accumulates at the carbonyl group in the PMMA block. After this diffusion step, the excess
precursor is purged, and then water is pumped into the chamber to react with those adsorbed TMA

molecules, nucleating AlOx only within the PMMA domain®.
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Figure 1.6 On the left, an illustration of the SIS process, showing how inorganic compounds are
nucleated selectively within BCP domains for a PS-b-PMMA system. First, trimethyl aluminum
is allowed to diffuse into the BCP film, and is then reacted with water vapour to nucleate alumina.
This step is repeated for some number of cycles to build up alumina within the PMMA domain.
Then, Oz plasma is used to selectively remove the PS matrix, leaving only the alumina-
impregnated PMMA domain, which can then be used as a template for pattern transfer. Taken
from ACS Nano 5, 4600-4606 (2011).*! On the right, proposed reaction kinetics for TMA
complexation to PMMA and P2VP monomers. Taken from Chem. Mater. 32, 44994508 (2020)%.

This process is typically repeated for 2-4 cycles to heavily impregnate the PMMA domain
with inorganic AlOx. After the SIS process, an Oz plasma etch can be used to completely remove
the PS block while leaving the inorganic PMMA-AIOy structure unharmed, resulting in a highly
precise and selective etch template for future pattern transfer. The number of cycles needed to
build up sufficient alumina in the PMMA domain to form a continuous and robust template for
pattern transfer depends on the ALD conditions (temperature, pump/purge time), the BCP

(polymer type, film thickness), and the properties of the precursors!®4%41, SIS is a highly versatile
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process that has been demonstrated for other polymer systems such as PS-b-P2VP, and for other
inorganic materials including ZnOx, TiOx, SiOx, SNOx, VOx, InOx, GaOx, and WO**4?,

Significant progress has been made in understanding the mechanisms of SIS, improving its
utility in BCP lithographic processes. The exact mechanisms by which the volatile precursors
interact with the polymer chains in a SIS process have only recently been more carefully described.
In its infancy, a common assumption in the field was that a simple, single-step reaction between
the polymer and both precursors occurred to form the inorganic end product. However, recent
reports show that the PMMA-TMA complex is unstable and sensitive to the TMA purge time after
the exposure step. This behavior can likely be extended to apply to other ester carbonyl systems*3,
Recent computational reports suggest that the SIS mechanism occurs in three phases: (1) sorption
of the precursor into the BCP film, (2) precursor diffusion through the film volume, and (3)
complexation within the polymer. This behavior depends significantly on how well the polymer
acts as a “sink” for the precursor. Most polymers are not perfect “sinks”, so the reaction
temperature becomes very important in determining the precursor diffusion, complexation, and
AlOy accumulation rate.

Recent work has shown that there is a thermal balance point (BP) where equal rates of
precursor-polymer attachment and detachment occur, at which point maximum reactant
accumulation can be attained. Below BP, the strong precursor-polymer binding hampers diffusion,
leading to low reactant accumulation, while above BP the weak precursor-polymer binding
prevents significant reactant accumulation. These new insights into the SIS process take it one
step closer to being sufficiently well-characterized for widespread implementation in industrial

processes. SIS has even been demonstrated as a way to increase the etch selectivity of resists*.
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Combining SIS with DSA is an extremely robust method for generating a perfect nanostructure
and transferring it with high precision and minimal process drift into the materials of interest. BCP
templated nanostructures using SIS have been successfully reported in a number of recent works,
including ultrafiltraion and ultra-low thermal conductivity devices?>*#, Of all the methods of
pattern-transferring a BCP nanostructure into a material of interest, SIS is perhaps the most
versatile because the polymer nanostructure can be directly used as a dry etching hard mask, and
eliminating issues caused by capillary forces, liftoff defects, and etch selectivity.
1.8 Research applications of DSA-templated nanostructured devices

While BCP DSA has obvious applications in industrial lithography, the highly ordered
nanostructures enabled by BCP templating also have many applications in nanostructured device
research. DSA’s ability to template complex, highly ordered nanostructures over large areas
enables investigation of phenomena at dimensions previously unattainable by any other method.
As research applications are typically low volume, the defect concentrations that currently impede
DSA integration into high volume manufacturing is not a limiting factor. A vast number of
prospective research applications for DSA-templated devices exist, including fabrication of
complex optical metamaterials, liquid crystal displays, conductive polymer membranes, higher
efficiency thermoelectrics, and ultra-low thermal conductivity materials. 324550

In this work, cylinder forming PS-b-PMMA was used as a template for fabricating ultra-
nanoporous Si with ultra-low thermal conductivity. Low-thermal conductivity materials have
become an increasingly active area of research due to heating issues that have arisen as device
sizes continue to shrink. These materials can provide the needed thermal isolation to improve the
function of devices like thermoelectrics and IR sensors. One method for reducing the thermal

conductivity of a material is to introduce a periodic nanostructure capable of scattering heat carriers,
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which are called phonons. Periodically nanostructured semiconductor materials, commonly
referred to as phononic crystals, are thought to lower the thermal conductivity of the material by
scattering phonons. In order for a material to scatter heat-carrying phonons effectively, the
dimensions of the material must comparable in size to the phonons, typically <100 nm. DSA
templated nanoporous materials provide the perfect solution for fabricating ultra-high porosity
nanostructures with highly regular, defect-free feature sizes at the extremely small length scales
required to affect thermal phonon transport.
1.9 Introduction to phonons

Phonons are a scientifically commonplace particle like photons or electrons, and are the
particles by which sound and heat are transmitted through a medium. Like photons and electrons,
phonons are considered to have both particle-like and wavelike characteristics. While there is a
wealth of knowledge about how to manipulate photons and electrons in devices, devices designed
to manipulate phonons are substantially less well developed. This is due to the fact that phonons
are lattice vibrations and exist on an immense spectrum of frequencies as shown in Figure 1.7. At
low frequencies (kHz), phonons are considered to be sound, while at high frequencies (THz),
phonons are considered to be heat. The range of frequencies (and corresponding length scales)
corresponding to each portion of the phonon spectrum is noteworthy. Audible sound comprises a
range of frequencies from ~10*-10* Hz, spanning ~3-4 orders of magnitude. The thermal portion
of the phonon spectrum encompasses frequencies ranging from 10-10* Hz, another staggering
4 orders of magnitude. However, unlike for audible sound and ultrasound applications, which can
be manipulated by structures on the centimeter to micrometer scale, nanoscale structures are

required to manipulate thermal phonons.
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Figure 1.7 The spectrum of phonon frequencies spanning from infrasound, to audible sound, to
ultra- and hypersound, to heat. The wide range of frequencies relevant to each portion of the
spectrum makes phonon engineering challenging, particularly as the wavelengths approach tens to
single nanometers. Figure taken from Maldovan et. al. Nature 503, (2013).

There are a few main terminologies that are useful in describing the “size” of phonons, and
by extension, the device dimensions needed to manipulate them: these are the phonon wavelength
and mean free path (MFP) in a material. The MFP is the average distance that phonons in a given
material will travel before undergoing a scattering event. For a given material, the available
phonon wavelengths and corresponding energies are plotted to form a phonon dispersion relation.
A simplified dispersion relation schematic, as well as a dispersion relation for Si, is shown in
Figure 1.8. There are two main types of phonons (optical and acoustic), with longitudinal and
transverse modes for each type. Typically, dispersion relations are either calculated or measured
experimentally via inelastic neutron scattering. For thin film materials, dispersion relations are
almost exclusively calculated because neutron transmission is very high and the signal to noise
ratio is very low. For a material like Si, where heat transport is heavily correlated with the size of
the material (i.e. thin film vs bulk), quantifying the exact wavelengths, MFPs, and energies of
phonons in the system is challenging because they can’t be directly measured’. Thus, the ability
to accurately interpret experimental advances in thin film phonon engineering is limited by current

understanding in computational models used to interpret that data. It is important to note that
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discussions of phonon dispersion, wavelengths, MFPs, and energies in the forthcoming sections

and thesis are entirely based on interpretation of experimental data by computational models.
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Figure 1.8 Illustration of phonon dispersion relations. In (A), a simplified schematic of a
phonon dispersion is shown to illustrate optical and acoustic phonons®2. In (B), an overlapped
simulated and experimental dispersion relation for Si at 300K is shown. The solid lines are
simulated values, and the dotted lines are experimental values®®. Figures taken from Tsymbal, E.
Y. Physics 927 Section 5: Lattice Vibrations and Eur. Phys. J. B 60, 171-179 (2007).

A majority of computational phonon models are based on the Boltzmann transport equation
(BTE), which is capable of predicting the dependence of thermal conductivity (among other
parameters) on temperature, defects, and quantum confinement for a given material system. The
BTE treats phonons as classical particles, which is typically valid in applications where the
dimension of the system is larger than the spread of the phonon wave packet, and enables the
definition of an average MFP 51**_ In Si, thermal conductivity is thought to be dominated by
phonons with MFPs larger than 100 nm, with the average MFP in bulk Si being approximately
300 nm (REFERENCE). However, phonons with MFPs ranging from 1-100+ nm also contribute

to the thermal conductivity, with the significance of their relative contributions increasing as the

size of the system shrinks®.
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Thermal phonon transport, which is analogous to heat flow, through a system can be
categorized as either coherent or incoherent, depending on the relative length scales involved and
whether the phonon behavior is wavelike or particle-like. In incoherent scattering, a phonon’s
phase and energy are not conserved after a scattering event, and heat tends to propagate diffusely.
In coherent scattering, phonons are thought to undergo wave interference and scatter constructively
or destructively with other phonons, as well as specularly from defects, boundaries, and other
scattering centers. Under circumstances where the average MFP of the dominant heat carrying
phonons is larger than the size of the system, the phonons can be described as travelling
ballistically, or travelling very long distances before undergoing scattering.

In a bulk Si system in which the size of the material is much larger than the average MFP
of thermal carriers, diffusive, incoherent scattering is typically an accurate way to portray and
model phonon transport. However, it has been hypothesized that wavelike coherent scattering of
phonons becomes significant as the size of the system shrinks down to the tens of nanometers in
scale®®. While coherent phonon scattering has been experimentally observed in a number of recent
studies of nanostructured superlattice materials, recent reports support the emerging consensus that
this effect may only be significant at very low (~0.5 K) temperatures, and quickly disappears at
higher (ambient) temperatures®557-5° At these extreme low temperatures, the phonon energies
are significantly reduced and the wavelengths become sufficiently large for coherent interference
and specular reflection from nanostructures. Emerging consensus in the field is that thermal
transport in ambient conditions is likely dominated by diffuse, incoherent scattering events, and
that coherent scattering is unlikely to play a significant role. However, many open gquestions about
phonon transport, scattering mechanisms, and directionality in nanostructures at any temperature

remain?6:60-62,
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From either perspective, phonon transport through a solid is affected by a number of factors
including the phonon frequency, the degree of crystallinity of the material, presence of interfaces,
and material defects. Phonon scattering can be diffuse or specular, depending on the roughness
and defectivity of the scattering center relative to the phonon MFP and wavelength. Phonons
scatter from atomic-scale defects (vacancies, inclusions), interfaces (free surfaces, grain
boundaries), and other phonons. High frequency (high energy) phonons tend to scatter easily and
have relatively short MFPs, while lower frequency phonons tend to have longer average MFPs and
are responsible for the majority of thermal conductance in a material®. Interfaces and boundaries
in particular strongly affect phonon transport through a material, especially in the thin film regime.
Phonons in a nanoscale system regularly encounter the free interfaces of the material, which
significantly hinders phonon transport and reduces the thermal conductivity. Phonons also scatter
strongly from surface roughness comparable to or larger to the phonon wavelengths. In nanoscale
semiconductor devices, surfaces are typically sufficiently rough that diffuse boundary scattering
significantly hampers phonon transport. The atomically smooth requirement for specular
scattering in ambient temperatures is typically not met in these devices®>+%,

The relative contributions to thermal conductivity as a function of MFP can be computed
for a given material, which is called the thermal conductivity accumulation (Figure 1.9)°46364,
Thermal conductivity accumulation plots estimate which phonons are responsible for some
percentage of thermal transport in a system. As seen for bulk Si in Figure 1.9, ~80 % of the thermal
energy is carried by phonons with MFPs smaller than ~1 pum. In nanoscale devices, the relative
contribution of short-MFP phonons to thermal conductivity is higher because longer MFP phonons

tend to be scattered strongly at the surfaces®. Thus, for nanoscale semiconductor devices, phonon
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engineering requires fabrication of structures in the single to tens of nm regime in order to most

effectively cut off the majority of the spectrum of heat carriers.
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Figure 1.9 The relative contributions to thermal conductivity for bulk Si and SiGe plotted against
MFP at room temperature. Taken from Appl. Phys. Lett. 109, 173104 (2016)%.

1.10 Introduction to phononic crystals

Now that some of the basic properties of thermal phonons have been established, we can
connect this knowledge to engineering devices that manipulate thermal phonons. As mentioned
previously, heat management has become a significant issue in modern semiconductor devices, as
dense arrays of nanoscale devices tend to have thermal management issues and suffer performance
degradation as a result. One challenge in resolving the problem of thermal management is that
nanoscale phonon transport is relatively poorly understood in systems where the material
periodicity is comparable to the size of the phonons. Furthermore, as thermal phonons occupy
such an immense range of length scales, with MFPs ranging from 1 nanometer to several
micrometers, fabricating nanostructures to manipulate them is extremely challenging due to
lithographic resolution limits.

Devices that manipulate phonon transport through a material are broadly called phononic

crystals. Phononic crystals consist of a periodic array of one material inside a matrix of a different
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material, where the two materials are elastically mismatched. Usually this is accomplished by
creating a periodic array of voids (or holes, pores, etc.) in a thermally isolated material (such as
Si) via nanofabrication. Typically, whether a periodic nanostructure scatters phonons and
functions as a phononic crystal is assessed by measuring the thermal conductivity. If the thermal
conductivity of the device is smaller than the expected reduction in thermal conductivity just by
introducing voids alone, this is a good indication that phonons are being scattered by the device.
The criteria for a nanostructure that reduces thermal conductivity to be classified as a “phononic
crystal” are currently mechanistically broad. For example, conventional photonic crystals are
periodic, dielectrically mismatched structures that manipulate photons as a function of wavelength
to create photonic bandgaps, where specific wavelengths of light are prohibited from propagation.
Photonic crystals are relatively easy to fabricate because the wavelengths of visible light are in the
400-800 nm range, which readily accessible by conventional lithography®. However, thermal
phononic crystals with true bandgaps are very challenging to fabricate due to both the scale and
frequency range of relevant thermal phonons. While thermal phononic bandgaps created via
coherent scattering have been observed, such phenomena have been restricted to superlattice
structures measured at ultra-low temperature (~0.5 K). In current literature, phononic crystal is a
term that has been used to refer to any periodic nanostructure operating at any temperature in which
thermal conductivity is reduced beyond volume reduction effects as a function of incoherent and/or
coherent scattering. This can be confusing, and is an important distinction to be aware of.
1.11 Phononic crystal fabrication

A variety of phononic thermocrystals have been successfully fabricated and measured in
recent reports. Generally, a phononic crystal device consists of a thin film material that has had

periodic voids introduced into it through nanofabrication methods that is suspended over a void so
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that it is thermally isolated from the base substrate. There are a number of reported strategies to
fabricating such a structure, which often depend on how the thermal conductivity of the device
will be measured.

Silicon phononic crystals are generally fabricated using silicon-on-insulator (SOI) wafers
as the base substrate, which consist of a thin layer of monocrystalline silicon on top of a layer of
silica (SiO2) on top of a base (handle) Si wafer. The SiOz layer in a SOI wafer is usually a few
hundred nanometers to a couple micrometers thick. The etch orthogonality of Si vs SiO2 is well
documented, as hydrofluoric acid (HF) selectively and rapidly etches SiO2 without touching Si.
The oxide layer provides mechanical support during the fabrication of the Si nanostructure in the
top layer, and can be selectively removed via HF etching after the nanostructure fabrication is
complete, thereby releasing the nanostructure from the base substrate and thermally isolating it.

Phononic thermocrystals must have nanoscale dimensions in order to lower the thermal
conductivity of the base material. Various fabrication strategies have produced nanostructures with
dimensions ranging from 14 nm to several micrometers in size. In general, EBL is used to fabricate
samples with dimensions larger than ~80 nm, while more experimental techniques such as
nanowire, microsphere, and BCP lithography have been used to fabricate devices with dimensions
ranging from ~15-40 nm.

Important parameters describing the nanostructure are the pitch p, or center-center spacing
of the holes; the porosity P; and then neck width n, or the width of the material remaining between
two neighboring holes. The exact meaning of the pitch of a phononic nanostructure depends on
the geometry of the device. For phononic crystals comprised of periodic voids in a thin film,
lattices ranging from square, staggered square, hexagonal, to honeycomb have been reported, with

void shapes ranging from circular holes, rough circular holes, to squares. Concentric arrays of

-29 -



holes that possess a spectrum of pitches for heat lensing have also been reported, as well as
nanowire arrays in which the pitch is defined as the wire-wire spacing. Examples of these device

geometries are shown in Figure 1.10.

Aligned

Figure 1.10 Examples of phononic crystals formed by introducing periodic voids with various
geometries into Si. In A, hexagonal and honeycomb lattices are shown®. In B, square and
staggered-square lattices are shown®. A staggered square lattice is not hexagonal; every other row
is laterally shifted Y2 the lattice constant. In C, an example of a phononic superlattice is shown,
with two different hole sizes and lattice constants®’. In D, an example of concentric arrays of holes
for converging and diverging heat is shown®. In E, examples of square packed square holes (right)
and a nanowire array (left) is shown®®. All devices shown here, apart from the nanowire array,
were fabricated via electron-beam lithography (EBL). Figures taken from Nat. Nanotechnol. 5,
(2010), Phys. Rev. B 93, 45411 (2016), Phys. Rev. B 95, 205438 (2017), Nat. Commun. 6, 1-8
(2015), and Nat. Commun. 8, 1-8 (2017).

1.12 Measuring the thermal conductivity of phononic crystals

There are a number of different ways to measure the thermal conductivity of a phononic
crystal, which impacts the design of the device. Each method subject to its own measurement
errors and interpretive biases. The majority of phononic crystals in recent literature have been
measured by SiNx MEMS devices or thermoreflectance.

SiNx MEMS are relatively simple to fabricate, and consist of a pair of suspended (thermally

isolated) SiNy suspended membranes spaced at some set distance (~10-30 pum). SiNy is the
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material of choice for measurement apparatus like this due to its mechanical strength and low
thermal conductivity. The SiNx membranes are patterned with metallic heating and sensing coils,
typically platinum. The phononic nanostructure is fabricated separately from the SiNx
measurement apparatus, released from its base substrate, then picked up and suspended between
the two SiNx membranes via micromanipulation techniques. The nanostructure is then wire
bonded to the SiNx membranes for thermal contact®6%7©,

To measure the thermal conductivity, one of the SiNx membranes generates heat, which
travels through the suspended nanostructure and is sensed on the other side. The thermal
conductivity is then calculated as a function of the contact resistance of the wire bond, the
dimensions and cross-sectional profile of the nanostructure, and the various thermal and electronic
material properties. While the SiNx MEMS measurement approach is highly sensitive and can be
used across a wide range of temperatures, monolithically fabricated Si structures cannot be
measured using this approach as the supports must have low thermal conductivity.  Thus,
micromanipulation and wire-bonding are required, which can introduce mechanical defects and
error into the measurement. These defects can make comparison between “identical” membranes
challenging, making sensitive experiments difficult to interpret. Practically, it is also difficult to
fabricate and measure high aspect ratio membranes (~10+) due to the required micromanipulation.

Thermoreflectance is another method for measuring the thermal conductivity of a material.
Here, we will focus on time domain thermoreflectance (TDTR), which is the method used to
measure our own devices?>*. For a TDTR measurement, a material that has a reflectivity that is
very sensitive to changes in temperature is integrated into the nanostructure, typically in the form
of an aluminum (Al) pad on top of the phononic nanostructure. Two lasers of different

wavelengths are focused on an Al pad for heating and sensing. The pump laser heats the Al pad
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in bursts while the probe laser continuously monitors the temperature-sensitive reflectivity. The
heat generated by the pump beam dissipates through the nanostructure, causing the reflectivity of
the Al pad to decay exponentially back to ambient. By heating Al pad and measuring the changes
in reflectance over time, the thermal conductivity of the nanostructure can be extracted. TDTR
measurements are typically done in a vacuum chamber to minimize thermal dissipation by
convection, which ensures that the majority of heat dissipates along the device.

After the measurements are collected, the reflectivity signal is fit with a decaying
exponential function to extract a decay constant. To use the decay constant to calculate the thermal
conductivity of a device, a simulation is created, typically finite element method (FEM). The FEM
simulations can be programmed with the device dimensions, geometry, and material properties,
and used to simulate the decay times across a range of input prospective thermal conductivity
values. The simulated thermal conductivity that produces a decay constant matching the
experimentally measured constant is assumed to be the thermal conductivity of the real device.
This simulation only accounts for the effects of phonon scattering in a material. Effective medium
theories are typically applied to these computed values to account for volume reduction by
introducing periodic voids. Thus, measuring the thermal conductivity of a device is a complicated
effort involving computational interpretation of an experimentally measured value. The final
reported values of thermal conductivity depend on the accuracy of the models, and are thus subject
to variation between reports based on the physics of each individual model.

TDTR is limited in that it cannot be used to measure thermal conductivity of phononic
crystals at ultra-low T (~0.5 K) because it relies on heating a material and monitoring the thermal
dissipation. However, because TDTR can be performed non-destructively on any membrane

featuring an Al pad, it is easy to fabricate monolithic top-down devices that do not require post-
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fabrication manipulation. This eliminates the issues of micromanipulation and contact resistance
found in the SiNx MEMS approach, and facilitates comparison between similar devices fabricated
simultaneously on the same chip. Vast numbers of virtually identical structures can be fabricated
simultaneously, measured, and compared as a result, which is a throughput that is not possible
with SiNx MEMS measurements. As the structures are monolithically integrated, this method is
also more compatible with high aspect-ratio structures, which is important for Si membranes due
to its well-documented size-based thermal properties.

1.13 Current topics in phononic crystal research

While a number of authors have reported successful fabrication and measurement of
phononic crystals with p and n values ranging from ~100 nm to >10 um, significant lithographic
challenges have limited the number of devices with p < 50-100 nm. As thermal phonons in Si
have MFPs ranging from single nanometers to micrometers, the most efficient thermal
conductivity reduction strategy is to fabricate a nanostructure with a periodicity as close to the low
end of that MFP range as possible. While doing so is lithographically challenging, recent progress
has been made in fabricating ultrafine phononic nanostructures. Devices with p <~100 nm have
been formed with p = 120 nm and n = 40-150 nm by EBL®°, with p = 140 nm by microsphere
lithography®®, and with p of 36, 55, and 60 nm and n of ~20 nm by BCP lithography®2%1,

At present, much remains unknown about the precise mechanisms governing thermal
phonon transport in nanostructured semiconductor materials. Major topics of discussion include
whether coherent scattering (1) exists and (2) is a significant contributor to thermal conductivity
in non-cryogenic temperatures. Studies arguing both for and against coherent phonon scattering
in a variety of nanostructures across a range of temperatures exist, with result validity being a

relatively open question due to most measurement techniques relying on some kind of heating.
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While emerging consensus in the field appears to lean towards coherent scattering only being
significant at extremely low T, it is difficult to conclusively disprove or prove due to the
computational biases in measurement interpretation.

Another open question is whether the configuration of the periodic holes with respect to
the primary direction of heat flow affects phonon transport, which has only recently begun to be
studied in depth. There is a growing body of evidence to support the hypothesis that the
directionality of phonons in a Si nanostructure can be significantly influenced by the parts of the
nanostructure they “see”, even at ambient temperatures?>46546066-68.7273 “Commonly, aligned
lattices, in which a contiguous pathway through the nanostructure is parallel to the direction of
heat flow, and staggered lattices, in which staggered holes are present in the path of heat flow,
have been studied. However, these studies have generally been experimentally limited to
nanostructures with p and n larger than 100 nm and 40 nm, respectively. As phonons easily scatter
from defects, the nanostructures designed for these experiments must be defect-free and highly
ordered. To date, reported ultrafine phononic nanostructures have not been defect-free, isoporous
structures with tunable configurations®®%%"t preventing this type of experiment from being done.

We present in this thesis an approach for using BCP DSA lithography to fabricate
isoporous Si nanostructures with controllable orientation to probe the directionality of phonon
transport at the nanoscale. Developing this process took ~5 years across two graduate theses. First,
we will present a summary of previous work regarding phonon transport in silicon nitride. Then,
we will present our original work in process development, fabrication, and thermal conductivity
measurement of Si phononic crystals. As this research was done as part of an industrial
collaboration with Panasonic, Japan, we will also present a summary of our work to fabricate an

industrial prototype of a phononic crystal-enhanced IR sensor.
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Chapter 2: Design, fabrication, and measurement of ultra-low thermal conductivity SiNx
phononic crystal membranes using block-copolymer directed self-assembly

Abstract

A summary of previous phononic crystal research in the group is presented in this chapter®?.
Studies have demonstrated that the thermal conductivity of crystalline semiconductor materials
can be reduced by phonon scattering in periodic nanostructures that can be templated by self-
assembled block copolymers (BCPs). Compared to crystalline materials, the heat transport
mechanisms in amorphous inorganic materials are very different and have been explored far less
extensively. In this work, we presented the design and fabrication of suspended amorphous silicon
nitride (SiNx) membranes for the purpose of studying thermal conductivity in an amorphous solid.
To form a periodic nanostructure, directed self-assembly (DSA) of cylinder-forming BCPs was
used to pattern highly ordered, hexagonally close packed nanopores into the SiNx with a pitch and
neck width of 37.5 and 12 nm, respectively. Ultrafine nanostructuring with feature sizes below 20
nm enabled full suppression of the contribution of the propagating vibrational modes (propagons),
leaving only the diffusive vibrational modes (diffusons) to contribute to thermal transport in SiNx.
The thermal conductivity of the suspended, nanoporous SiNx membranes was 60% smaller than
the classically predicted value based on the porosity of the suspended structure alone. These results
demonstrated that the thermal conductivity of amorphous SiNx can be reduced by introducing
periodic nanostructures. The thermal conductivity reduction was explained as extremely strong
diffusive boundary scattering of both propagons and diffusons. Changing the orientation of the
hexagonal array of nanopores relative to the primary direction of heat flow had a smaller impact
on amorphous SiNyx than was previously observed in monocrystalline silicon, suggesting that

propagons are less likely to travel in straight lines in amorphous than crystalline materials.
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2.1 Introduction

Amorphous thin films such as amorphous silicon nitride (SiNx) are important materials in
semiconductor devices® and are widely used in applications such as micro-electromechanical
systems, transistors, and sensors. Managing the thermal properties of these materials as device
dimensions continue to shrink has become an increasingly important engineering challenge®®.
Previously, our group conducted research on heat flow and thermal phonon behaviour in
amorphous silicon nitride (SiNx). While engineering the thermal conductivity of amorphous
materials, particularly SiNy, is highly essential for the thermal management of future electronic
devices, compared to crystalline materials, the heat transport mechanisms in amorphous inorganic
materials differ significantly and have been explored far less extensively®. Prior studies in the
literature had demonstrated that the thermal conductivity (k) of crystalline semiconductor materials
could be reduced by phonon scattering in periodic nanostructures formed using templates
fabricated both via e-beam lithography (EBL) and from self-assembled (SA) block copolymers
(BCPs)'%7, These nanostructured membranes are called phononic crystals (PNCs). Therefore,
we developed an original process for fabricating freestanding ultrafine nanoporous amorphous
SiNx membranes to study thermal conductivity in amorphous solids. While in SiNx thin films,
thermal transport is inherently impeded by the atomic disorder, the impact of periodic
nanostructuring on (k) was relatively less well explored both experimentally and computationally.

In theory, the Boltzmann transport equation (BTE), which assumes that phonons have a
well-defined group velocity, could be applied to analyze amorphous systems. The BTE has been
successfully applied to experimental studies on crystalline systems®°. However, in amorphous
solids, only a small portion of phonon vibrational modes are considered to have a well-defined

group velocity. At the time of this study, the validity of the BTE as applied to an amorphous
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system was an open question, which was important to answer in order to expand mechanistic
understanding of the thermal behaviour in our amorphous SiNx system. Previous computational
models proposed that heat conduction in amorphous solids occurs via overlapping thermal energy
between neighboring atoms, which vibrate independently?®22.  Phonons in a fully disordered
atomic lattice should therefore have extremely short MFPs, on the scale of the atomic spacing.
More recently, work by Allen and Feldman suggested that vibrational modes in amorphous
materials could be classified into three categories: propagons, diffusons, and locons?2,
Propagons are nonlocalized vibration modes at low frequencies and exhibit wave-like features. A
large portion of the density of states are occupied by nonlocalized vibrational modes at higher
frequencies called diffusons, which conduct heat in a diffusive matter over short distances. In this
methodology, « is expressed as a function of mode “diffusivity” to describe diffuson transport,
whereas locons are localized vibration modes that do not contribute to k.

Following this theory, several studies have focused on the properties of vibration modes in
amorphous solids, for example, to define the threshold frequency between each of the three modes,
the relative contribution of each vibrational mode to the total k of a solid, and their size.
Theoretical studies show that propagons, despite representing at most ~4% of phonons in an
amorphous solid, contribute ~40% of the total k of amorphous Si and that their mean free path
(MFP) extends up to 1 um?®2’. Experimental studies had also shown that the cross-plane and in-
plane x depended on the feature size of the material®®32, Previous studies indicated that the
thermal transport properties of amorphous solids could possibly be controlled via fine
nanostructuring in analogy with those of crystalline materials, and scatter phonons like a PNC.
These devices, which have been demonstrated in the form of nanowires, superlattices, and

nanoporous PNCs, among many other variations of these systems, have been predominantly
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achieved in crystalline materials®. At the time this study was conducted, it was unknown whether
amorphous materials could be used to form a PNC, and much was still unknown about nanoscale
thermal transport in these materials.

Our research into thermal phonon behaviour in SiNx was partitioned into three general
categories: (1), investigating the impact of EBL written holes with dimensions above 20 nm on «,
(2) designing a computational approach to predict the thermal behaviour of our system, and (3)
measuring the impact of ultrafine nanopores with minimum feature sizes below 20 nm fabricated
by BCP directed self-assembly (DSA) on k. Theoretically, nanostructuring with a critical
dimension smaller than the average MFP of the majority carrier would allow us to fully suppress
contribution of the propagating vibrational modes (propagons), leaving only the localized diffusive
modes (diffusons) to contribute to thermal transport in SiNx.

In our computational and experimental research into nanostructured SiNy, we found that
of the nanoporous SiNx membranes was 60% smaller than the classically predicted value based on
just the membrane porosity. A combination of the phonon-gas kinetics model and Allen-Feldmann
(AF) theory reproduced the measured results without any fitting parameters. The k reduction was
explained as extremely strong diffusive boundary scattering of both propagons and diffusons. We
found that holes with much larger neck widths and pitches patterned by EBL lead to only a slight
reduction in k, which is closer to the classical porosity-based prediction. These results
demonstrated that x of amorphous SiNy could be reduced by introducing periodic nanostructures
that behave as a phononic crystal, where the relationship between the smallest dimension of the
nanostructure and the length scale of the mean free paths (MFPs) of the dominant, heat-carrying

phonons was critical**3*3,  Additionally, changing the orientation of the hexagonal array of
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nanopores relative to the primary direction of heat flow had a less significant impact on amorphous
SiNy than was previously observed in silicon.
2.2 Experiment

To probe phonon behavior in amorphous SiNy, thin film SiNx membranes suspended over
vacuum were fabricated using nanolithography techniques. Our starting substrate consisted of a
low-stress SiNx layer grown by LPCVD to a thickness of 70 nm on both sides of a 500 um thick
Si wafer (100 mm diameter). The samples were fabricated in a suspended membrane structure
with a total length and width of 30 um and 10 um, respectively. Periodically spaced holes were
etched completely through the SiNx at pitches ranging from 36 nm to 1600 nm. EBL was used to
fabricate samples at pitch sizes above 36 nm. BCP DSA was used to fabricate ultrafine 36 nm
pitch phononic crystals. After hole etching, three 130 nm thick Al thermal contacts were deposited
on each device: one in the center, and two larger pads at each end of the membrane. Next, a direct-
write lithographer was used to pattern the shape of the membrane, and fluorine chemistry reactive
ion etching (RIE) was used to cut the shape of the membrane into the SiNx, exposing the underlying
Si. Finally, the top SiNx layer was suspended from the underlying Si by removing the Si under the
bridge with anisotropic wet KOH etching. For the KOH to symmetrically etch away the Si
underneath the SiNy, the bridge was be rotated by 45° relative to the Si <110> direction, as shown
in Figure 2.1. As a result, the fabricated, freestanding SiNx membranes were suspended diagonally
on top of a square, concave opening made of <111> Si sidewalls at 54.7° relative to the wafer

surface.
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(i) (ii) (iii) (iv) (v)
<100> Si with low stress Pattern holes using
SiN, and SOC/SOG films EB or BCP

Deposit Al pads Etch SiN, Release bridge

Figure 2.1 (i-v) Schematic illustration (top row) and corresponding optical microscopy images
(middle row) of the fabrication process. (i) Initial Si substrate coated with SiNy, spin-on-carbon
(SOC), and spin-on-glass (SOG). (ii) Pattern transfer of the BCP-templated holes into the
SOG/SOC film and the SiNx layer. Only holes in the exposed area (light blue region in bottom
row) were transferred into the SiNx. (iii) Photolithography and metal lift-off were used to form the
aluminum pads (white regions in bottom row). (iv) SiNx was removed in the two triangular areas.
(v) Wet etch of the underlying Si to release the SiNx PNC membrane and leave it suspended above
the opening in the Si. In the bottom panel, scanning electron microscopy (SEM) images of
amorphous SiNx phononic crystals are shown. (A) Overall image of a device. Al pads were
deposited on the center and the edges of the suspended bridge for the thermal conductivity
measurement. High magnification SEM image of the phononic crystal holes for pitch sizes of (B)
36 nm, (C) 100 nm, (D) 200 nm, and (E) 800 nm. The definition of pitch size P and minimum neck
width n are illustrated in (E). Figure taken from ACS Nano 2020, 14, 6980—6989 (2020).

Time-domain thermal reflectance (TDTR) was used to measure the thermal conductivity
of the suspended nanoporous membranes. A two-color pump-probe diode laser system was used,
consisting of a pump and probe laser. Both lasers irradiated the central Al pad, and the transient

response of heat dissipation through the amorphous SiNx membranes was measured to obtain k. A

-45 -



detailed description of our TDTR measurement technique is included in references 1 and 2, as well
as in Chapter 5.
2.3. Ultimate suppression of thermal transport in amorphous silicon nitride by phononic
nanostructure

The as-measured material thermal conductivity kmat, Which did not account for effects
caused by porosity, of all membrane geometries is shown in Figure 2.22. The xmat Of the
nonporous membrane was 2.5 + 0.2 W/mK, which agreed with previously reported values®. For
the nanoporous PNC membranes, we observed a clear decrease in kmat With decreasing neck width
n, which became particularly steep when n decreased below 20 nm. We also computed the surface
to volume ratio s/v of each membrane geometry and found that kmat also decreased with increasing
s/v ratio. This was likely due to boundary scattering becoming more prevalent as the s/v ratios
increased, which disturbed long-MFP carriers like propagons®. Since propagons account for a
substantial proportion of thermal transport in amorphous SiNy, the strong reduction in kmat Was
likely caused by enhanced boundary scattering of propagons. Interestingly, we observed in Figure
2.2B that kmat converged to a value of ~ 1 W/mK after a monotonic decrease when the s/v ratio
increased above 0.1 nm™. This indicated that the propagons were fully suppressed, leaving only
the diffusons to contribute toxk; diffusons have much shorter MFPs than propagons and thus were
less affected by nanostructuring. We called this convergence threshold the “diffusive limit,” as
this k represented the contributions of diffusons alone. These initial results demonstrated that

nanoporous SiNx membranes could function as PNCs and successfully modify kmat.
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Figure 2.2 Material thermal conductivity of amorphous SiNx phononic crystals. Material thermal
conductivity kmat Of amorphous SiNx thin films plotted as a function of (A) the minimum neck
width and (B) the surface-to-volume ratio. Plot legends denote the pitch size of PNCs. The dashed
black line in (A) represents the thermal conductivity of the nonporous amorphous SiNx thin film.
Figure taken from Sci. Adv. 6, (2020).

To probe the mechanisms behind x in our PNCs, we conducted simulations to predict the
relative contributions of the propagons and diffusons to « (kp and kp respectively) in our material
system. First, we calculated the bulk thermal conductivity of SiNx, which found kmat t0 be 2.9
W/mK, a value consistent with those measured by Sultan et al.%’, Zink and Hellman®®, and Hossein
et. al.*. The calculated ke and xp Were identified as 1.8 W/mK and 1.1 W/mK, respectively. This
indicated that propagons with long MFPs could contribute to a significant part (62%) of the k¢
of bulk SiNx, which was consistent with the work reported by Sultan (50%)%. Details of this
calculation are included in references 1 and 2.

After validating our model for calculating the bulk x, we computed the thermal transport
properties of nonporous SiNx thin film membranes. The effects of boundary scattering (at pore
walls and surfaces) were applied to the bulk model using Monte-Carlo Ray Tracing (MCRT),

which had successfully used in previous studies® on crystalline solids. The MCRT method

allowed us to compute the effective MFPs of propagons and diffusons in nonporous SiNx
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membranes, which then allowed us to predict the magnitude of x. By this method, we calculated
K at 300 K, kr, of the nonporous membranes to be 2.3 W/mK, which was comparable to our
experimentally measured value of 2.5 + 0.2 W/mK. Propagon scattering at boundaries resulted
in the 21% reduction in x relative to the bulk value for SiNx. Diffusons, however, were not
noticeably affected by the increased surface area of the thin film membranes because of their very
short (angstroms to a few nanometers) MFPs. Therefore, kp of bulk SiNx and kp of the nonporous
thin film membrane were both 1.1 W/mK. These values were in agreement with our diffusive
limit (1.01 £ 0.09 W/mK). These results supported our hypotheses that propagons could be
dramatically suppressed by nanostructuring, and that k would be dominated by diffuson
contributions when n < 20 nm.

Next, we calculated efr for the nanoporous PNC membranes. We applied the Maxwell-

Garnett (MQG) effective medium model to our experimentally measured values of kmat t0 account

for the volume reduction effect of introducing porosity, written as kr = ;—(:Kmat where ¢ is the

porosity. We verified that the MG model was germane to our system using the steady state thermal
analysis module of ANSYS. Relative to the nonporous membranes, we found that the values of
Keff IN OUr nanoporous PNC membranes were significantly reduced, which had a lowest measured
value 0.26 + 0.03 W/mK (Figure 2.3). It is worth noting that our experimentally measured and
simulated values for all membranes were within 10% of each other, which indicated that our model

accurately depicted k of amorphous PNCs.
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Figure 2.3 Effective thermal conductivity keff of amorphous SiNx PNCs. Comparison between

the measured and the simulated effective thermal conductivity amorphous SiNx PNCs plotted as
a function of the neck width. Plot legend denotes PNC pitch size. Figure from Sci. Adv. 6, (2020).
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In Figure 2.4A, we show how reducing the MFPs of propagons and diffusons affected kp
and xp. By introducing periodic nanostructures into the SiNx, we were able to reduce the k spectra
of propagons and diffusons by 90% and 80%, respectively, relative to bulk. Quantitatively, kp, xp,
and k1 were reduced to 0.15 W/mK, 0.19 W/mK, and 0.34 W/mK, respectively, which was almost
one order of magnitude smaller than xp (1.1 W/mK), xp (1.8 W/mK), and «t (2.9 W/mK) we
calculated for bulk SiNx. Boundary scattering played a significant role in these reductions: even
for samples with a large n of 665 nm, the reduction in kp exceeded 70%. The percentage of
scattered propagons rose to 90% when n decreased below 20 nm. Boundary scattering was also
demonstrated to affect diffuson propagation, where, depending on P and n, 40-80% reduction in
kp was observed. This demonstrated that even short-MFP (0.5-10 nm) diffusons are subject to
boundary scattering in an ultrafine nanostruature. Thus, nanostructured amorphous solids are able

to function as PNCs, in which heat carriers are significantly scattered across a wide range of MFPs.
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Our calculations demonstrated that k could be described well by the particle-based BTE.
Results from this model suggested that there was no fundamental difference between diffusons
and propagons when considering boundary scattering in this application. Furthermore, the results
suggested that for SiNx PNCs measured at ambient temperatures, coherent phonon behaviour is
not a significant contributor to low k. We believe that this would change with decreasing
temperature, as observed for crystalline PNCs*, where low frequency phonons have a more

significant role in heat transport.
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Fig. 2.4 Calculated thermal properties of amorphous SiNx. (A) Comparison of the effective mean
free path of propagons and diffusons for bulk SiNx and SiNx phononic materials, taking the sample
with pitch size P of 200 nm and hole diameter D of 175 nm as an example. (B) Comparison of
thermal conductivity k spectra for bulk SiNx and SiNx phononic materials, taking the sample with
P =200 nmand D = 175 nm as an example. (C) and (D) are the calculated thermal conductivity
contribution from diffusons (kp) and propagons (kp) for all samples as a function of neck width n.
Figure from Sci. Adv. 6, (2020)

Results from this model suggested that there was no fundamental difference between diffusons



and propagons when considering boundary scattering in this application. Furthermore, the results
suggested that for SiNx PNCs measured at ambient temperatures, coherent phonon behaviour is
not a significant contributor to low k. We believe that this would change with decreasing
temperature, as observed for crystalline PNCs*, where low frequency phonons have a more
significant role in heat transport.
2.4. The use of directed self-assembly of block copolymers to fabricate phononic crystals in
amorphous silicon nitride, resulting in enhanced thermal conductivity reduction

In this section, the thermal conductivity results from the 36 nm pitch membranes, which
were fabricated using BCP templates, are described in greater detail2. As discussed in the
previous section, the nature of heat transport, and thereby phonon transport, in amorphous solids
is relatively complex and poorly understood compared to crystalline systems. Given the minute
length scales of the MFPs relevant for heat carriers in SiNy, it logically follows that such carriers
would be more strongly affected by a nanostructure with minimum dimensions on the order of 10
nm. Nanostructures at this length scale are difficult, if not impossible, to achieve with modern
top-down lithography techniques due to resolution limits of EBL and photolithography. However,
it is possible to fabricate nanostructures with long-range order at very small length scales via block-
copolymer assembly*t. Applying BCP DSA to conventional lithographic techniques provides a
robust method to fabricate high-precision nanostructures, such as PNCs, in inorganic materials.

Our work in using BCP DSA to fabricate ultrafine nanostructured membranes built on
previous work in which BCPs were used to template PNCs. Lim et al. used self-assembled,
cylinder-forming polystyrene-block-poly(2-vinylpyridine) to etch holes into thin films of
monocrystalline silicon'#**%2, The resulting nanoporous (“holey”) silicon membranes had a hole

pattern with a pitch p of ~60 nm and neck n in the range of 16-34 nm. These nanostructures were
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shown to scatter thermal phonons, resulting in significantly reduced «efr values. However, the self-
assembly of the BCP used to form the initial pattern inherently created grain boundaries and other
defects; as phonon scattering can be heavily influenced by grain boundaries, rough interfaces, and
pattern defects, it was difficult to separate the effects of the nanostructures from those of the defects
and interfaces on the reduced «efr. In our work, we built on their results in two ways: (1) by
decreasing the pitch from 60 nm to 36 nm, and (2) by eliminating all defects by guiding the
assembly of the BCP using DSA. This defect-free fabrication approach also allowed us to probe
the effects of nanostructure geometry on the phonon transport.

To fabricate arrays of nanopores with long-range (hundreds of um) order from SiNy thin
films, we used the same fabrication approach we used to make EBL-patterned holes at larger
pitches. To perform DSA, an additional step was required, and e-beam was used to pattern a
chemical template that was an array of hexagonal spots spaced at twice the Lo of the BCP (Fig 2.5).
The chemical template was able to subsequently direct the self-assembly of cylindrical domains
of the BCP into large, defect-free two-dimensional patterns. We then etch-transferred the BCP
pattern into the underlying SiNx using a stack of spin-on-carbon (SOC) and spin-on-glass (SOG)
on top of the SiN film (Fig 2.5 a). The combination of SOG and SOC layers is commonly used in
pattern transfer processes in high volume manufacturing because it can provide a highly selective
dry etch process, with fluorinated and oxygen-rich plasmas selectively etching SOG and SOC,
respectively. The resulting nanoporous SiNx membranes had long-range, defect-free, hexagonal
close-packed (HCP) holes with small p and n (37.5 and 12 nm, respectively). It is worth noting
that the BCP used for these experiments was identical to the BCP mentioned in Section 2; the

difference in pitch was due to slight calibration differences between our SEM and that of our

-53-



collaborators’. See Chapters 1, 3, and 5 for additional details about this block copolymer, self-

assembly, and DSA process.
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Figure 2.5 (a) SEM images and (b) corresponding thermal conductivities of DSA patterned
silicon nitride phononic crystals with four different rotation angles and of self-assembled (SA)
holes. The SEM images were taken near the longer edges of membranes. The white arrow in (a)
at 0° shows the direction of heat flow. Figure from ACS Nano 2020, 14, 6980—6989 (2020).
The BCP DSA patterned membranes were measured in TDTR as described previously.

The results of these measurements, compared to EBL-patterned 800 nm pitch and nonporous

membranes is shown in Table 2.1. The DSA patterned PNC had the smallest kefr, which was 61%
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smaller than the value of the nonporous membrane. This reduction in keff, as discussed previously,
was due to both volume reduction and propagon scattering at boundaries. Because the percent
reduction in ke relative to the nonporous film was only 8% smaller for the 800 nm pitch sample,
but was 61% smaller for the DSA sample, we concluded that volume reduction alone could not be
the only contributing factor to Keff reduction. Because amorphous materials lack the translational
symmetry and periodicity of an atomic lattice, conventional concepts of phonon transport in
crystalline materials do not necessarily apply directly to amorphous materialst. However, we
observed that the effect of our nanostructures on the thermal properties of our amorphous SiNx
membranes was similar to observations in crystalline materials. The PNC membranes with smaller
p and n had smaller s than the nonporous films, even after taking volume reduction into account®.
Thus, our work here suggested that propagons with long MFPs were scattered by the porous
nanostructures, which resulted in a decrease in kp (and by extension, kefr) that far exceeded the

decrease caused by porosity alone.

p D n Porosity T Kpredicted Keff

(nm) (nm)  (nm) (%) (ns) (W/mK)  (W/mK)
DSA holes 375 25.5 12.0 41.9 570+30 1.0 0.39 +0.02
e-beam holes 800 4769 323.1 32.2 210+ 4 1.3 1.2+0.02
Nonporous 0 0 0 0 120+ 5 25201 25+01

Table 2.1 Summary of the dimensions of the nanoporous membranes and the thermoreflectance
measurements. p, d, and n represent nanopore pattern pitch, nanopore diameter, and neck width
between nanopores, respectively. 7 is the decay time of the thermoreflectance measurement.
Kpredicted aNd Kefr are the thermal conductivity values based on the classical porosity and on the
analysis of the thermoreflectance measurement, respectively.

We compared cha