AFRL-AFOSR-VA-TR-2019-0310

DURIP: Four-Dimensional Electronic Raman Spectroscopy for Elucidating Coupled Energy Transfer
Processes in Nanomaterials

Elad Harel
NORTHWESTERN UNIVERSITY

10/17/2019
Final Report

DISTRIBUTION A: Distribution approved for public release.

Air Force Research Laboratory
AF Office Of Scientific Research (AFOSR)/ RTB2
Arlington, Virginia 22203
Air Force Materiel Command

DISTRIBUTION A: Distribution approved for public release.




REPORT DOCUMENTATION PAGE o Ao e

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 Department of Defense, Washington Headquarters Services, Directorate for Information
Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. 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 ADDRESS.

1. REPORT DATE (DD-MM-YYYY) | 2. REPORT TYPE 3. DATES COVERED (From - To)
07-10-2019 Final Report 15-Jul-2018 - 14-Jul-2019
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

DURIP: Four-Dimensional Electronic Raman Spectroscopy for Elucidating FA9550-18-1-0418

Coupled Energy Transfer Processes in Nanomaterials 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Elad Harel

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

, , REPORT NUMBER
Northwestern University Evanston Campus

Office for Sponsored Research (OSR)
1801 Maple Ave, Evanston, IL 60208

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

AFOSR

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

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Here, we propose the development of novel experimental tools that augment our current research capabilities and enable
new experiments in support of AFOSR grant: Multi-dimensional Vibrational-Electronic Spectroscopy to Probe
Electronic-to-Vibrational Energy Transfer in Hybrid Materials. This report documents our progress in developing a combined
synthesis-measurement method to study 2D and 3D perovskite materials for use in energy applications.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF | 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
a. REPORT | b. ABSTRACT | c. THIS PAGE|  ABSTRACT o Es | Elad Harel

19b. TELEPHONE NUMBER (Include area code)
773-827-2546

e . Standard Form 298 (Rev. 8/98)
DISTRIBUTION A: Distribution approved for public release. Prescribed by ANSI Std. 739.18



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. DATE 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.
F33315-86-C-5169.

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

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

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)

DISTRIBUTION A: Distribution approved for public release.




Annual Report for:
DURIP: Four-Dimensional Electronic Raman Spectroscopy for Elucidating Coupled
Energy Transfer Processes in Nanomaterials

Elad Harel
Dept. of Chemistry, Northwestern University

AFOSR Grant No. FA9550-18-1-0418 (Start Date: July 15, 2018)
PRINCIPAL INVESTIGATOR: Elad Harel (elharel@northwestern.edu)
AFOSR PROGRAM MANAGER: Dr. Michael R. Berman

Period Covered: 7/15/2018 to 7/14/2019

Objective: The objective of the proposed DURIP grant was to support the development of novel
experimental tools that augment our current research capabilities and enable new experiments in
support of AFOSR grant: Multi-dimensional Vibrational-Electronic Spectroscopy to Probe
Electronic-to-Vibrational Energy Transfer in Hybrid Materials. Specifically, our aim is to
design high-order nonlinear spectroscopic and nanoscale time-resolved imaging tools that can
track local and global changes in structure that accompany strongly perturbative forces acting on
condensed phase systems. One major thrust is to study the structure and dynamics of bound and
unbound carriers in hybrid organic-inorganic nanostructures. These systems include quantum dots
where exciton-phonon interactions play a dominant role and halide perovskite where carriers may
be protected by strong interactions with the surrounding lattice. More generally, carrier-
environment interactions mediate dynamics in a large class of materials, where both theoretical
and experimental tools are lacking to understand these interactions at the appropriate time, energy,
and length scale especially in highly heterogeneous materials.

This report documents our progress in developing a combined synthesis-measurement method to
study 2D and 3D perovskite materials for use in energy applications. While the focus of the
proposed work was to develop characterization methods, we discovered that we needed to
simultaneously develop a synthetic approach to create a wider range of materials that could be
studied, and where large statistical analysis could be leveraged to uncover cause and effect
relationship between the optical and physical properties of these materials. Specifically, we
implemented a robotic synthesizer to created a wide range of different perovskite materials using
a systematic approach. Transient absorption microscopy was then used to track changes in the
optical properties and excited-state dynamics as a function of structural changes in the perovskite
cage. This approach allows us to quickly determine structure-property relations and is scalable to
more complex materials. In addition, we have greatly improved our multi-dimensional
spectroscopic capabilities on the hardware and software side. Rapid scanning methods now allow
us to acquire an entire 3D dataset in less than one second, while improved data analysis methods
have facilitated physical interpretation of signals. In particular, we have implemented a complex
global analysis routine that readily separates coherence and population signals. Coherence signals
are then further distinguished by implementing a robust subtraction method that isolated electronic
coherence contributions.

1
DISTRIBUTION A: Distribution approved for public release.



I. Automated Synthesis using a High-throughput Pipetting Robot
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As shown in the figure above, we have implemented a pipetting robot for rapid synthesis of 2D
perovskite materials. One major advantage of 2D perovskites is increased chemical stability
because of the more hydrophobic cations. In addition, the number of layers in the 2D materials
affords additional degree of freedoms that allow for tuning of synthetic knobs such as the
identity of the halide anion, metal cation, and organic spacer cation, which act to tune the optical
properties of these materials'?. Further, 2D materials exhibit bound states which have
fundamentally different properties than unbound states but are affected by carriers through
screening effects. A particularly important class of 2D materials that we studied are white-light
emitting perovskites (WLEP) with formula B2A,.1PbaX3n+1, where a single cation acts as both A
and B?. The mechanism of emission is through structural distortions that give rise to transient
defects (i.e. STE states), a consequence of relatively strong electron-phonon coupling upon
photo-excitation. A particularly important question is how the STE forms, and whether there is
an energetic barrier that must be overcome for lattice distortions. The dependence of this barrier
on the number of layers, initial carrier temperature, and band structure at and away from the
center of the Brillouin zone remain unexplored. Recent work has shown that multilayered 2D
perovskites with tunable white-light emission may be obtained by the use of ethylammonium
(EA+) cation in lead-chloride, lead-bromide, and mixed halide perovskite materials!®. The
chloride variant, EA4Pb3Clyo is heavily distorted with respect to EA4Pb3Br1o, because of the size
of the EA relative to the inorganic cage. The mixed halide case allows tuning of this distortion,
thereby creating a unique opportunity to study carrier-phonon interactions as a function of bond
lengths of the cage structure. While in 3D structures, MAPbCl; and MAPbBr3; have the same Pb-
X-Pb structure, with one long and one short Pb-X bond, in the 2D structures, EA4Pb3Clio
exhibits long and short Pb-Cl bond lengths in all directions. One can quantify the octahedral
distortions of these structures in terms of Pb-X bond lengths, as well as in the extent of
octahedral tilting. DFT calculations shows that both 2D perovskite types are direct bandgap, with
slight indirect character owing to symmetry breaking. While calculations and measurements on
the effect of distortions on the bandgap have been performed and generally understood, the
effects of these distortions on the formation of STE states remains unknown. The ability to tune
these structures from low- to —high distortions provides a route for detailed study of the kinetics,
in particular dependences on initial carrier temperature. Using the robotic synthesizer, we have
explored structural distortions through the use of alloying — using mixed cation species (MA and
EA) inside the perovskite cage structure as discussed above.

2
DISTRIBUTION A: Distribution approved for public release.



II. Spatially Mapping Carrier Properties in Lead Halide Perovskite Thin Films using
Transient Absorption Microscopy

In the last reporting period, we described the use of transient absorption microscopy (TAM) to
study grain boundaries and grain interiors in metal halide perovskite thin films (MAPbI3). These
materials have a 3D perovskite structure, and, as we showed in polycrystalline materials, the
optical properties strongly depend on the nanoenvironment (e.g. through dielectric screening
effects). Another related class of materials are based on a 2D perovskite structure — here, 2D
inorganic layers are separated by an organic layer that may be used to influence the electronic
structure and optical properties. 2D perovskites have many applications owing to the far larger
tunability then their 3D counterparts, including increased stability. However, their efficiency in
PV applications remains relatively low. One major challenge to studying these materials is the
control of the synthesis and the large parameter space to explore. Even more so than 3D
perovskites, 2D perovskites may be strongly influenced by their environment and dynamic
disorder from the organic layers. To explore the large parameter space, and to minimize variations
in synthesis from human error, we have implemented a robotic synthesis platform that automates
the solution-based synthesis of these materials. While many 2D perovskite structures have been
explored already by traditional synthesis methods, we focused our efforts on alloyed 2D
perovskites, where the organic cation is a mixed ethylammonium (EA), methylammonium (MA)
species. The robot was able to synthesize these materials over a wide variety of conditions to
produce single crystals, where the EA/MA ratio varied from 1:2, 1:1, 2:1 and pure MA and pure
EA species. Further, we obtained crystal structures for each species and verified the stoichiometry
using NMR. A detailed structural analysis allowed us to carefully track chances in bond angles
and bond lengths (plus cage volume and octahedral tilting angle) of the inorganic cage upon
alloying.

a

o

1.0016

3220 2700 ~ 25 _
- Il Pb-| bond length ﬁg’ B -Pb-l angle variance (07) S 1751 HE Pb--Pb angle
=< 1 I Cage volume k] 20 B Fb-i length quadratic elongation <A> | §
5 3200 ~ 8 10012 § o170
§ 264.0 < g > 3
] g § 151 T 2 165
§ 3180 5 o 10008 5 2
s 2 S 160
3 > 10 T 2
g 1 B oot B B
o + 14 -
g 3180 S 8. g A
2 . g 2w
= L2520 = 0- 1.0000 @

MA . MA, MA MA,
EAQ EAy EAvy EAj EA,
MAto EA ratio MA to EA ratio MA to EA ratio

Figure 1. Effects of alloying on the perovskite structure (average Pb-I bond length, I-Pb-I
bond angle, and Pb-I-Pb angle).
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We are currently in the process of correlating these structural changes to quenching of the
photoluminescence (which we see as we increase the amount of EA) and to changes in TA (where
the ultrafast dynamics are largely immune from structural changes). These results indicate that
carrier dynamics are not strongly influenced structural distortions as expected for large polaron
formation, while these changes provide a means of non-radiative relaxation back to the ground
state (hence, PL quenching). DFT calculations reproduce much of the band gap changes upon
alloying, but additional work needs to be done to access the effects on PL.
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I11. Improvements in 3D Spectroscopy and Data Analysis

DURIP funding was also used to improve aspects of our GAMERS methodology for studying
energy and charge transfer in hybrid systems, including 2D perovskites and photosynthetic
pigment-protein complexes (PPCs). Specifically, we implemented new scanning methods that
greatly speed up data acquisition, new optical coatings that increase throughput, and improved
detectors that increased sensitivity. One of the topics we addressed was the separation of electronic
and vibrational coherences in PPCs, where, over the past decade, intense interests has been directed
at the physical interpretation of long-lived coherence signals. While these long-lived signals were
originally assigned to electronic coherences, which would have been a surprising and important
result, the general consensus now is that these signals are primarily vibrational in origin and do
not directly report on long-range energy transfer as originally suggested. However, the time scale
of electronic coherences has still not been directly measured, and, in some cases despite the
lifetimes being short (< 100 fs), they may still be important in intra-complex transport between
certain excitonic states that are close to or overlapping in energy. This is especially true in systems
with a large number of chromophores such as the light-harvesting complex II (LH2) from purple
bacteria. Here, we have established a means by which to acquire coherence data in a fraction of a
second to achieve the highest signal-to-noise possible, giving us the best change to interpret the
origin of these signals. By fitting the coherence-only signal only after a few hundred
femtoseconds, we were then able to subtract from the full signal (at T>0), vibration-only
contributions. This then yields the electronic-coherences only without resorting to the Fourier
transform which contains no information on time-ordering (when one frequency arrives and
another disappears). As a control, we tested this idea on BChl a, where no electronic coherences
can exist, and found that no residual coherences remained. On the other hand, for LH2, coherences
lasted about ~100 fs, which is in line with expectations based on low-temperature single-molecule
fluorescence excitation experiments. More importantly, the global analysis scheme found sub-100
fs population transfer components between the B800 and B850 states, which corresponded with
the electronic coherence frequencies measured. This indicates that coherences may affect
population transfer, although the time scales are in the 100 fs regime and not the picoseconds that
was originally postulated.

IV. Using Statistical Analysis to Uncover Dynamics in 3D Perovskite Materials

DURIP funding was used to improve our transient absorption (TA) microscope. Scanning electron
microscopy (SEM) correlated to TAM on CH3NH3Pbl; perovskite particles is used to identify a
defect state ~60 meV into the bandgap at GBs, which accelerates carrier cooling acting as
additional energy acceptors. An in-depth statistical analysis performed on a large dataset (806
distinct spatial locations) reveals that the shallow defect state, generally considered to be benign,
plays a significant role in accelerating carrier cooling, which is detrimental to hot carrier solar
cells.
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Spectrally-resolved TA spectra at GI and GB of CH.NH.PbL. (a) SEM image of the perovskite particle. The yellow
solid curve traces the edge of the particle and the black dashed curves trace the grain boundaries between grains. The
ones in the inner circle are not marked as they are too dense. Scale bar: 1 um. (b) TA surface and (c) TA spectra with
fits (black solid curves) at different pump-probe delays at one position picked in grain interiors. (d) TA surface and
(e) TA spectra with fits (black solid curves) at different pump-probe delays at one position picked at grain boundaries.
(f) Sub-bandgap feature extracted from fit, with spectrally integrated (1.570 + 0.015 eV) sub-bandgap intensity (red
curve) and single-exponential fit (black solid curve). The population lifetime is labeled. (g) Cuts of TA spectra at grain
boundary at 1.0 ps (green) and 1.8 ps (blue), with fits (black solid curve) and residues (dashed curve, scaled). An
arcsinh-scaled color map is applied on b, d, f.

The data shown above illustrate that many hundreds of distinct regions of the polycrystalline
sample could be studied in a single experiment. The large data set allowed us to perform statistical
analysis to isolate the connection between the depth of the sub-bandgap state, its amplitude, the
carrier relaxation rate, the Fermi level, and structural features revealed by SEM.

4. Researchers supported by the AFOSR grant this funding period:
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