AFRL-OSR-VA-TR-2015-0204

CONTROL OF HEAT AND CHARGE TRANSPORT IN NANOSTRUCTURED HYBRID MATERIALS

Akram Boukai
UNIVERSITY OF MICHIGAN

07/21/2015
Final Report

DISTRIBUTION A: Distribution approved for public release.

Air Force Research Laboratory
AF Office Of Scientific Research (AFOSR)/ RTD
Arlington, Virginia 22203
Air Force Materiel Command




Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing the burden, to the Department of Defense, Executive Service Directorate (0704-0188). Respondents should be aware that notwithstanding any other provision of law, no
person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - T0)
21-07-2015 Final March 2012 to March 2015
Z_ TTTLE AND SUBTITLE 5a. CONTRACT NUMBER

Control of Heat and Charge Transport in Nanostructured Hybrid Materials

5b. GRANT NUMBER
FA9550-12-1-0058

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Akram Boukai

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Michigan | Office of Research and Sponsored Projects REPORT NUMBER

3003 South State Street |L056 WT | Ann Arbor, Ml 48109-1274

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
Air Force Office of Scientific Research
AFOSR

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12 DISTRIBUTION/AVAILABILITY STATEMENT
A- Approved for public release

13. SUPPLEMENTARY NOTES

14 ABSTRACT
The proposed research efforts focused on the wafer-scale manufacture of silicon based thermoelectric modules with ZT > 2. Recent measurements

in our groups have yielded device ZT values of 0.4 on thermoelectric modules consisting of vertically oriented silicon nanowires. This is the highest
reported ZT for a silicon based thermoelectric module. Based on this work, here, we aimed to develop nanostructured thermoelectric modules
utilizing two different silicon morphologies: 1. Deep nanoholes in bulk silicon with aspect ratio’s exceeding 10,000 and 2. Extremely long silicon
nanowires with aspect ratio’s exceeding 10,000. Temperature differences as high as 800 °C are achievable for both types. The bulk nanostructured
silicon modules were produced using block copolymer nanolithography, which is a polymer-based nanotemplating technique. This technique is
amenable to roll-to-roll processing making wafer-scale manufacturing of bulk nanostructured silicon thermoelectrics practical. In fact, the cost of
block copolymer is comparable to the cost of standard photoresists. Our current ability to reach ZT values ~ 0.4 is a direct consequence of the
dramatically low thermal conductivity of the silicon nanostructures. Specifically, experiments on an array of 20 nm diameter vertically oriented
silicon nanowires have demonstrated thermal conductivities k ~ 0.4 W/m-K, which is below the amorphous limit. The major challenge that is

TSR TEC T ERMS o ™ T T T oY ST T ORr DO TSI
Heat, thermoelectric

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT | c. THIS PAGE ABSTRACT S:GES
U U U uu 6 19b. TELEPHONE NUMBER (Include area code)

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18
Adobe Professional 7.0



INSTRUCTIONS FOR COMPLETING SF 298

1. REPORT DATE. Full publication date, including
day, month, if available. Must cite at least the year and
be Year 2000 compliant, e.g. 30-06-1998; xx-06-1998;
XX-XX-1998.

2. REPORT TYPE. State the type of report, such as
final, technical, interim, memorandum, master's thesis,
progress, quarterly, research, special, group study, etc.

3. DATES COVERED. Indicate the time during which
the work was performed and the report was written,
e.g., Jun 1997 - Jun 1998; 1-10 Jun 1996; May - Nov
1998; Nov 1998.

4. TITLE. Enter title and subtitle with volume number
and part number, if applicable. On classified
documents, enter the title classification in parentheses.

5a. CONTRACT NUMBER. Enter all contract numbers
as they appear in the report, e.g. F33615-86-C-5169.

5b. GRANT NUMBER. Enter all grant numbers as
they appear in the report, e.g. AFOSR-82-1234.

5¢c. PROGRAM ELEMENT NUMBER. Enter all
program element numbers as they appear in the report,
e.g. 61101A.

5d. PROJECT NUMBER. Enter all project numbers as
they appear in the report, e.g. 1F665702D1257; ILIR.

5e. TASK NUMBER. Enter all task numbers as they
appear in the report, e.g. 05; RF0330201; T4112.

5f. WORK UNIT NUMBER. Enter all work unit
numbers as they appear in the report, e.g. 001;
AFAPL30480105.

6. AUTHOR(S). Enter name(s) of person(s)
responsible for writing the report, performing the
research, or credited with the content of the report. The
form of entry is the last name, first name, middle initial,
and additional qualifiers separated by commas, e.g.
Smith, Richard, J, Jr.

7. PERFORMING ORGANIZATION NAME(S) AND
ADDRESS(ES). Self-explanatory.

8. PERFORMING ORGANIZATION REPORT NUMBER.
Enter all unique alphanumeric report numbers assigned by
the performing organization, e.g. BRL-1234;
AFWL-TR-85-4017-Vol-21-PT-2.

9. SPONSORING/MONITORING AGENCY NAME(S)
AND ADDRESS(ES). Enter the name and address of the
organization(s) financially responsible for and monitoring
the work.

10. SPONSOR/MONITOR'S ACRONYM(S). Enter, if
available, e.g. BRL, ARDEC, NADC.

11. SPONSOR/MONITOR'S REPORT NUMBER(S).
Enter report number as assigned by the sponsoring/
monitoring agency, if available, e.g. BRL-TR-829; -215.

12. DISTRIBUTION/AVAILABILITY STATEMENT. Use
agency-mandated availability statements to indicate the
public availability or distribution limitations of the report. If
additional limitations/ restrictions or special markings are
indicated, follow agency authorization procedures, e.g.
RD/FRD, PROPIN, ITAR, etc. Include copyright
information.

13. SUPPLEMENTARY NOTES. Enter information not
included elsewhere such as: prepared in cooperation
with; translation of; report supersedes; old edition number,
etc.

14. ABSTRACT. A brief (approximately 200 words)
factual summary of the most significant information.

15. SUBJECT TERMS. Key words or phrases identifying
major concepts in the report.

16. SECURITY CLASSIFICATION. Enter security
classification in accordance with security classification
regulations, e.g. U, C, S, etc. If this form contains
classified information, stamp classification level on the top
and bottom of this page.

17. LIMITATION OF ABSTRACT. This block must be
completed to assign a distribution limitation to the abstract.
Enter UU (Unclassified Unlimited) or SAR (Same as
Report). An entry in this block is necessary if the abstract
is to be limited.

Standard Form 298 Back (Rev. 8/98)




Control of Heat and Charge Transport in Nanostructured Hybrid Materials

Principal Investigator: Akram Boukai
University of Michigan, Ann Arbor
Department of Materials Science and Engineering

Abstract

The proposed research efforts focused on the wafer-scale manufacture of silicon based
thermoelectric modules with Z7'> 2. Recent measurements in our groups have yielded device ZT
values of 0.4 on thermoelectric modules consisting of vertically oriented silicon nanowires. This
is the highest reported ZT for a silicon based thermoelectric module. Based on this work, here,
we aimed to develop nanostructured thermoelectric modules utilizing two different silicon
morphologies: 1. Deep nanoholes in bulk silicon with aspect ratio’s exceeding 10,000 and 2.
Extremely long silicon nanowires with aspect ratio’s exceeding 10,000. Temperature differences
as high as 800 °C are achievable for both types. The bulk nanostructured silicon modules were
produced using block copolymer nanolithography, which is a polymer-based nanotemplating
technique. This technique is amenable to roll-to-roll processing making wafer-scale
manufacturing of bulk nanostructured silicon thermoelectrics practical. In fact, the cost of block
copolymer is comparable to the cost of standard photoresists. Our current ability to reach ZT
values ~ 0.4 is a direct consequence of the dramatically low thermal conductivity of the silicon
nanostructures. Specifically, experiments on an array of 20 nm diameter vertically oriented
silicon nanowires have demonstrated thermal conductivities k£ ~ 0.4 W/m-K, which is below the
amorphous limit. The major challenge that is limiting Z7 values to ~ 0.4 is the elimination of
electrical contact resistance.
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Introduction

Thermoelectric materials have the potential to recycle waste heat, wherever it is found, directly
into useful electric power. However, most thermoelectric materials in current use suffer from
low efficiency and high cost. The figure of merit, Z7, for bulk thermoelectric materials has
values near 1, which corresponds to an overall efficiency of 17 ~ 6 — 8% at nominal operating
temperatures.

Nanostructured silicon, the material of choice in this work, is uniquely suited for use as a bulk
thermoelectric material for waste heat recovery as: a. Previous experiments from our group have
shown that nanostructured silicon’s thermal conductivity is two orders of magnitude smaller than
bulk silicon.' b. All practical thermoelectric devices must use p- and n-type materials.” The p-
and n-type materials are connected electrically in series and connected thermally in parallel.’
Silicon, is easily doped with both p- and n-type carriers. c. Unlike other thermoelectric materials,
silicon has the advantage of being an earth abundant material. d. Thermoelectrics based on
silicon can easily leverage existing semiconductor manufacturing and processing facilities.
Consider that the worldwide silicon production exceeded 6 million metric tons in 2008; and e.
Silicon can easily withstand temperatures exceeding 1000°C.

This work focused on the development of commercially viable silicon based thermoelectric
modules. The techniques developed in our groups allow for wafer-scale manufacture of silicon
nanostructures (nanoholes and nanowires) for high efficiency thermoelectric modules, with
efficiencies > 15%. Experiments in our groups have shown that a wafer-scale array of vertically
oriented 20 nm diameter silicon nanowires (Fig. 2C) have extremely low thermal conductivities
~ 0.4 W/m-K, yielding ZT values ~ 0.4. Note that this is the highest ZT value ever reported for a
bulk silicon-based thermoelectric module. In comparison the Z7 value for bulk silicon is ~ 0.01.
Currently, the predominant factor limiting Z7 in our thermoelectric modules is the parasitic
electrical contact resistance. By significantly reducing this contact resistance, we believe that
thermoelectric module Z7 values greater than 2 are achievable through the techniques discussed
below.

Block Copolymer Lithography Figure 1. Schematic illustration of the meth-
i ‘ AAARNA odology to synthesize two distinct
nanostructured morphologies: Silicon substrate
with nanoholes and silicon nanowires anchored
on a silicon substrate. The nanoholes and
nanowires have dimensions ~20 nm. This
length scale is comparable to the wavelength
of heat transporting phonons in silicon and is
more than an order of magnitude smaller than
their mean free path. Such wafer-scale
nanoscopic periodic features can only be
fabricated using block copolymer nanolithogra-
phy. Both materials are expected to achieve
ZT values of ~ 2 based on preliminary results
obtained in our laboratories.

Silicon

Dissolve
AgNO; Etch matrix

Si substrate with nanoholes Si nanowires on an Si substrate
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Overall, the major tasks developed included 1. Fabrication of bulk silicon nanostructures with
different morphologies (nanoholes or nanowires) using block copolymer nanolithography and a
deep electroless etch (Figure 1). 2. Measurement and optimization of Z7 for both p-type and n-
type silicon nanostructures. 3. Development of thermoelectric modules consisting of p-type and
n-type silicon nanostructures connected electrically in series and thermally in parallel. 4.
Optimization of the electrical contact resistance and power factor to allow Z7 > 2.

Technical Approach and Results

The majority of heat transporting phonons in inorganic materials such as silicon have
wavelengths or mean free paths at the nanoscale (A ~ 1 — 500 nm).* Therefore, the development
of a nanostructured material with periodically arranged nanoscale features with dimensions ~ 1 —
50 nm should dramatically scatter phonons. Commonly available fabrication techniques do not
allow for the nanoscale resolution required. For example, the inherent limitation of light due to
the diffraction limit precludes the use of common photolithographic techniques.’” These
limitations can be overcome through the use of electron-beam lithographic (EBL) processes.
However, EBL is an expensive and serial process that limits the size of the lithographically
defined region. In addition, EBL suffers from “exposure bleed”, which limits the pitch between
any nanoscale features to ~50 nm.°

In comparison, block copolymer lithography, the approach utilized in this work, is a scalable
technique that is amenable to roll-to-roll processing. It utilizes molecular self-assembly, in
combination with standard photolithographic processes, to generate monodisperse, nanoscopic
inclusions, ~ 5 — 50 nm in scale.”"” The inclusion pitch for the nanoholes and nanowires in this
work ranged from 10 — 15 nm (see Fig. 2A and 2B), resulting in materials with thermal
conductivities at or below the amorphous limit.*

Figure 2. A) and B) Bulk silicon with
nanoholes generated with block copol-
ymer nanolithography in our groups.
The holes are 15 nm in diameter in A)
and 30nm in B). The holes are uniform
across the entire silicon substrate
(4inch wafer). Scale bars are 100nm.
Preliminary Data moﬁuﬁ%ljwinary Data prefal C)A cross-gectional view of gtched sili-

— con nanowires. The nanowires have
extremely monodisperse diameters
(19nm +/- 2nm) as analyzed by imaging
software and transmission electron mi-
croscopy. Aspect ratio > 10000:1. D) A
4 inch silicon wafer with monodisperse
silicon nanowires demonstrating the
scalability of block copolymer nano-
lithography. Inset shows the nanowires
with top metal contact.
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Figure 3. A) The power
output from a module
consisting of one n-type and
p-type sets of nanowires as
a function of length. The
highest power achieved, 200
uW, is generated with a
temperature difference of 20
°C. This suggests, power
output exceeding 1 mW can
be obtained from just one
thermocouple. B) Device ZT
values of 0.4 are achieved
for a wide range of nanowire
lengths. It should be noted
that measurements on 100
um long nanowires are
underway. C) Thermal
conductivity measurements
on silicon devices consisting
of nanowires (red dots). The
= thermal conductivity values
= are consistently measured to
sbe ~0.4 W/m-K. A bulk
“silicon reference sample
shows a thermal conductivity
value of ~ 120 W/m-K (blue
dot)

To generate bulk nanostruc-
tured materials, we developed
an electroless electrochemical
etch was utilized to etch deep
(hundreds of microns) holes
into a silicon wafer using the
block copolymer as a mask.”'
This electrochemical etch is
highly anisotropic, resulting in
nearly vertically etched
nanoholes or nanowires with
aspect ratios in excess of
10,000:1 (see Fig. 2C). This
allows for the development of
3D bulk nanostructured silicon
substrates.

Measurements on p- and n-type
bulk silicon nanowire devices

were  performed in  our
laboratory (Figure 3). These
measurements have yielded

device ZT values of 0.4, which
is the highest value measured
in a bulk silicon device. The ZT

is expected to increase above 2 when parasitic contact resistances are eliminated, as discussed

below.

Using 4-point probes and various contact materials, we identified best approaches for making
ohmic and low thermally resistive contacts to silicon thin films, and then translate those results to
nanohole and nanowire structures. One strategy was to use shadow masks over the block copoly-
mer template to pattern highly doped, non-nanopatterned regions for monolithic contacts, thus
ensuring a smooth translation of the thin film findings to the nanohole materials, since both will
have the same contacts
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