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Abstract

We investigated temperature and gate-dependent photogenerated carrier diffusion in
single-crystal microstructures of the hybrid organic-inorganic perovskite (HOIP) methylam-
monium lead trihalide (MAPbXj, where X = I, Br) via scanning photocurrent microscopy
(SPCM). In both materials, carrier diffusion lengths (Lp) were found to increase abruptly
across the tetragonal to orthorhombic phase transition, coincident with an abrupt increase
in exciton binding energy (Fp), and reached over 100 um by 80 K. Combined with relatively
short carrier lifetimes, the low temperature Lp measurements implied an enormous carrier
mobility (~ 10* V's/ecm?) in both materials, too high in fact to be typical electron or hole
diffusion. Thus, we attributed this fascinating behavior to fast, efficient transport of charge-
neutral excitons, where the dipolar nature of the excitons massively reduces their optical
phonon scattering, allowing them to diffuse unhindered through these materials.

We also discovered the ability to tune the low temperature exciton diffusion via an
applied gate voltage (V). Depending on the material, as well as the sign and magnitude of
Va, Lp could be increased or decreased by a significant margin. In addition, MAPbBr3’s in-
trinsically larger E'g made this value directly observable through photocurrent spectroscopy.
The measured Ep values were temperature-dependent (Ep increased as T decreased) with
the sharpest change occurring at the low temperature phase transition.

Finally, we branched out from our HOIP studies to investigate polarization-dependent
anisotropic photoluminescence of self-trapped excitons (STEs) in the one-dimensional (1D)
organic metal halide hybrid (OMHH) C4;NyH4,PbBry. 1D materials can exhibit strongly
anisotropic optical properties and highly efficient light emission, making them promising
candidates for novel photodetection and lighting applications. We discovered that the sam-
ple emission intensity can shift between being maximum under parallel-to-1D chain versus
perpendicular-to-1D chain excitation, depending on the excitation wavelength (Agx). We
attributed this Agx-dependent emission to fast surface recombination, supported by first-
principles calculations of optical absorption and a fast emission decay component seen with

time-resolved photoluminescence (TRPL) only when absorption was located near the surface.



Chapter 1. Introduction

The severity with which the world needs continued advancement in clean energy gen-
eration and efficient energy consumption cannot be understated. It is infuriatingly difficult
for the individual to feel as though they can make a difference, when faced with uncar-
ing mega-corporations that pump out 99% of the emissions that are rapidly destroying our
planet. That being said, scientists hold a special kind of power against these destructive
entities, in that we have the opportunity to change the fundamentals that the rest of the
economic world must rely on, in order to keep making their profits. If solar energy becomes
the cheapest way to power your country, legislation that favors it will follow suit. Reliance
on oil and gas will fade away. Similarly, if better, higher efficiency lighting technology is de-
veloped for our smart-phones and televisions, Samsung and Apple get to advertise a longer
battery life and cleaner picture. Higher efficiency means less heat lost to the environment,
and when one pulls even a little heat waste away from 100 billion screens and appliances,
the effect is significant. I have spent these last 6 years working to advance the fields of solar
energy and efficient light generation through fundamental materials research, with specific
interest in how excitons affect various optoelectronic semiconductor properties. The two
main classes of materials I have studied, hybrid organic-inorganic perovskites and organic
metal halide hybrids, are among the vanguard of hopeful next-generation materials to be

applied to the ongoing energy crisis. Let’s start with some background...

1.1 Materials Background
1.1.1 Hybrid Organic-Inorganic Perovskites

Over the last decade, hybrid organic-inorganic perovskites (HOIPs), including methy-
lammonium lead halide MAPbX3; (M=CHj3, A=NHjs, and X=Cl, Br, I), have garnered global
attention due to their incredible potential for cost-effective solar energy conversion, ! 2 with
photovoltaic conversion efficiencies (PCE) now reaching over 25%.114l These hybrid com-

pounds, with the general chemical structure ABX3 (Figure 1.1), are highly versatile; the


https://www.science.org/doi/full/10.1126/science.1228604
https://www.nature.com/articles/nature14133
https://www.sciencedirect.com/science/article/pii/S2468606921002720
https://www.science.org/doi/full/10.1126/science.abj1186

cations and anions may be interchanged and/or mixed to achieve an adjustable bandgap,
higher stability, and a lower defect density.!??/[6l MAPbX; in particular can exist in three
different, temperature-dependent structural phases as well, each displaying unique optoelec-
tronic properties. MAPbDI3, for example, is cubic (Pm-3m) above 330 K, tetragonal (I4/mcm)
between 330 K and 160 K, and orthorhombic (Pnma) below 160 K.[”) MAPbBr; follows a
very similar trend to MAPDI3, just with slightly shifted critical temperatures, and MAPbHCl;
too goes through the same three phases, but only exists in the tetragonal phase for a few
degrees (173 K - 179 K).[8 These HOIPs can be solution-processed at near room tempera-
ture, thus enabling inexpensive and large-scale production of solar panels and instilling the
dream of being able to print photovoltaic devices like newspaper. HOIPs also show promise

in light emitting diode (LED), indoor light harvesting, and laser applications. (3]

Tetragonal Orthorhombic

Figure 1.1: Temperature-dependent structural phases of MAPbI3. The A, B, and X sites represent
the central cation (can be organic or inorganic), metal ion, and halide sites, respectively. For
MAPDI3 in particular, A = CH3NH3™" (black spheres = carbon, blue spheres = nitrogen, purple
spheres = hydrogen), B = Pb*2 and X =T".


https://www.nature.com/articles/nature14133
https://www.nature.com/articles/nmat3911
https://pubs.acs.org/doi/full/10.1021/jacs.5b05404
https://www.nature.com/articles/srep35685
https://www.mdpi.com/1996-1944/11/5/729
https://www.sciencedirect.com/science/article/pii/S2468606921002720
https://www.nature.com/articles/nnano.2015.90

The high PCE (now competitive with silicon photovoltaics) in these vanguard HOIPs
has been attributed to several apparent factors, including an ideal bandgap (about 1.5 eV
for MAPbDI3), high absorption coefficients, reasonably high electron/hole mobilities (10 - 100
cm?/Vs), unexpectedly long carrier lifetimes (100 ns - 100 us), and large carrier diffusion
lengths (100 nm - 175 pm), M2 even with relatively high defect densities as expected
from the low-temperature solution growth processes. HOIPs have been shown to have a soft
lattice with a Young’s modulus approximately 10 times lower than common inorganic semi-
conductors. ¥ As a result of the highly polarizable lattice, a charge carrier can effectively
form a large polaron with a diameter much larger than the unit cell size.["¥ Large polarons
in HOIPs may account for the unique optoelectronic properties of the materials, including
electric field screening, defect tolerance, slow hot carrier cooling, and moderate charge car-
rier mobility. [ '8l However, large polarons are but one of many theories as to why these
compounds display such special properties, in particular, the long carrier lifetimes and large
diffusion lengths. While several possible mechanisms such as local polar fluctuations, "

(18] jon migration, ™ and ferroelectricity % have

polaron formation, ' spin-orbital coupling,
been proposed to understand these unique HOIP properties, the true origins are still un-
der intense debate. The intrinsic material physics happening here is rich with information

that could be crucial to fundamental semiconductor science and the development of better

photovoltaic technologies, including new HOIP-based solar cell architectures.
1.1.2 1-Dimensional Organic Metal Halide Hybrids

Charge carriers and excitons (described in detail below) in materials with weak electric
field screening can interact strongly with the crystal lattice and be heavily dressed by phonons
via a self-trapping mechanism, leading to lower mobility and large Stokes shifts. [21[22/[23]
Strong couplings between excitons and specific phonon modes have been directly observed,
such as those seen in stack-engineered WSe;/MoSe, heterojunction photodiodes,?* mono-

o, [26][27

layer WSey, 2! various forms of boron nitrid I'and chiral one-dimensional (1D) lead-free


https://www.science.org/doi/full/10.1126/science.aaa2725
https://www.science.org/doi/full/10.1126/science.1243982
https://www.science.org/doi/full/10.1126/science.aaa5760
https://link.springer.com/article/10.1557/mrc.2015.69
https://pubs.rsc.org/en/content/articlehtml/2016/mh/c6mh00275g
https://www.science.org/doi/full/10.1126/sciadv.1701469
https://iopscience.iop.org/article/10.1088/0034-4885/72/6/066501/meta
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.136001
https://www.science.org/doi/full/10.1126/sciadv.1701469
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.5b01854
https://pubs.acs.org/doi/full/10.1021/acs.accounts.5b00420
https://www.pnas.org/doi/abs/10.1073/pnas.1702429114
https://www.nature.com/articles/ncomms14051
https://www.sciencedirect.com/science/article/pii/0022369790901445
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.202003309
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.2c00944
https://www.nature.com/articles/s41467-020-20244-7
https://www.sciencedirect.com/science/article/pii/S0022231318315515
https://onlinelibrary.wiley.com/doi/abs/10.1002/pssb.200672108

hybrid metal halides. ?8 Similar to HOIPS, perovskite-related materials such as organic metal
halide hybrids (OMHHs) have become one of the most promising classes of photoactive ma-
terials being studied, with potential applications in solar energy, photodetection, LEDs, and
lasers. 219 Ag a result of the formation of self-trapped excitons (STEs; discussed in detail
in Section 1.2.2) with high binding energies, low-dimensional OMHHs exhibit bright white-

21BUB2B3] It has also been demonstrated that the photoluminescence (PL)

light emission. |
quantum yields can be further enhanced to up to 90% by high pressure.®¥ This broadband
and efficient emission, typically occurring only in materials with sufficient electron-phonon

coupling, shows promise for uses in solid-state lighting devices.

Figure 1.2: Example of a relevant 1D structure (C4N2H;4PbBry): quantum wires composed of
metal halide octahedra (green and red spheres), wrapped by organic cations (black, blue, and purple
spheres). The exact atomic constituents of this structure are discussed in Chapter 4.

1D OMHHs consist of corner, edge, and face-sharing metal halide octahedra which cre-

(29]

ate 1D networks, glued together by organic cations (Figure 1.2)."*” These 1D networks can

form in zigzag, linear, bilinear, and tubular shapes. The bulk material is considered an assem-

4


https://pubs.acs.org/doi/full/10.1021/acs.jpclett.2c00698
https://onlinelibrary.wiley.com/doi/full/10.1002/sstr.202000062
https://www.sciencedirect.com/science/article/pii/S0927796X18302055
https://www.nature.com/articles/ncomms14051
https://pubs.acs.org/doi/full/10.1021/ja507086b
https://pubs.acs.org/doi/full/10.1021/acs.jpclett.6b00793
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.6b00809
https://pubs.acs.org/doi/full/10.1021/jacs.0c07166
https://onlinelibrary.wiley.com/doi/full/10.1002/sstr.202000062

bly of core-shell nano-structures, where the positively charged cations form the shell and the
negatively charged octahedra chains form the core. Such materials can exhibit strong optical
anisotropy, offering additional exciting application opportunities. ?*! Fluorescence anisotropy
has been observed in stretch-oriented poly(p-phenylenevinylene) (PPV),[%! J-aggregates of

36] and 1D halogen-bridged Pt chains.” Anisotropic optical proper-

thiacarbocyanine dyes,
ties have been observed in single-walled carbon nanotubes through spectroscopic ellipsome-
try measurements. 8 Linear dichroism conversion has been reported in quasi-1D hexagonal

39 and the introduction of chiral cations in 1D perovskites

perovskite chalcogenide BaTiSs,
has enabled direct detection of circularly polarized light.[*)) A theoretical first-principles
study confirmed the formation of STEs in 1D OMHHs C4;NyH4PbX, and established a
polarization-luminescence relationship. *!) Experimentally, linear polarization-dependent PL
has been reported in C4;NyH14Pbly,#2 but how the PL polarization relates to the 1D metal
halide chains of this 1D OMHH is not reported. Another 1D OMHH, C3H10NPbIg,[43] has
been reported to show PL linearly polarized along the 1D chain. However, this work applied
only a fixed photoexcitation energy close to the exciton resonance energy of the 1D per-
ovskite material and did not provide a clear physical mechanism accounting for the observed
anisotropy. It is crucial to understand the fundamental mechanisms in anisotropic excitons

and the self-trapping process in 1D OMHHs to advance their potential broad applications

in lighting, polarization optics, sensing, imaging, and communication technologies.

1.2 Excitons
1.2.1 Excitons in Semiconductors

Excitons are electron-hole pair quasi-particles bound by Coulombic attraction, and
they have major impacts on the optoelectronic properties of semiconductor materials. 4
When a semiconducting material absorbs a photon with sufficient energy (greater than the

bandgap energy), a negatively charged electron is excited from the valence band to the


https://onlinelibrary.wiley.com/doi/full/10.1002/sstr.202000062
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.56.3838
https://www.sciencedirect.com/science/article/pii/0009261496009463
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.52.8276
https://www.sciencedirect.com/science/article/pii/S0008622312004873
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201902118
https://www.science.org/doi/full/10.1126/sciadv.abd3274
https://pubs.rsc.org/en/content/articlehtml/2022/cp/d2cp01315k
https://iopscience.iop.org/article/10.1088/2515-7647/ab6743/meta
https://pubs.acs.org/doi/full/10.1021/acs.jpclett.2c01045
https://pubs.aip.org/physicstoday/article/35/3/46/433866/Thermodynamics-of-excitons-in-semiconductorsGroups

conduction band, leaving behind a positively charged hole (essentially the absence of the
electron). The excited electron is drawn toward the hole through the electrostatic force,
but is simultaneously repelled by other surrounding electrons, leading to an equilibrium
state of the correlated electron and hole - an exciton. Consequently, the exciton state in
this electrostatic balance is lower in energy than either of the free charge species, and can
therefore be favorable under certain conditions. Excitons can be thought of as elementary
excitations of condensed matter that have the ability to transport energy without transport-

o 145

ing net charge.*” Fundamental research on these charge-neutral quasi-particles has revealed

rich and intriguing physics. Under the right conditions, excitons can form more complicated

[48]

quasi-particle structures, such as trions, biexcitons, *6/*7 exciton polarons, ¥ and exciton

491 Excitons can also undergo a gas-liquid phase transition® and condense into

polaritons.
an electronic insulator or a superfluidic quantum state.®1®2 Analogous to charged polarons
(electrons or holes interacting with the charged lattice surrounding them), excitons may
also interact with the crystal lattice and form polaronic excitons. The phonon-scattering
of charged carriers in semiconductors is typically believed to be dominated by longitudi-
nal optical phonons, but the scattering of exciton polarons is fundamentally different from
charged polarons and is poorly understood. " Exciton effects are manifold; they can greatly
influence the optical properties of semiconducting materials by creating a resonant optical
absorption and they can simultaneously directly affect carrier transport behavior and charge
extraction.

Practically, excitons are often given negative connotation in solar energy harvesting
due to their presumed short diffusion lengths and direct influence on conversion efficiencies;
an exciton must ‘break’ into its constituent charged pieces in order for them to be collected as
photocurrent. In polymer, organic, and low-dimensional semiconductors, excitons dominate
over free charge carriers upon photoexcitation at room temperature, due to their associated

exciton binding energy Ep values being larger than the average thermal energy kgT. As a

consequence, one of the limiting factors for power conversion efficiency in organic solar cells


https://www.nature.com/articles/nphys3324
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.5b05077
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.6b01218
https://pubs.acs.org/doi/full/10.1021/acs.nanolett.7b01956
https://www.science.org/doi/full/10.1126/science.1243409
https://www.nature.com/articles/nature10903
https://www.nature.com/articles/s41467-019-13711-3
https://pubs.acs.org/doi/full/10.1021/acs.jpclett.1c00507

is the rather short (on the order of 10 nm) exciton diffusion length, Lp.* This kind of
diffusion length can be defined by the relationship between diffusivity D and carrier lifetime
7, or Lp = v/Dr, with diffusivity directly related to carrier mobility by p = ¢D/kgT (q is
charge and T is temperature). This relationship implies that in order to have a large Lp,
the material in question must have either a large p or a long 7, or both.

In wide-bandgap semiconductors with low dielectric constants, excitons heavily dressed
by phonons can be immobilized by a self-trapping mechanism, such as in the case of metal
halides and OMHHs. 222155 On the other hand, in inorganic semiconductors with larger
dielectric constants, electric field screening can result in highly mobile excitons, exhibiting
mobilities as high as 2 x 10 em?/Vs in Sil%l. It is important to note here that although
excitons are charge neutral, their mobility can still be derived from D, analogous to charged
particles. How excitons interact with free carriers, phonons, and the ever-present electric
and magnetic fields within semiconductor materials is essential to understanding their exotic

behaviors and transport properties.
1.2.2 Excitons in Relevant Semiconductors

Excitons in HOIPs: In regards to exciton transport, HOIPs are of particular interest
to this dissertation. While the Eg values are intrinsically lower in many of the vanguard
HOIPs being studied than those of purely organic semiconductors, excitons may still form in
significant populations when the proper conditions are met. The ratio of coexisting excitons
and free carriers can be quantitatively estimated by the Saha-Langmuir equation (Equation
1.1), which effectively relates relative exciton population to temperature and (excitation)
density. " The fraction, x, of free charge carriers over the total excitation density for a 3D

semiconductor can be written as

2 3/2
x _ 1 2m kT e_:;TBT (1.1)
(1—z) n h?
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where p is the reduced exciton mass, h is Planck’s constant, T is temperature, and n is the
total excitation density (excitons and free carriers combined).

At sufficiently low temperatures (kg7 < Ep), a majority of photoexcited charge
carriers are bound into excitons. Similarly, under intense enough excitation densities, signif-
icant exciton formation is promoted due to the forced close proximity of the charged species.
In our studies of MAPbI3 and MAPbBr3, the competition and control of EFg and kg7 will
be the more interesting factor (high laser intensities are required in order to generate large
carrier densities, and high laser intensities destroy these samples quite quickly).

Ep has been measured in MAPbI3, by magnetic field-dependent optical interband
absorption, ®® to be 16 meV in the low temperature orthorhombic phase and drops sharply
to only a few meV in the tetragonal phase (around 160 K). Such an abrupt shift in Fp
is expected due to the sudden change in dielectric function across the phase transition. "]
This low Ep suggests that excitons are unlikely to form in MAPbI3 at room temperature,
where kpT is about 26 meV. Hence, our measurements proved to be most intriguing at lower
temperatures, % where MAPbI; has transitioned into the orthorhombic phase. MAPbBrs;,
however, has a much larger Ez than even MAPbI3’s low temperature binding energy. A wide
range of Fz values has been reported, up to 150 meV (a value comparable to those of organic
semiconductors), indicating excitons and free carriers can coexist at room temperature. [0
Similar to MAPbI3, the Eg of MAPbBr3 also increases further at the low temperature phase
change (tetragonal to orthorhombic). In fact, Ep becomes so strong at low temperature,
it can be directly observed via photocurrent spectroscopy in our own samples. %2 In both
of these HOIPs, fascinating and unique transport behavior emerged as Fg overcame kgT,
giving rise to our super-mobile exciton transport model, as will be discussed in detail in

Chapter 3.

Excitons in Low-Dimensional Materials: Low-dimensional HOIPs, with quantum con-

finement effects and intrinsically huge Eg values, offer an excellent platform to study exci-
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tons. Ruddlesden—Popper halide perovskites (RPPs) with the scary-looking chemical formula
(BA)sMA, 1Pb,X3,.1 (where X is I, Br, or Cl), composed of 2D layered perovskite structures
separated by long, chain-like spacer molecules, can be mechanically exfoliated relatively eas-
ily. (63164 Such single flake RPP devices remove complications of inhomogeneity and domain
boundaries associated with poly-crystalline films and allow better understanding of the in-
trinsic properties. Pure phase RPPs have been synthesized with controlled layer numbers
(n).1%! The long chain spacer molecules suppress nonradiative recombination %°l and improve
the long term stability. 57 Due to this strong confinement, E5 has been demonstrated to in-
crease with decreasing n and can reach up to 470 meV at n=1.1) A carrier mobility of
10 cm?/Vs and Lp of up to 2.5 um have been measured by THz spectroscopy in 2D MA-
phenylethylammonium (PEA) lead iodide at room temperature.l®). An enormous Rashba
splitting has also been observed in 2D perovskites as well as quantum-confined perovskite
nanocrystals, [ "% which is highly sought after for spintronic applications.

Furthermore, 1D and 0D HOIPs™ ™ and 1D OMHHsP! PRI B9 have also recently
been synthesized with even stronger quantum confinement and near-unity PL quantum ef-
ficiency. 1D and 0D HOIPs/OMHHs are obtained by effectively slicing 2D HOIPs/OMHHs
into metal halide wires and individual octahedra, respectively.[™ 1D structures, with co-
incident electronic band formation and structural distortion, display large Stokes-shifted
broadband emissions due to both free excitons (FE) and STEs.[™ ™1™l Tn comparison, 0D
structures, composed of isolated (due to the surrounding inorganic or organic cations) metal
halide octahedral anions or metal halide clusters, do not retain their electronic band forma-
tion. Therefore, the 0D structures act like individual metal halide octahedra or metal halide
clusters and display strongly Stokes-shifted broadband emissions with high PL quantum
efficiency from STEs only. 72 [7]

Of particular interest to this dissertation are the optoelectronic properties of 1D
OMHHs, which largely depend on the formation of STESs, resulting from strong electron—pho-

non coupling. STEs can be found in organic molecular crystals, " condensed rare gases, ™
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and halide crystals. ™ In these kinds of materials, electron-phonon interactions are so strong

9] This warp-

that the excited charge carriers can elastically warp the surrounding lattice.
ing is unfavorable in terms of energy, compared to the self-trapping mechanism. Thus, an
STE can be thought of as the bound state of an electron and a hole (an exciton), which is
self-trapped in a lattice distortion field, forming a small polaron due to the strong coupling
between the exciton and the lattice. 2% T80 1811182] T the self-trapping process, electrons are
first photo-excited to FE states. Then the resulting FEs undergo a very fast relaxation (<
1 ps) to self-trapped states, which may contain several trapped centers with dissimilar en-
ergies.?”! The subsequent decay from these self-trapped states, with numerous local energy
minima, leads to broadband emission. Generally, it is accepted that low structural dimen-
sionality is required, or at least expected, for STE formation. However, density-functional
theory (DFT) calculations suggest that the formation of STEs, and the resulting broad

emission, require an appropriate electronic dimensionality rather than just structural di-

mensionality. 2% [33].

1.3 Outline of this Dissertation

In the following chapters we will dive into the world of exciton-driven phenomena in
3D HOIPs and 1D OMHHSs, from the perspective of several research projects. Chapter 2 con-
tains descriptions of the various experimental techniques utilized in these projects, including
synthesis methods, device fabrication, and multiple characterization techniques. Chapter
3 discusses the published observations of highly mobile excitons at low temperature in the
vanguard HOIPs MAPbI5%! and MAPbBrs, 2 and the interesting differences between the
two materials. Chapter 4 moves on to a similar class of materials, organic metal halide hy-
brids, and examines the recently published ! anisotropic emission properties of self-trapped
excitons in 1D C4NyH4,PbBry single crystals. Finally, Chapter 5 consists of a summary of

the projects’ results and some discussion of ongoing and future related research endeavors.
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Chapter 2. Experimental Techniques

The majority of the work that went into these various projects took place in two
locations: the somewhat vibrationally-isolated basement of the UC Davis Physics and As-
tronomy building, and the Center for Integrated Nanotechnology Core (Sandia National
Laboratory) and Gateway (Los Alamos National Laboratory) Facilities. The HOIP sample
synthesis, HOIP device creation, scanning photocurrent measurements, and XRD charac-
terization took place at UC Davis, while the static and time-resolved photoluminescence
measurements occurred at the CINT locations. Sample growth for the 1D OMHHs was

performed externally by our collaborators at Florida State University.

2.1 Synthesis and Characterization of MAPbI; and MAPbBr;

HOIPs come in a large variety of structures, ranging from cm-sized bulk crystals to
polycrystalline thin films to quantum dot and nanocrystal colloidal solutions. In our case, we
focused on a solution-based synthesis method that produces high-quality single crystal micro-
structures (Figure 2.1). By working with single crystals, we avoid the detrimental influence
of grain boundaries, commonly observed in polycrystalline films, and gain better insight into
the more intrinsic transport properties of the material itself. Furthermore, by keeping the
samples small (10’s of nm to single gum in thickness), we are granted access to field-effect
transistor (FET) architectures where we can directly tune the carrier concentration through
back-gating.

MAPDI3; and MAPbBr3 micro-structures (predominantly micro-beams and micro-

plates) were grown in very similar ways, but the details for each are as follows:

MAPDI; - Initially based off the instructions of our synthesis collaborators,® 40 mg of
MATI powder (Sigma Aldrich >98%) are slowly dissolved in 1 mL of isopropyl alcohol (IPA
99.5%) in a glass vial inside a nitrogen glovebox. Meanwhile, 100 mg of PbAc, 3 HyO (Sigma

Aldrich 99.999%) powder are dissolved in 1 mL of deionized water. The PbAc,y solution is
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distributed across an FTO-coated glass slide by spin-coating at 600 RPM for 40 seconds.
The coated substrate is then baked at 60 °C until dry and then placed upside down inside
the vial of MAI solution at 50 °C in an oven for several days. After baking, the substrate is
removed from the vial, gently dipped into IPA for a few seconds, and then blown dry with

nitrogen.
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Figure 2.1: SEM images of micro-structure HOIP samples. (Left) As-grown MAPDI3 single
crystals on the growth substrate. Examples of micro-beams and micro-plates can be seen, as well
as some nano-crystal film (right side of image). (Right) Single crystal MAPbBrs micro-plate lying
across two gold electrodes in our typical FET device configuration. This particular crystal is about
640 nm thick and 74 pm long.

There are 2 main differences between our synthesis method and the previously men-
tioned published work[® - (1) is the duration of oven baking and (2) is the use of PbAc,
(Ac = acetate, or CH3COO") instead of Pbly. As shown in that work, baking for 20 hours
resulted in single crystals of a few um in length. By allowing the baking process to continue
for > 24 hours, even up to a few days, we are able to obtain single crystals of up to 200 pum
in length and 10’s of um wide. Importantly, we did not attempt to grow the crystals much
larger than this, due to the desire to keep sample thickness limited to within a few pm, for
effective FET device construction. The choice to switch from Pbl; to PbAcy, was based upon

subsequent literature, ¥/ 89 showing that the use of PbAc, leads to higher quality crystals.
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The chemical mechanism behind the MAPDbI; micro-crystal synthesis relies on what
is known as a dissolution-recrystallization process.® When the dry, spin-coated PbAc,
comes into contact with the MAI solution, a low-quality, thin film of MAPbI3 immediately
forms at the substrate surface, which actually blocks deeper MAPDbI; crystallization. The

crystallization of MAPbDI3 can be represented by the following equation:

PbAcy, + 3CH3NH3I — CH3NH3Pbl; + 2CH3NH3Ac (2.1)

or equivalently

PbAcs + 3MAT — MAPbI; + 2MAAc (2.2)

The initially messy MAPDI3 layer and the surrounding solution interact in a contin-
uous cycle of the MAPDI; dissolving and recrystallizing, and with each cycle the MAPDI;
becomes higher quality and single crystals begin to nucleate and grow. This is due to the
thermal instability of the by-product MAAc, which has been shown to sublimate and/or
evaporate out of the solution as time passes, #” leading to more and more pure MAPbI; and

less messy mixture.

MAPDBBr3 - We follow a similar synthesis method for MAPbBr3;. 6 mg of MABr powder
(Sigma Aldrich >98%) are slowly dissolved in 1 mL of isopropyl alcohol (IPA 99.5%) in a glass
vial inside a nitrogen glovebox. Meanwhile, 100 mg of PbAc, 3 H,O (Sigma Aldrich 99.999%)
powder are dissolved in 1 mL of deionized water. The PbAc, solution is distributed across
an FTO-coated glass slide via manual spreading with a pipette, rather than spin-coating,
while baking on a hot plate at 90 °C until dry. The slide is then placed upside down inside
the vial of MABr solution at 40 °C for 1 - 3 days. Afterwards, the substrate is removed,

gently dipped into IPA for a few seconds, and then blown dry with nitrogen.
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The chemical process behind this synthesis is effectively identical to that of MAPDI3,
just replacing the halide ion I with Br. The use of manual spreading of solution instead
of spin-coating arises entirely from an unfortunate change in FTO substrate manufacturer.
The original FTO slides used for MAPbI3 eventually ran out and we were unable to find
an exact replacement. The new slides proved to be terrible at retaining droplets of solution
during the spin-coating process, and so we switched to distributing the solution across the
slide by hand. I find this to be a great example of how unexpectedly small alterations in

technique can lead to huge changes in the end result.

2.2 Perovskite Micro-Structure Device Fabrication

HOIPs are sensitive to both high heat as well as several solvents used in lithography.
Thus, it is difficult to fabricate micro-beam and/or micro-plate devices using conventional
e-beam or photo-lithography methods. Instead, a more creative, and directly hands-on,
technique was applied to fabricate our FET devices. The as-grown micro-structures were
mechanically transferred via micro-fiber (cat hair, provided by Dr. Dong Yu’s cats), by
uncaffeinated hands, from the glass slide substrate to the device substrate. The device sub-
strates were fabricated at the UC Davis Center of Nano and Micro-Manufacturing (CNM2)
cleanroom facility and consist of a conductive silicon chip, followed by a 300 nm thick insu-
lating layer of SiOs, with pre-patterned 40 nm thick electrodes (5 nm Cr, 35 nm Au) on top
(Figure 2.1-Right). With practice, one can select which pair of electrodes the sample crys-
tal will land on, and even control the orientation and tilt of the crystal, with respect to the
electrode direction. The ideal placement for our studies was to have most of the micro-beam
or micro-plate away from the electrode channel (a pair of electrodes), while still making
contact with both electrodes. The reasoning behind this will become clear in Chapter 3.

Once several micro-structure FET devices were prepared (all on one device substrate,
as shown in Figure 2.2-Left), the substrate was installed in an optical cryostat (Janis

ST-500) capable of reaching an internal pressure of 10 torr, thus minimizing detrimental
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humidity effects on the HOIP samples and allowing for low temperature (down to 8 K)
measurements. Characterization current-voltage curves were measured through a current
preamplifier (DL Instruments, model 1211) and an NI data acquisition system. If the FET
devices proved to be conductive, light-sensitive, and stable, SPCM measurements could be-

gin.

Cryostat

Figure 2.2: Experimental equipment. (Left) FET device chip with multiple sample crystals lying
across pairs of gold electrodes. The thin electrode pairs (each electrode is 1 pm wide and 40 nm
thick; 10 um gap between pairs), feed off to large gold pads (> 100 pm wide at the ends) for wire-
bonding to make electrical connections. (Right) Home-built SPCM setup. The excitation laser is
passed through the microscope, out the objective lens, and into the optical cryostat, where the
device chip (Left) is mounted.

2.3 Scanning Photocurrent Microscopy

Scanning photocurrent microscopy, or SPCM, utilizes a focused light beam as a lo-
cal excitation source, similar in concept to the probe tip of an atomic force microscope
or scanning tunneling microscope. #8890 P2] 7 Marek is credited with one of the first

quantitative studies that put SPCM to real use, where the technique was applied to measure
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photocurrent profiles at grain boundaries of semi-crystalline solar cell materials. 3! Over
the last decade, the technique has been put to particularly effective use in the analysis of

98] [99] [100] [101] [102] [103] [104] Tpy g typical

semiconductor micro and nano-structures. 9419511961 071
SPCM system, a focused laser beam of selected energy is used to locally excite a semicon-
ductor material out of equilibrium. The injected carriers, typically electrons and holes, then
undergo a relaxation process that can consist of many pathways: thermal relaxation, recom-
bination, drift, diffusion, etc. If the injected charge carriers make it to an electrode (or any
charge collection zone of the semiconductor device architecture) before they recombine, a
photocurrent is measured. Combined with some form of scanning mirrors or sample stage
with programmable motion control features, a spatial mapping of photocurrent as a func-
tion of excitation location can be created. Such a mapping provides direct information on
the optoelectronic properties of semiconductors, such as internal electric field, charge trans-
port behaviors, and recombination dynamics.!®” The experimental results generated by this
powerful measurement technique have been rigorously compared to derived theoretical cal-
culations, considering absorption cross sections, excitation wavelength, and excitation spot
size, and display excellent mutual agreement.

Here, SPCM measurements were performed using a home-built setup (Figure 2.2-
Right) that consisted of a laser source, its associated optical components, a pair of mirrors
mounted on galvanometers (also known as scan-mirrors), an optical microscope, and a cur-
rent preamplifier. A 532 nm CW laser or a tunable pulsed laser (NKT SuperK plus 500 -
1700 nm) was focused by a 40x N.A. 0.6 objective lens to a diffraction limited spot with a
diameter of about 1 pm and raster-scanned on various HOIP FET devices by the pair of
scan-mirrors, while both reflectance and photocurrent were simultaneously recorded to pro-
duce two-dimensional maps of photocurrent sign and amplitude as a function of XY position.
The position value is converted from the voltage output to the scan-mirror. The angle of
the mirror (and hence the position of the laser) is proportional to this voltage, where the

conversion factor has been calibrated. The laser power, ranging from 10s of nW to several
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uW, was controlled by a set of neutral density (ND) filters and was measured by a power
meter underneath the objective lens of the microscope.

When the HOIP micro-structures make contact with the gold electrodes, a Schottky
junction is formed. This is a typical semiconductor phenomenon that occurs when the Fermi
level of the sample material does not match the Fermi level of the metal electrode. When
the two are placed in contact, the Fermi level of the sample is forced to locally align with
the Fermi level (Figure 2.3A) of the metal, which leads to band-bending at the location
of contact (the sample’s conduction and valence bands are tilted in energy toward the fixed
Fermi level). This bend in electrical potential energy results in a local, built-in electric field
at the junction, with the field direction dependent on the relative tilt slope (tilting up or
down toward the contact). When an excitation source, such as a laser, generates charge
carriers in the sample, those carriers can drift and/or diffuse through the material. If they
survive long enough before recombining, they may interact with the electric field surrounding
the Schottky junction and thus be detected/collected as photocurrent. Depending on the
previously mentioned tilt slope, or band-bending direction, the polarity of the detected
photocurrent will be either positive or negative. The band-bending, and therefore local
electric field, can also be influenced via the application of an external bias voltage Vsp (SD
stands for source-drain), where the sign and magnitude of Vsp can enhance or dampen the
tilting at the contact (Figure 2.3A). An applied gate voltage (V) may also affect the band-
bending by globally shifting the sample Fermi level up or down. Furthermore, the Schottky
junctions created at material interfaces are not the only sources of in-built electric fields
that SPCM can detect. Band-bending can also be generated at any region where there is an
inhomogeneous collection of charge, either manually created through doping or intrinsic to
the sample, and SPCM can be used to study such regions.

Of particular relevance to the studies presented in this dissertation, SPCM can also
be used to directly measure a sample’s (minority) carrier diffusion length Lp. Upon excita-

tion from the laser, photo-generated carriers outside of the electrode channel (where there
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Figure 2.3: (A) Band-bending diagrams at different Vgp for an n-type MAPbI3 device. (B)
Schematic for SPCM. (C) Experimentally obtained SPCM profiles along the sample axis at room
temperature, showing peak shift at opposite Vgp. The photocurrent is always peaked at the
reversely biased contact and flips sign, consistent with the band-bending diagrams.

is no electric field-induced drift component) will diffuse through the sample until either re-
combining or making it to the Schottky junction and being collected as photocurrent. Due
to the ever-present recombination factor, the odds of these excited carriers making it to
the junction and being collected decrease exponentially as the distance between laser spot
and junction increases. This implies that the measured photocurrent, too, should drop off

exponentially as the laser scans across the sample, away from the contact, and this is indeed

what is observed (Figure 2.3C).
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In the linear regime, where the laser-excited carrier concentration is much smaller than
the majority carrier concentration in the dark, carrier recombination (R) is proportional to

the laser intensity:

R = B.np = B,(no + An)(po + Ap) =~ B,noAp (2.3)

for n-type, or B,poAn for p-type.

Here, B, is the recombination rate, which is a constant; ny and py are the dark electron
and hole concentrations, respectively; An and Ap are the laser injected electron and hole
concentrations, respectively. Recombination lifetime 7 is therefore a constant, represented
as 7 = 1/(B,ng), so R = Ap/7 (for an n-type material), and the measured photocurrent de-
cays exponentially. The decay length of the photocurrent corresponds directly to the carrier

diffusion length.
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Figure 2.4: Schematic of transient photocurrent measurement setup.

2.4 Transient Photocurrent Measurements

Before gaining access to the time-resolved systems at the CINT facilities, we at-
tempted to get an idea of the temperature-dependent carrier dynamics of our HOIP samples

through a homemade optical chopping setup. We used a combination of a photoelastic mod-
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ulator (PEM), quarter waveplate, and two crossed linear polarizers to modulate the light
intensity at 50 kHz with an intensity decay (resolution) of about 0.5 us (Figure 2.4). A
high-speed amplifier (Femto DHPCA-100) and a digital oscilloscope were used to measure

the transient photocurrent response.

2.5 Photocurrent Spectroscopy

Photocurrent spectra were measured through a current preamplifier (DL Instruments,
model 1211) and a NI data acquisition system. A fixed or sweeping bias voltage Vsp was
applied to the sample while a tunable laser was focused onto the sample surface. The
generated photocurrent was measured while a macro-program scanned the tunable laser
through a wide range of output wavelengths. After accounting for laser power calibration
effects, any increase or decrease in the measured photocurrent corresponded to an increase or
decrease in the sample’s absorption coefficient. This method allowed us to directly measure
the Fg of our MAPbBr3 samples, where a strong exciton peak can be seen shifted away from
the bulk absorption edge. The fittings required to estimate Epg, called Elliott fittings, and

the associated error, are discussed in detail in Chapter 3.

2.6 Synthesis and Characterization of C4,NH,,PbBr,4

Macroscopic C4NoH14PbBry single crystals were synthesized by Biwu Ma’s team at
FSU, according to the following procedure. Lead(II) bromide (PbBry, 99.999%), N,N’-
dimethylethylenediamine (DMEDA, 98%), hydrobromic acid (HBr, 48 wt.% in HyO) were
purchased from Sigma-Aldrich. Acetone (> 99.5% ACS) was purchased from VWR Chemi-
cals BDH. All reagents and solvents were used without further purification unless otherwise
stated. Equimolar amounts of lead(II) bromide and N,N’-dimethylethylenediamine (0.27
mmol) were added into 10 mL of 48 wt.% hydrobromic acid, then the mixture was soni-
cated to yield a clear solution. Needle-like single crystals of C4;NoH4PbBr,y were obtained

through diffusion of acetone into 1 mL of the precursor solution for 24 hours. The crys-
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tals were washed with acetone and then dried under reduced pressure for further use and
characterization.

The structural orientation of the single crystals was investigated with X-ray diffraction
(Rigaku MiniFlex600 Diffractometer).1%l A C,N,H4,PbBr, single crystal was placed on the
substrate with one facet facing upward for the X-ray 26-scan. The facet of the single crystal
was identified with the group of diffraction peaks. An ensemble of crystals was also checked
by placing multiple crystals on the puck with one of their side facets parallel to the substrate.
The result shows that only the {101} and {200} peaks were observed, indicating that the
side facets of the crystals belong to either the {101} or the {200} plane families. These data

were collected by Valentin Taufour’s team at UC Davis and are displayed in Chapter 4.

2.7 Static and Time-Resolved Photoluminescence Spectroscopy

MAPDBBr3 Measurements: A picosecond pulsed laser (Picoquant LDH-D-C-405) with
a wavelength of 405 nm and pulse width of 56 ps was used for excitation. The laser was
reflected through a dichroic beamsplitter (Semrock Di02-R405) and then focused onto the
sample to a diffraction limited spot size using a 50x, 0.7 NA Olympus objective micro-
scope (LCPLFLN50XLCD), which was used to both excite the sample and collect the PL.
Collected photons after passing through the same dichroic beamsplitter and a 496 nm long-
pass filter either go to a spectrometer+CCD (Acton SP2300i, pylon100) or a single photon
avalanche photodiode (Excelitas SPCM-AQRH-14). TRPL was analyzed using a TCSPC
module (Picoquant Hydraharp 400). For spectra, a focusing lens was used before the ob-
jective to uniformly illuminate smaller samples with a spot size of about 30 ym. Then the
spectrometer slit was closed to the smallest width of 10 um to analyze the spectra in the
region of interest. The average laser intensity varies from 0.3 W/cm? at low temperature to
14 W/cm? at room temperature, where the emission is much weaker (intensity dependence

is displayed in Appendix Figure B.9).
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C4N,;H14PbBr, Measurements: An ultrafast Ti:Sapphire pulsed laser (Coherent Chameleon
Ultra) with a tunable wavelength range of 680 - 1080 nm and pulse width of 140 fs was used
for excitation. For the high energy excitation, the Chameleon output was sent through a
frequency doubling module. Collected photons are sent to a spectrometer (Acton, Princeton
Instruments) and a Hamamatsu streak camera. The average laser intensity typically varies
from about 10 to 50 W/cm? across the low temperature and room temperature measure-
ments. Excitation polarization is controlled via a combination of a UV linear polarizer, UV
half-wave plate, and nonpolarizing cube beam splitter. Emission polarization is measured
via another linear polarizer in line with the detection path. The low temperature PL mea-
surements were carried out in a close-cycle cryostat (Montana Instruments). A schematic of

this system is displayed in Chapter 4.
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Chapter 3. Speedy Excitons in MAPbI; and MAPDbBr;

3.1 Excitons, Phonons, and HOIPs, Oh My!

Exciton mobility in HOIPs is a complicated and lesser known subject of study, as most
work to date has been focused on free charge carrier transport in these materials. When
a typical charge carrier, such as an electron or hole, interacts with the LO phonons of the
surrounding crystal lattice, it can be thought of as a quasi-particle called a polaron.[® The
HOIPs relevant to this work, namely MAPbI; and MAPbBr3, have a Young’s modulus that
is roughly 10 times lower than common inorganic semiconductors like silicon!*¥! (I promise
this is relevant). The Young’s modulus here is directly related to the connectivity of the
B-X bonds (from the ABXj3 structure) and their interaction with the central A-site cations.
This relatively soft nature allows these HOIPs to manifest a crystalline solid and liquid-like
behavior.['%! The halide ions, in particular, are able to move perpendicularly to the Pb-

109 and the organic cations can tumble

Pb axis with a strong anharmonic motion, 107108l
within the BXj5™ cage because of their charge anisotropy, % thus largely affecting the local
polarization and charge-carrier transport. ¥ This polarizability allows for the formation
of what is called a large polaron, with a diameter much larger than the lattice unit cell. '
Large polarons are one of the most popular ideas for explaining the unique optoelectronic
properties of HOIPs, including electric field screening, defect tolerance, slow hot carrier
cooling, and high carrier mobility.') An exciton can also interact with the surrounding
lattice, forming an exciton-polaron (making the math get even trickier), and this interaction
can have a significant effect on the exciton’s binding energy and transport properties. 112!
The majority of studies on exciton transport in HOIPs have been focused on either
nano-crystals or layered, 2D samples, since Ep in these systems can easily be larger than
kgT, even at room temperature. Exciton Lp values ranging from hundreds of nm to over 1
pm have been measured in CsPbBrs nano-crystals (200 nm), ™3 2D (BA)y(MA),.1PbyIsn 1
single crystal flakes (several hundred nm), 4 and MAPbBr; nano-crystal films (> 1 pm).[119)

Extended exciton diffusion in HOIP nano-crystal films has also been attributed to photon
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recycling, but efficient exciton hopping is still believed to be the main contributor. 1%/ [116]

In contrast to these systems, the ability for excitons to diffuse efficiently in 3D HOIPs is
still an unclear subject. Gaining a deeper understanding of the effects of excitons on the
intrinsic transport properties of 3D HOIPs is crucial to the progression of improving the

optoelectronic performance of these materials.

3.2 Measuring Diffusion Length in HOIPs, A Brief Review

Much of the literature on optoelectronic studies of HOIPs involves measurements per-
formed with global (large area) illumination, where the entire sample is covered with uniform
light intensity. In constrast, spatially resolved illumination measurements can reveal infor-
mation that global illumination cannot detect. In particular, the spatial sensitivity of SPCM
makes it capable of extracting key material properties such as electric field distribution, local
band-bending, and carrier diffusion length. )

Quite a variety of Lp values have been reported, ranging from 100 nm to 175 pm,
across multiple kinds of HOIP systems (thin films, nano and micro-crystals, bulk single
crystals, etc). 02 In many of these studies, Lp is determined indirectly. By separately
measuring the carrier lifetime 7 and mobility 1, one can calculate Ly through Lp = v/Dr,
with diffusivity directly related to carrier mobility by p = ¢D/kgT .12 Spatially resolved
techniques have demonstrated more direct ways of obtaining Lp, such as spatially resolved
PL, M7 where the Gaussian spatial spread of emitted light is carefully observed, and spatially
resolved photocurrent measurements, 118/ 191201121 which will be discussed in detail in this
chapter. The broad variety of HOIP Lp values in literature likely arises from the vastly
different methods of sample preparation, as well as the different measurement techniques. In
fact, at least one paper has been written just to argue for the use of standardized material
property tests on HOIPs because of the variety of results being published. 12
As previously mentioned, most of the current literature quoting an Lp value utilized

an indirect method to obtain it. A typical method involves getting lifetime via time-resolved
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PL decay and mobility from current-voltage curves, and then doing a bit of math to get
Lp. SPCM, however, provides a direct path to determining the minority carrier L. Careful
modeling of SPCM has proven that the measured exponential decay of photocurrent is di-
rectly proportional to the characteristic minority carrier diffusion length, and can thus be fit
with a simple exponential decay to extract Lp. #8123 SPCM and electron beam induced cur-
rent (EBIC), a similar measurement technique in working principle, are both well-accepted
methods of directly obtaining the Lp of semiconductor materials, including Si, GaAs, ZnO,
and PbS. [881[90] [97] [123] [124] [125] [126] [127]

Lastly, the majority of HOIP Lp studies have been performed at room temperature,
which is certainly a relevant temperature to use when considering these materials for use
in solar panels some day. That being said, exploration of the optoelectronic properties at
low temperature reduces complications resulting from thermal fluctuations and may lead to
deeper insights that cannot be garnered at room temperature. Indeed, many 3D HOIPs un-
dergo one or more first-order phase transitions (usually cubic to tetragonal to orthorhombic;
see Figure 1.1) as temperature is decreased; the resulting crystal structures become less
and less symmetric and these transitions can have strong impacts on the material’s optoelec-
tronic properties. For example, MAPDbI3 is known to shift from cubic («) to tetragonal (3)
phase around 327 K, and then from tetragonal to orthorhombic () around 163 K.[119[128]
The low temperature phase shift in particular is associated with a dramatic change in the PL

129] [130] [131] [132] |

emission behavior. 133] Transport properties, like mobility and, importantly,

Lp, are also expected to change with temperature. Mobility is known to follow a power law
dependence on temperature (p ~ T—%)['34 and the exponent k here is found to be close to

1.5 in MAPDI; 135136 and cubic MAPbBrs, 137 which is consistent with acoustic phonon

[14] [16] [134]

scattering. 138][139] Rashba and Dresselhaus effects, induced by spin-orbit coupling,

are also anticipated to have strong temperature dependence, due to low temperature fer-

p (140 g [141]

roelectric behavior ™% and symmetry breaking during the structural phase transition

Investigating these temperature-induced changes can provide crucial insights to how phonon
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scattering, ion migration/rotation, structural distortion, and other thermally activated phe-

nomena, affect the charge carrier and exciton transport in these HOIP systems. [60][62]

3.3 Temperature and Gate Control of Carrier Diffusion in Single Crystal MAPDbI;

Micro-Structures

Now, at last, it’s time to dive into my personal investigations of the temperature-
dependent optoelectronic properties of 3D HOIP systems, beginning with arguably the most
popular HOIP in literature, MAPbI3. Here, we examine the roles that temperature and
structural phase play on carrier transport and recombination within MAPbI3 single crystal
micro-structures. We apply scanning photocurrent microscopy to directly extract the carrier
diffusion length in MAPbI; micro-plate field effect transistors (FETSs) in the temperature
range of 80 - 300 K. Studying single crystal halide perovskites eliminates the complications
caused by grain boundaries as in polycrystals. Furthermore, unlike bulk single crystals, single

142 allow in-situ gate tuning of Fermi level in the mate-

crystal nano and micro-structures
rial, 143 facilitating exploration of charge transport mechanisms. Single crystalline micro-
structures of MAPDI; are synthesized following a dissolution and recrystallization process, 84
as described in Chapter 2. Micro-beams and micro-plates with thicknesses of about 1 - 2
pm and lengths up to 100 pm are produced with well defined facets and smooth surfaces
(Figure 3.1A). These micro-structures are mechanically transferred (thus avoiding detri-
mental effects of lithography solvents) to pre-patterned Cr/Au electrodes on SiOy coated Si
substrates to fabricate FETs.

Under global illumination, the current first increases with source-drain bias (Vgp)
then saturates as Vgp increases above 0.3 V (Figure 3.1B). The I — Vg characteristics can
be understood by a back-to-back diode model,'?3 (the anode of one diode is connected in se-
ries to the cathode of the other) where current eventually saturates in either biasing direction.

The saturation current changes abruptly at 147 K (156 K) during cooling (warming) (Figure

3.1C). The photocurrent change shows a single step and occurs in only a few milliseconds
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(Appendix Figure A.1l), implying that the entire sample undergoes a phase transition
simultaneously without any mixed phase domains. This critical temperature T, agrees well
with the reported values for the tetragonal to orthorhombic phase transition.'9128 The
specific T, values vary from device to device in a range of 15 K among the 10 devices we
measured, and were lower in thinner samples, as was noticed in a previous work. '8 In-
terestingly, we occasionally observed a temporary photocurrent overshoot that occurred at
the phase transition (Figure 3.1C), which may be related to induced strain as the sample

abruptly shrinks by 1% from the tetragonal to orthorhombic phase. 144
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Figure 3.1: Photocurrent response across phase transition under global illumination. (A) Scanning
electron microscopic (SEM) image of as-grown MAPbDI3 micro-crystals. Scale bar represents 20
pm. (B) I — Vsp curves at various temperatures in the dark and under 5 x 10~* W / cm? global
illumination. (C) Saturation photocurrent as a function of temperature with Vsp = 1 V and global
illumination. The sample temperature is ramped slowly (3 K / min). Inset: Left, Schematic of
a MAPDI3 micro-plate FET under global illumination; Right, SEM image of micro-plate device.
Scale bar represents 5 pm.
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3.3.1 Temperature-Dependent SPCM - MAPbI;

SPCM is then performed to extract carrier diffusion lengths. (88 [00] [118] [119] [121] [123] ¢
experimental setup is displayed in Figure 3.2B, where a micro-plate device is locally excited
by a focused 532 nm CW laser with a diameter about 1 ym. While the laser is raster scanned
across the entire device surface, the photo-induced current is recorded as a function of laser
position and then plotted into 2D photocurrent maps (Figure 3.2A). At Vsp = 0V, only
very weak photocurrent is observed. At Vsp = 3 V, the enhanced band bending at the
reversely biased contact leads to a much stronger photocurrent. The photocurrent peaks
near the negatively biased contact, indicating the material is n-type.

While the maximum external quantum efficiency (EQE, defined by the number of
collected electrons over the number of incident photons) remains about 35% at all temper-
atures, the photo-response area sensitively depends on temperature. The laser generates
photocurrent both inside and outside the channel, illustrating that the photoexcited carriers
can diffuse from outside the channel to the electrodes. Above T, the photocurrent is only
pronounced in the vicinity of the contacts. Below T, the active area in which the laser
can create photocurrent increases abruptly, which provides a microscopic understanding of
the observed sudden photocurrent change under uniform illumination. At 80 K, the pho-
tocurrent remains nearly the same when the laser was scanned over the entire 90 pm long
sample (Figure 3.2A,D), indicating that the locally generated carriers are equally capable
of reaching the contacts and being collected, regardless of initial generation position.

Quantitatively, we extract the photocurrent decay length Lge.q, by fitting the pho-
tocurrent distributions along the micro-plate axis with a hyperbolic function, written as
I(zg) = Ipcosh[(xo — L)/Ladecay], where ¢ is the distance between the laser position and
the contact, and L is the length of micro-plate outside the channel. A cosh function is

(62] _

used instead of an exponential when Lgecqy is not small compared with L mathematical

justification to follow:
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Figure 3.2: Spatially resolved photocurrent. (A) Device layout and photocurrent maps at various
temperatures. Grey lines indicate electrode placement. (B) SPCM schematic. (C) Temperature
dependent carrier diffusion length extracted by curve fitting photocurrent distributions in (D). Inset
shows zoomed-in view of values in the vicinity of T, (160 K). (D) Photocurrent profiles along the
micro-plate axis at various temperatures, taken during warming process with 50 nW laser power

and Vgp = 3 V. Grey vertical lines indicate electrode placement and black dashed curves are curve
fittings.

The device geometry is shown in Figure 3.3. The steady state continuity equation

describing light induced carrier concentration n is,

Pn  n

where the local laser generation is considered as a delta function and G is the generation

rate proportional to laser power. For boundary conditions, we assume n drops to zero at the

contact (z = 0) and carriers cannot flow out of the tip (D22 = 0 at z = L). n is continuous
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at x = ¢ and its derivative follows a relation that can be found by integrating Equation

3.1. From the solution, we can calculate current distribution as,

on cosh(72=L)
I =eD—(z =0) = eG————ccav 3.2
(‘TO> € 81'(:6 ) € COSh(Ldfcay) ( )
where Ljecay = V DT.
x=0 Xx=L
¢

I
| |

Figure 3.3: Example schematic for extraction of photocurrent decay length.

The main error in Lgeqqy originates from error in the photocurrent and laser power. The
photocurrent error is about 1%. Because of the large scan areas, the incident laser power
is not always perfectly uniform and the photocurrent maps presented have already been
calibrated to account for this issue. The uncertainty in power then also affects the corrected
photocurrent and is estimated to be 0.5%. From Equation 3.2, we find that Lgjec,y =
L/cosh™(z), where z = I(zg = 0)/I(xzg = L). We then propagate these error sources to
estimate the error in Lgecqy,
d 1 1

E[cosh—l(z)] | LAz = [cosh™1(2)]?2V 2% — 1LAZ (3:3)

ALdecay :|

where Az/z = /2[(AJ/J)? + (AP/P)?] = 1.6%.

Both currents are corrected by power, i.e., I = J/P where J is the uncorrected current and
P is laser power. The factor of 2 is because z is the ratio of two currents at xo = 0 and
xo = L. The error becomes large when Lge.qy is long at low temperature since z is close to

1.
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We only fit the photocurrent distributions outside the channel, to ensure diffusive
transport of carriers (18] and thus obtain Lp from Lyecay- Lp values are similar on both
sides of the channel and the slight difference is presumably caused by the variation in local
defect density along the micro-plate. To rigorously confirm the accuracy of this method,
we simulated the photocurrent distributions by performing a 2D cross-sectional modeling
of perovskite devices under local photoexcitation using COMSOL Multiphysics. 5% 123 The
simulated photocurrent distributions follow nicely with the experimental data (Figure 3.4).
Fits using the cosh function yield Lgecq, in excellent agreement with Lp calculated from the

simulation parameters (Figure 3.4B).
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Figure 3.4: Simulated photocurrent distributions. (A) Simulated photocurrent profiles at various
temperatures. Grey vertical lines indicate electrode placement. (B) Simulated photocurrent decay
lengths Lgecqy are in good agreement with the diffusion lengths calculated from parameters used in
the simulation (Lp = v/Dr). (C) Device configuration used in simulation. (D) Simulated electric
potential distribution in the boxed area in (C) with Vgp = 2 V at 80 K.

The extracted Lp values remain around 10 um above T,, but rapidly increase to 22
pm as temperature decreases, within 10 K below 7. (Figure 3.2C inset). At 80 K, Lp
reaches 200 + 50 pum. The large error bar at 80 K originates from the finite sample length

(L < Lp), as described above. Lp values at 80 K range from 100 - 200 ym depending on
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the sample (data for another sample is shown in Figure 3.5). Our result is different from a
previous work, "' where the hole diffusion length was found to be at maximum 150 pm at
160 K but decreased to 50 ym at 96 K. The reason for this discrepancy remains unclear but
is most likely related to the sample preparation. Our growth method yields samples with

exceptionally low trap density, as demonstrated previously. [106] [142] [145][146]
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Figure 3.5: SPCM profiles for a different device. (A) SEM image and photocurrent maps at
various temperatures. Dashed lines indicate electrode placement. (B) Photocurrent profiles along
the micro-plate axis at various temperatures, taken during warming process with 200 nW laser and
Vsp = 1.5 V. Grey vertical lines indicate electrode placement. (C) Temperature dependent carrier
diffusion length extracted by fitting photocurrent distributions by a cosh function in (B).
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3.3.2 Transient Photocurrent and an Implied Enormous Mobility

Transient photocurrent measurements are then performed to obtain carrier lifetime
at various temperatures (Appendix Figure A.2). The carrier lifetime increases from less
than 0.5 ps (our temporal resolution limit) above T, to about 2 us at 80 K for the same
device as in Figure 3.2. From this lifetime and the measured Lp, we estimate a carrier
mobility (¢ = qL%/7kgT) of 3 x 10* cm? / V s at 80 K, which is one order of magnitude
higher than the highest reported values7/1148] (Table 3.1). Lifetimes differ slightly across
devices, ranging from < 0.5 to 2 us at 80 K (see lifetime measurements in another device in

Appendix Figure A.2B), but mobility values are consistently high, on the order of 10* -

10° cm?/ V s.
’ sample \ u(em?/Vs) \ T(18) \ Lgisr(pm) \ T(K) \ method \ reference

polycrystal 0.65 0.1 0.13 300 | transient PL ]

single crystal 164 82 175 300 SCLC [12]

single crystal 60 2700 650 300 Hall [149]

polycrystal 66 - - 300 Hall [150]

polycrystal 0.1 - - 80 field effect [143]
1076 - - 300

polycrystal 6.2 5 >5 300 TRMC [136]
16 - - 165

polycrystal 60-75 - - 300 TRMC [151]

polycrystal 10 - - 300 SPCM [120]

single crystal 115 10 <55 300 TRMC [119]

3-15 (hole) - 27-65 300 SPCM

polycrystal 35 - 2.5 300 THz [131]
150 - - 80

polycrystal 2000 - - 15 THz (147]

polycrystal 27 - - 300 THz [135]
150 - - 7

single crystal 135 . - 290 | time of flight [148]
635 - - 100

single crystal | 3 x 10? 2 200 80 SPCM this work 0]

- <0.5 10 300

Table 3.1: Experimentally obtained carrier mobility, lifetime, and diffusion length in MAPDbI;.
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The observed highly non-local photocurrent indicates efficient transport of photogen-
erated charge carriers, which can generally be understood by four possible mechanisms: (a)
photon recycling, (b) exciton polariton condensate, (c) free charge carrier diffusion, and (d)
free exciton diffusion. Here, we will show that the first three mechanisms are unlikely:

(a) Photon recycling via re-absorption/re-emission, 8!

one of the most popular ex-
tended diffusion reasonings, is unlikely to account for the observed 200 pm photocurrent
decay, as the optical loss through light escaping micro-plate surfaces alone would result in
a maximum of 20 um decay length according to our calculation, even when assuming unity
photoluminescence efficiency. We perform a simple model to estimate the photocurrent de-

cay length solely due to photon recycling, without considering carrier diffusion. To estimate

an upper limit of the decay length, the radiative recombination efficiency 7 is taken as 100%.
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Figure 3.6: (a) Schematic of a photon traveling in a perovskite micro-structure and optical loss
through transmission at the interface. (b) Calculated proportion of optical loss as a function of
position of re-emitted light, where y is the distance to the bottom surface, with light penetration
depth of Ly, = 1.12 pm at 80 K. (¢) Calculated photon travelling decay length as a function of
the light penetration depth, with the optical loss values calculated in (b).

If we assume emission is isotropic, the fraction of the optical power escaping through

the top/bottom surfaces (Figure 3.6) can be calculated as,

foem T(0) exp(—awyy/ cos ) sin 0df + f00m T(0) exp(—ays/ cos d) sin 0df

Poss = T .
: [ sin 66

(3.4)
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where 6,, = arcsin(n; /ns) is the critical angle for total internal reflection (Fresnel equations),
T(0) is the angle-dependent transmission coefficient, and exp(—ayi(2)/ cos ) describes the
light attenuation. At 80 K, an average light penetration depth of L,,s = 1.12 pm is used,
which corresponds to an absorption coefficient o = 0.886 um ™!, based on the typical pho-

(1521 [153] Tn this case, Pjoss is in the range

toluminescence and absorption spectra of MAPbDI3.
of 5.35 - 5.94%, depending on the height of the emission center (Figure 3.6A). Using
the average Pj,ss, we estimate the decay length by considering that the power is reduced
by P after light travels L., and re-emits isotropically. This leads to a decay length of
—Laps/In(1 — Pyss) = 19.8 pm, much less than the observed decay length. The above calcu-
lation considers a micro-plate with a width much larger than the thickness. For a micro-beam
with a narrow width comparable to the thickness, emission can also escape from the side

walls, thus leading to an even shorter decay length. Therefore, we conclude that photon

recycling cannot account for the observed long Lp.

(b) Exciton polariton condensate!*>¥ requires a micro-cavity structure to confine the
light. Our micro-plate crystals do not have such a structure and optical loss would result in

a short decay length.

(c) Free minority carrier diffusion appears plausible but demands a 400-fold increase
in mobility, more than one order of magnitude higher than the highest reported values in
the literature, 147 148) to account for the rapid increase of Lp below T, from 160 K to 80 K.
Furthermore, existing charge carrier and polaron models predict  ~ 771 and a mobility

change of only a factor of 3 from 160 K to 80 K.!!34
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3.3.3 Efficient Exciton Transport Hypothesis

The above consideration leads us to attribute the origin of the highly non-local pho-
tocurrent at low temperature to efficient exciton transport, mechanism (d). A relatively
large value of exciton binding energy Fp (larger than 20 meV) in the orthorhombic phase
discontinuously drops to below 10 meV at room temperature tetragonal phase.'®® This is
fairly consistent with the value of 16 £+ 2 meV found in the orthorhombic phase and a few
meV in the tetragonal phase in MAPbI; by magnetic field dependent optical absorption. 8!
Using an effective-interaction-potential model, 1157 we calculated the exciton binding en-
ergies of MAPbDI3 in good agreement with the measurements, 20.1 meV and 9.1 meV in the
low and high temperature phases, respectively, as shown in Figure 3.7B.

It is known that electron (hole)-phonon interactions are not negligible in halide per-
ovskites, and in fact, both free carrier and excitonic states should be considered with po-
laronic corrections. Our model appropriately incorporates the coupling of the electron-hole
pairs to LO-phonon modes of the medium to provide a better description of the exciton
state beyond the simple hydrogenic model.!®” Electron and hole band masses, static and
high-frequency dielectric constants, and energies of LO-phonons are the material parameters
that determine the excitonic properties in this model. In MAPbDI3, the coupling of charge
carriers to phonons is not weak enough for a satisfactory perturbative description of excitons,
where the masses of electrons and holes would be renormalized to polaron masses and the
two polarons would interact through a statically screened Coulomb interaction. Rather, the
Bohr radius of the excitonic state is comparable to or even smaller than the electron and
hole polaron-radii so that the polarization fields of the bound electron-hole pair partially
cancel, calling for a more elaborate approach.

These excitonic binding energies suggest that excitons are unlikely to form at room
temperature but they become significant at low temperatures. The exciton fraction over

the total carriers is shown in Figure 3.7C, calculated following the approach in a previous
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report,®™ and using the temperature-dependent exciton binding energy.®® The abrupt in-
crease in exciton fraction across the phase transition is a result of phase-dependent exciton
binding energies. Note that the exciton fraction sensitively depends on the total carrier
density, as high carrier density promotes exciton formation. The total carrier density in our

sample is on the order of 10! - 106 cm~3, estimated from the laser power and carrier lifetime.
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Figure 3.7: Calculation of free exciton and free carrier mobilities. (A) Visualization of free
carrier versus exciton scattering in halide perovskites (scattering lengths not to scale). (B) Exciton
binding energy, calculated taking into account polaronic effects, and as a function of static dielectric
constant and LO phonon frequencies, which are phase-dependent. (C) Calculated exciton fraction
as a function of temperature, at carrier densities n = 10 cm™3 and n = 10'® cm—3, showing
significant exciton population at low temperatures. (D) Calculated free carrier mobility and overall
mobility as a function of temperature. Free carrier mobility is independent of carrier density, while
overall mobility is increased at higher densities due to higher exciton fractions.

The rapid increase of mobility at low temperature can then be understood as the
exponential increase of exciton fraction with decreasing temperature. In this exciton model,

the record-high mobility indicated by the long L does not contradict the non-excitonic free
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carrier mobilities reported by earlier works. Even though an exciton is charge neutral, its
mobility can be defined from its diffusion coefficient in analogy to charge by Einstein relation
i = qD/kgT. Charge neutral excitons create photocurrent when electron and hole pairs are
separated as a result of band bending near the contact.

We hypothesize that the reason for the highly efficient exciton transport is the dipolar
nature of excitons. Since dipole fields are shorter ranged than monopole fields, longitudinal
optical (LO) phonons interact significantly less with excitons than with free carriers. More-
over, static ground-state excitonic dipoles do not exist in the centrosymmetric orthorhom-
bic phases, and can only be dynamically induced by other charge fluctuations such as LO
phonons. As a result, the scattering of excitons is expected to be less frequent than that of
free carriers or charged polarons. To estimate the relative scattering rates of free carriers and
excitons, we consider the interaction strength of an induced excitonic dipole, given by the

184a8 of an exciton within a hydrogenic model,*® with LO phonon charge

polarizability o =
fluctuations. Here, ag is the exciton Bohr radius. Compared to the interaction between free
carriers (holes) and LO phonons, we find that the exciton-LO phonon interaction strength,

or probability amplitude for scattering, is reduced by a factor of /7 = <ﬁ> / (R%) Here,

Ry, = h and R, = ﬁ are the hole and exciton polaron radii that characterize

the length scales of LO fluctuations around these species, with masses m; and m, respec-

18(1th ) 2

tively. The scattering rate, or probability, is therefore reduced by a factor of v = ( TRl

We take the electron mass to be m, = 0.190 and the hole mass to be m; = 0.230,

159 value of the exciton reduced-mass 1 = 0.104, in

leading to a relatively well-established 58!
units of bare electron mass. This value is shown to be almost invariant ! in the orthorhombic-
tetragonal phase transition of MAPbI3. We take the high-frequency dielectric constant to be
£ = 5.4 in both phases, a value reported as a statistical average over a dozen experimen-

1599 Temperature (phase)-dependent values of static dielectric constant and the

tal studies. !
effective (average) energy of the LO phonon modes that couple to the free carrier dynamics

are still debated in the literature. For the static screening constant we used e, = 30.4
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in the room temperature phase, a value reported as an average of four reported measure-
ments. ['*") In the orthorhombic phase, we take the static screening constant to be 25.7, since
it is expected to be smaller possibly due to frozen rotational modes of the MA cation at

160] The optical phonon energy to be used in the calculation is also phase-

low temperatures. |
dependent. By investigating the temperature dependence of emission line broadening, the
energy of interacting LO phonon modes in the tetragonal phase of MAPbI; was determined
to be 11.5 meV. 16! In the low temperature phase, low energy (4 - 8 meV) optical modes of
the Pb-I lattice become dominant so that we take the effective phonon energy to be hwro =5
meV. Using these parameters, the variational calculation, incorporating a detailed effective
interaction potential for the electron-hole pair, and the polaronic self energy terms, gives a
binding energy value of 20.1 meV in the orthorhombic phase, and 9.1 meV in the tetragonal
phase, as previously mentioned. Correspondingly, the calculated exciton radius shrinks from
3.37 nm to 2.95 nm as the temperature is lowered.

Using the above mentioned values for MAPDbI;3, we find that exciton scattering from
LO phonons is reduced by a factor of ¥ = 5 x 10~*. This is a lower bound for 7, as other
scattering mechanisms could be present for excitons. In Figure 3.7D, we plot the overall
mobility, weighted by free carrier and excitonic contributions. The free-carrier mobility is
calculated using the Kadanoff mobility, 134 while the exciton mobility was taken to be larger
by a factor of 1/v. In Figure 3.7D, we show that reduced excitonic scattering at the value
of v = 6 x 1073, leads to increases in low-temperature mobility comparable to measured

values in our devices.
3.3.4 Gate Effects on Carrier Diffusion - MAPDbDI;

Finally, we present the field effect on carrier diffusion in halide perovskite micro-plate
FETs. In the dark, the conductance increases at positive Vg indicating the device is n-
type (Figure 3.8A). The gate dependence shows significant hysteresis at room temperature

as explained by gate induced ion migration.["3) The hysteresis is greatly reduced at lower
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temperature, as ion migration is suppressed. By assuming a parallel plate capacitance (a
combination of vacuum gap and oxide layer), an apparent field-effect mobility on the order
of 0.01 cm? / V s can be extracted from the gate dependence at 80 K (Figure 3.8A). This
apparent mobility value does not represent the real carrier mobility of the material because
of large contact barriers evidenced by the nonlinear I — Vsp curves (Figure 3.8A and Ap-
pendix Figure A.3). Furthermore, this low mobility value does not contradict with the
high mobility value indicated by the long photocurrent decay length, as the gate dependence

measures the mobility for free carriers or charged polarons rather than excitons.
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Figure 3.8: Field effect on carrier diffusion. (A) Dark current as a function of Vi at fixed Vgp
= 10 V and various temperatures. Inset: Dark I — Vsp curves at various Vi at 110 K. (B) and
(C) show SPCM profiles with varying gate voltage and fixed bias of 1.5 V at 170 K (tetragonal
phase) and 140 K (orthorhombic phase), respectively. Grey vertical lines indicate electrode place-
ment. (D) Normalized photocurrent maps showing diffusion enhancement (suppression) at positive
(negative) gate voltage at 170 K. (E) Carrier diffusion length at various temperatures as a function
of gate voltage. (F) Simulated mobility values as a function of overall carrier density at various
temperatures.
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Photocurrent distributions sensitively depend on Vi (Figure 3.8B-D). At positive
Ve, the photocurrent magnitude increases, likely caused by the reduced sample resistance
and/or enhanced band bending at contact. The carrier diffusion length also significantly
depends on the gate voltage, changing by a factor of 8 at low temperature as Vi varies from
-50 V to 50 V (Figure 3.8E). Such a strong electric field control of carrier diffusion has
not been reported before in halide perovskites. We consistently observe that Lp increases
(decreases) at positive (negative) V. In the n-type device, this trend indicates that in-
creasing the majority carrier (electron) concentration enhances the diffusion of the minority
carrier (hole) or exciton. This behavior cannot be understood by the lifetime reduction at
high majority carrier density as in other semiconductor nano-devices.™?"11162 Instead, this
unusual gate dependence is consistent with the exciton model. The higher carrier concentra-
tion at positive V(; increases the probability of exciton formation, leading to a larger exciton
fraction and hence higher overall mobility (Figure 3.7). The calculated mobility values
taking into account exciton formation (Figure 3.8F) follow well with the general trend of
the experimental results.

In summary, we observed temperature and gate dependent carrier diffusion in single-
crystal MAPDbI3 micro-structures. Lp remains about 10 pum in the tetragonal phase, but
increases sharply to 200 ym at 80 K in the orthorhombic phase. Lp also increases with
majority carrier (electron) concentration tuned by gate voltage. The rapid increase of Lp
can be understood by formation and efficient transport of excitons at low temperature. The
phonon-scattering rate of excitons is significantly suppressed as a consequence of their dipolar
nature, compared to free carriers and charged polarons. This hypothesis is supported by
calculated temperature and carrier concentration dependent mobilities that are in excellent
agreement with the experimental results. Though the relatively low excitonic binding energy
in MAPbDI3 suggests that excitonic effects only become important at low temperature in

this material, excitons are expected to play a significant role at room temperature in low
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(21][

dimensional halide perovskites. 211163 This work provides valuable insight on understanding

the interplay among free carriers, excitons, and phonons in HOIP systems.
3.3.5 Where?

This set of experiments was performed entirely at UC Davis. All optoelectronic
measurements were taken in Dr. Yu’s laboratory, with fabrication assistance from CNM2,
and XRD characterization by Dr. Taufour’s research team. Theoretical work was performed

by our collaborators at the Molecular Foundry and the Izmir Institute of Technology.
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3.4 Highly Mobile Excitons in Single Crystal MAPbBrs Micro-Structures

In materials with enormous Ep values, excitons dominate over free charge carriers
upon photoexcitation. Consequently, one of the limiting factors for power conversion ef-
ficiency in purely organic solar cells is the exciton diffusion length (Lp), which is rather
short, on the order of 10 nm. ¥ In this case, the formation of excitons, their short diffusion
lengths, as well as the difficulty of their separation into free charge carriers have posed sig-
nificant challenges facing the applications of these materials in photovoltaics. However, as
previously mentioned, excitons can also become highly mobile in inorganic materials, with
mobility reaching as high as 10° cm?/Vs in silicon®® and 10° ecm?/Vs in GaAs quantum
wells.[1%4 As we discovered in our study on MAPbI; micro-structures at low temperature,
3D HOIPs can have mobile excitons too, under the right conditions. The limits of exciton
mobility and diffusion length in single crystal HOIPs are still unclear, but we’ve now begun
to at least shed some light on the subject.

In the previous section, we discussed the observation of L increasing rapidly as tem-
perature decreased in single-crystal MAPbDI3 micro-structures, which can be understood by
the exponentially growing fraction of highly mobile, free excitons at low temperature. (60 53]
MAPDBBr3 has a larger Eg than MAPbI3; and hence provides a convenient platform to fur-
ther study excitons. Here, we investigate temperature-dependent dynamics and transport of
coexisting photogenerated excitons and free carriers in MAPbBr3 single crystal micro-plate
FETs, by using energetically, spatially, and temporally resolved optical and optoelectronic
techniques. By studying single crystal structures with nano/micro-scale thickness, we once
again eliminate the complications caused by grain boundaries while also enabling in-situ gate
tuning of the Fermi level.!'*3 In order to directly obtain exciton or carrier diffusion length,
we use SPCM, a powerful experimental technique that provides spatially resolved photocur-
rent mapping and insights on carrier transport. 881190 [118][121] SPCM has been used to study

exciton diffusion in both HOIP systems['%® and transition metal dichalcogenides. *66[167]
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Figure 3.9: Temperature dependent photocurrent spectra and Elliott fittings of a typical
MAPbDBr3 micro-plate device. (A) SEM image of the as-grown samples. (B) SEM image of a
MAPDBr3 micro-plate (74 pm long, 640 nm thick) connected to bottom Au contacts. (C) Pho-
tocurrent spectra at various temperatures. Photocurrent is normalized at 2.45 eV. The laser power
is about 5 W and defocused to an area of about 4000 um?. Vsp = 2 V is applied. The dashed,
black line represents an Elliott fitting example. (D) and (E) Excitonic peak position and FWHM
as functions of temperature, respectively. (F) Temperature dependent photocurrent values taken
from 2.45 eV (Con.) and the excitonic peak (Exc.), respectively. (G) Ep and E, as a function of
temperature, extracted from (C) via the Elliott formula.

Single crystalline micro-structures of MAPbBr3 are synthesized following a dissolution
and recrystallization process, as discussed in Chapter 2.18% Structures with thickness ranging
from 300 nm to 2 pum and length up to 200 um are produced with well defined facets and

smooth surfaces (Figure 3.9A,B). To avoid exposing the sample to detrimental solvent

processing, the as-grown crystals are directly transferred via micro-fiber to pre-patterned
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Cr/Au electrodes on SiOy coated Si substrates to fabricate FETs. The devices are quite
insulating in the dark but become conductive under light. The nonlinear current-voltage

relation (Appendix Figure B.4) indicates large contact barriers.
3.4.1 Temperature-Dependent Photocurrent Spectra

Temperature-dependent photocurrent spectra are measured with a defocused laser,
so that the entire micro-plate is uniformly photoexcited. As temperature is reduced, a
distinct peak is developed, indicating the exciton resonance (Figure 3.9C). The exciton
peak position first redshifts when the temperature is reduced, but then abruptly blueshifts
at 140 K (Figure 3.9D), corresponding to the tetragonal-orthorhombic phase transition. It
then continues to redshift below 140 K. This trend is similar to previous reports 112 [168] [169]
and is observed in our PL spectra measurements (shown later). The excitonic peak width
narrows from 80 to 40 meV as the temperature is reduced from 260 K to 170 K and then
stays around the same level except for a spike at the 140 K phase change (Figure 3.9E). The
peak width at low temperature is larger than the value expected from phonon broadening, ')
indicating sample inhomogeneity due to the relatively large surface to volume ratio and the
large laser spot size. We perform Elliott fittings, convolved with Gaussian functions to
account for thermal broadening, on the photocurrent spectra to extract Ep and bandgap
energy (B, )67 A72] 173 LA 7S] N76] 177] (Fijgure 3.9C,G and Appendix Figure B.5).
Ep grows steadily until the first phase change, where it then stagnates around 34 meV. It

then abruptly jumps to about 39 meV at the second phase change, simultaneous with a

sharp blueshift in E,.
3.4.2 Extracting Ep Using The Elliott Model

The basic Elliott formula for an absorption spectrum can be written as

T o0
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Neg=1
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where A is related to the interband transition matrix element, hw is the photon energy, @ is
the Heaviside step-function, Fj is the bandgap energy, R., is the exciton Rydberg energy,
Neyz 18 the principle quantum number, and x is defined to be WRTE Here, R, is equal to
the exciton binding energy Eg when n., = 1.

Due to the nature of our data collection procedure (photocurrent rather than absorp-
tion), we expect the Elliott model to imperfectly handle the spectra fittings. We therefore
interpret the output fitting parameters of £z and E, to be approximations, and attach error
to their values by attempting the fit in more than one way. The inaccuracy of the fit at
higher energies in the continuum is explained by the effects of Sommerfeld enhancement on

the absorption coefficient!*7!

, and is less interesting for our study. The convolved Elliott
formula without a Sommerfeld term is expected to saturate at high energy, as shown in our
plots, rather than continue to increase.

The interesting discrepancy between our experimental data and the model is what
happens to the excitonic peak as temperature is decreased. The model predicts both the
peak amplitude as well as the energy gap between peak and continuum to increase as Ep
increases. In our data, we see this trend initially, but as temperature decreases and peak
separation becomes more distinct, we do not see peak amplitude rise accordingly. By 140 K,
the excitonic peak is clearly well-separated from the continuum edge, implying a large Ep,
but the Ep value required to create this gap also calls for a much taller peak.

Therefore, we extract our Ep and £, values by attempting to fit the spectra from
the low and high energy sides of the peak, separately, as shown in Appendix Figure B.5.
Fitting from the low energy side produces smaller Ep values while fitting from the high
energy side produces larger values. This makes sense, as the low energy side assumes the
peak has been reached, whereas the high energy side tries to capture the gap between peak
and continuum and does not know how high the peak reaches. This provides us with a form
of minimum and maximum bound on the Fg, which we then average to give the values listed

in the main text.
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Furthermore, we also make use of how well-resolved the peaks are from the continuum
at low temperature. Since the gap between the peak center and the continuum edge is directly
related to the Eg, we can look at the energy difference between peak center and half way up
the continuum edge to get another estimate on the Ep. For example, at 110 K, the energy
gap between the peak center and halfway up the continuum edge is about 38 meV, which
agrees well with our fitting value. For the data collected between 80 K and 140 K, the error
bars are set to reach between the min and max values of the fittings and are relatively small
compared to higher temperatures due to the distinct separation of peak and continuum.
For the data collected between 150 K and 300 K, the error bars are again set to reach
between min and max values of the fittings but then additionally increased in proportion
to temperature, since excitonic and continuum components begin to mix significantly as
temperature increases.

As the excitonic peak grows and shifts with decreasing temperature, binding energies
appear to increase while bandgap energy decreases. Two structural phase changes occurred
across this range of temperatures, the cubic to tetragonal transition at about 235 K, and
the larger (in terms of lattice distortion) tetragonal to orthorhombic transition around 145
K. Ep grows steadily until the first change, where it then stagnates around 34 meV.
It then abruptly jumps to about 39 meV at the second phase change, simultaneous with a
sharp blueshift in ;. We have thus far found no other report showing spectral behavior with
such clear separation of excitonic and continuum components for 3D HOIPs. Interestingly,
the Elliott fittings begin to fail as temperature decreases, since the Elliott model predicts
the exciton peak to grow in amplitude, relative to the continuum, as separation from the
continuum edge (and therefore Fp) increases. In the data, however, the peak amplitude
increases at first but then begins to decrease (Figure 3.9), which can be understood by the
difficulty of splitting excitons at the contact. This deviation from the Elliott model can be

related to our spectra being obtained via photocurrent, rather than via optical absorption.
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3.4.3 Temperature-Dependent SPCM - MAPbBr;

We then perform SPCM at various temperatures. A focused laser with a spot size of
about 1 pm is raster scanned while photocurrent is mapped as a function of laser position.
A source-drain bias (Vgp) is applied to improve the photocurrent signal. The photocurrent
cross sections along the micro-plate axis are shown in Figure 3.10A. At 300 K and 260 K,
photocurrent is only observed when the laser is close to the reversely biased contact, with
a decay length of 2 - 3 um. Photocurrent appears both inside and outside the source-drain
channel. The photocurrent generated by photoexcitation in the electric-field-free region
outside the channel is caused by the diffusion of the photogenerated carriers. Below 220 K,
the photocurrent profile looks slightly asymmetric with a longer decay length in the channel
(most clear at 140 K). This is likely because the contact barrier is smaller at low temperature,
creating a stronger in-channel electric field. Consequently, the carrier drift leads to enhanced
photocurrent and longer Lp up to 7 um (Figure 3.10E) in channel.

Interestingly, a long tail with a smaller magnitude in the photocurrent distributions
appears below 220 K (Figure 3.10A), in addition to the short decay component. A double-
exponential fitting yields a decay length of 100 + 40 pum for the long-range component at low
temperatures (Figure 3.10E). The large uncertainty arises from the micro-plate’s length,
which is itself limited by the synthesis method. The photocurrent decay profiles are found to
be insensitive to the excitation photon energy range used in the experiment (2.25 - 2.48 eV).
The short decay length is comparable to the electron (minority carrier) diffusion length (1 -

179 but the long decay length is much larger than

5 pm) reported in single crystal MAPbBr3,
previously reported values. The long-range component’s magnitude peaks at 140 K and is
about one quarter of the short component’s magnitude (Figure 3.10D). As you may recall,
a long-range photocurrent decay profile was also observed in our previously mentioned work

on MAPbI; micro-plates. % However, the photocurrent behavior in MAPbBr; is drastically

different from that in MAPbI3. First, the photocurrent profile in MAPbI3 followed well
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Figure 3.10: Spatially resolved photocurrent. (A) Photocurrent distributions along the micro-
plate axis at various temperatures. The laser power is 2 uW at 510 nm. Vsp =4 V (5 V for 260
and 300 K) is applied across the channel. Dashed black lines represent double-exponential fittings
of the photocurrent decays. Inset shows the SPCM schematic. (B) Optical image of a micro-
plate device. (C) Schematics for potential mechanisms, including trap hopping (top) and exciton
transport (bottom). (D) Photocurrent magnitudes plotted against temperature, taken from SPCM
profiles in (A), at three locations along the device (indicated with markers): at the contact (red
triangles), at the right end (green triangles), and at the left end (purple squares). (E) Lp extracted
from double-exponential curve fits in (A). There is no long-range component for 260 and 300 K.
(F) Calculated exciton fraction as a function of temperature for MAPbls and MAPbBr3, in the
field free region and the depletion region, respectively.

with a single exponential function, while MAPbBr3 shows two distinct decay components.
Second, the photocurrent decay length in MAPbI;3 reached 200 pm only at 80 K, while the
decay length in MAPbBr; increases to 100 ym around the orthorhombic phase transition
temperature (140 K).

To better understand the observed long decay length, we perform time-resolved PL

(TRPL) at various temperatures. PL spectra exhibit a well defined peak at 11 K, which
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shifts to higher energy as temperature increases, consistent with the photocurrent spectra
(Figure 3.11A,B). The FWHM was about 10 meV at 11 K and increases to 15 meV at 80
K (Figure 3.11C), significantly narrower than the peak width measured in photocurrent
spectra. Initially, the PL intensity decays rapidly, on a timescale within a few ns. This very
fast decay can be attributed to Auger recombination'™ or surface recombination.®% As
temperature decreases, a slower component of 10’s of ns is observed (Figure 3.11D), and
an even slower component of 100’s of ns appears below 80 K. However, at the more relevant
temperatures for our photocurrent studies, 80 K and above, this extra slow component is
absent. These recombination lifetimes are also consistent with literature values. 18 [181]{182]
To examine the potentially slow nonradiative carrier recombination undetected by
TRPL, we also perform time-resolved photocurrent (TRPC) by using a photoelastic mod-
ulator (PEM) based chopper (B.6). TRPC measurements yield a photocurrent decay time
of ~1.2 pus, which is an upper bound of the real carrier lifetime because of the temporal
resolution limitation of the instrument. Using the upper limit of the above determined
lifetime of 7 = 1.2 ps and an Lp value of 100 um at 80 K, we extract a lower bound dif-
fusion coefficient of D = L% /7 ~ 83 ¢m?/s, which corresponds to an enormous mobility of
p = qD/kpgT =~ 10* cm?/Vs. Such a high carrier mobility is unlikely achieved by trapped
charges hopping among traps (depicted in Figure 3.10C, top). In addition, the hopping
mobility is usually suppressed at lower temperature and inconsistent with the longer Lp.
We now discuss the potential mechanisms that may account for the observed long-
range photocurrent tails. Exciton-polaritons with a propagation distance of 60 pm have been
reported in CsPbBrs microcavity structures with distributed Bragg reflectors (DBR).[4
Our micro-plate devices are not embedded in such photonic structures and the observed
100 pm photocurrent decay lengths do not require DBR. Without manufactured mirrors
to confine the photons within the cavity, optical loss through PL emitted light escaping

through the sample surfaces is expected, making it difficult to sustain such low-loss and

long-distance polariton transport. Indeed, in MAPbBr; micro/nanowires without DBR,
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exciton-polaritons were only demonstrated in microwires shorter than 20 pm. 83 Therefore,
exciton-polariton condensation is not a likely mechanism to account for the observed 100 ym
photocurrent decay lengths in our micro-plates without manufactured cavities. Furthermore,
photon recycling unlikely accounts for the observation because of the optical loss through

micro-plate surfaces. (6!
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Figure 3.11: PL spectra and TRPL measurements under 405 nm excitation. (A) Normalized
PL spectra across a wide range of temperatures, vertically shifted for better viewing. The average
laser intensity varies from 3 x 1072 to 1.6 W/cm? as the PL emission is much stronger at lower
temperature. (B-C) Comparison of PL and photocurrent peak energy (B) and FWHM (C) as
a function of temperature. PC values are extracted from Figure 3.9 and another device. (D)
Normalized TRPL measurements as a function of temperature, with bi-exponential fittings used
to extract carrier lifetimes. Average laser intensity varies from 0.3 to 14 W/cm? as temperature
increases. Inset, extracted carrier lifetimes as a function of temperature.
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Free carrier diffusion is also unlikely to explain the observed highly non-local pho-
tocurrent in MAPbBr3. Under photoexcitation, the excitons and free carriers quickly reach
a dynamic balance through the fast pairing and dissociation process occurring on a picosec-
ond timescale, ['8¥ reaching a pseudo-equilibrium. Therefore, the fractions of the coexisting
excitons and free carriers can be quantitatively estimated by the Saha-Langmuir equation 7
(see Equation 1.1). At sufficiently low temperature (kT < Ep), a majority of photoex-
cited charge carriers are bound into pairs. Using an exciton binding energy of 40 meV (as
extracted from our photocurrent spectral data) and a hole concentration of 106 cm™ in the
p-type material, we estimate from Saha’s equation that photogeneration creates 99 % exci-
tons and 1 % free carriers at 80 K (see details in Appendix B: MAPbBr3). This calculation
is also supported by the very pronounced exciton peaks observed in our photocurrent and
PL spectra at low temperatures. Furthermore, the diffusion length remains extremely long
at 10 K (Appendix Figure B.7B), where Ep is 40 times larger than k7. Thus, it is
highly unlikely that the observed long diffusion lengths originates from free carriers.

We attribute the strongly temperature dependent non-local photocurrent to efficient
exciton transport. %2 Similar to MAPbI;, the excitons may have a much lower phonon scat-
tering rate than free carriers. While electrons and phonons interact relatively strongly in the
hybrid perovskites, 6 excitons interact significantly less with phonons because of their dipo-
lar nature. A calculation shows the exciton-LO phonon scattering rate is reduced by a factor

2
_ (18a3Ry . . . . h . h
of Y= <m s where Qg 1S the the exciton Bohr radlus, Re = Ymewro Rh = Ymnerno’

and R, = /5 h__ are the electron, hole, and exciton polaron radii, respectively, where
MmzWrLoO

me, mp, and m, are their corresponding effective masses, and wyo is the LO phonon fre-
quency. % Here, v is estimated to be 5.3 x 10~* in orthorhombic MAPbI; and 5.2 x 10~* in
orthorhombic MAPbBr; (parameters are shown in Appendix Table B1).

The higher onset temperature for long Lp in MAPbBr3 is consistent with its larger
Ep. Though excitons are charge neutral, they can diffuse and split under the Schottky field

at the contacts, leading to photocurrent. Due to the band bending at the contacts, one type
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Figure 3.12: Gate dependent photocurrent profiles. (A) Gate dependent photocurrent maps at
80 K and Vgp = 1 and -1 V, respectively. White lines indicate electrode positions. (B) Bias and
gate-dependent SPCM profiles along the long axis at 80 K. Inset, optical image of a MAPbBr3 micro-
plate with bottom-contacts visible through the crystal due to MAPbBr3’s partial transparency.
of carrier (electron in this case) flows into the contact while the other type is blocked. As
a result, a photocurrent is produced similar to the charge separation process in a Schottky
photovoltaic device, as modeled in previous work. 38 [123] 53]

The photocurrent magnitude of the long-range tail first increases, caused by the
increasing exciton fraction (f.,). Then it decreases below 140 K, likely because the lower
thermal energy becomes less effective at dissociating excitons even when they enter the
depletion region. We calculated f., from the Saha equation in the field-free region and
in the depletion region by considering electric field effects (further detail in Appendix B:
MAPDBr3). fe, was significantly decreased under the electric field at the metal junction
(estimated to be 5 V/um) for MAPDbI3 but did not change much for MAPbBr3 at 80 K

(Figure 3.10F).
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One significant difference with MAPbI3 is that the MAPbBr3 photocurrent distribu-
tions always exhibit a short decay component near the contact. MAPbBr3 is known to have
a higher defect density than MAPDI3['8) and the defect density is expected to be signifi-
cantly higher at the surface, causing a faster recombination. The short photocurrent decay
near the contact may be due to the fast surface recombination. When the laser is far away
from the contact, a large fraction of injected carriers recombine quickly at the surface. A
smaller fraction of carriers (around 25% at 140 K), generated inside the micro-plate away

from surface, form excitons and travel with high mobility to the contact.
3.4.4 Gate Effects on Carrier Diffusion - MAPDbBr;3

Finally, we briefly discuss the gate modulation on the non-local photocurrent. The
application of a gate voltage (V) has negligible effect at room temperature, presumably
due to ion migration in MAPbBrs which screens the gate induced electric field. At lower
temperatures, however, V¢ significantly modulates the conductivity of the MAPbBr3 micro-
plate devices. The dark conductance drops by about an order of magnitude under positive Vg,
indicating the device is p-type (Appendix Figure B.8). The hole mobility extracted from
the slope of the gate scan is 2.3 x 107% cm?/Vs. Note that this value is an underestimation
of the actual hole mobility because of the large contact resistance. The gate scan also shows
a bigger hysteresis at higher temperature, indicating ion migration or charge trapping. The
photocurrent distributions are also sensitive to Vi in the MAPbBr3 micro-plate FET (Figure
3.12). The photocurrent inside the source-drain channel increases by a factor of 6 when
Vi increases to 50 V at Vsp = 1 V, likely because the p-type channel becomes much more
insulating and the voltage drop across the channel increases, leading to a larger photocurrent.
At Vsp = 0.5 V, the non-local photocurrent could be completely turned on/off by the gate
(Figure 3.12B). This is likely because the weaker junction electric field is insufficient to

split excitons in the absence of Vi;. The non-local photocurrent outside the channel also
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increases at positive V. This could be attributed to the longer carrier recombination time
as the positive Vi reduces the majority carrier (hole) concentration, though it is still unclear.

In summary, we observed, via photocurrent mapping, gate-tunable exciton diffusion
lengths up to 100 um below 140 K in single-crystal MAPbBr3 micro-plates. The onset tem-
perature for observing this long decay length in MAPbBr; (140 K) is significantly higher
than that in MAPDbI; (80 K), consistent with the larger exciton binding energy in MAPbBr;.
Along with a carrier lifetime of 1.2 us or shorter determined from time-resolved measure-
ments, we estimate a high exciton mobility on the order of 10* cm?/Vs. The high mobility
is most likely due to the dipolar nature of the excitons, as they interact with phonons much
less than monopolar free carriers. Formation of exciton-polaritons is unlikely to explain
the 100 pm photocurrent decay length since our micro-plates are not optically confined in
a fabricated photonic cavity. This work offers key insights on fast exciton transport in
HOIP systems. It also provides methods for electrical detection and manipulation of exci-
ton transport. The observed long exciton diffusion lengths may motivate unique designs of

exciton-based photovoltaic materials and devices.
3.4.5 Where?

This set of experiments was performed at both UC Davis as well as CINT (LANL site).
Photocurrent spectroscopy and SPCM measurements were taken in Dr. Yu'’s laboratory,
again with fabrication assistance from CNM2, and XRD characterization by Dr. Taufour’s
research team. PL spectroscopy and TRPL measurements were taken at CINT, in Dr.
Htoon’s laboratory. Theoretical work was performed by Dr. Senger at the Izmir Institute of

Technology.
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3.5 COMSOL Simulations of Exciton Transport

It should be mentioned that the vast quantity of experiments and phonon scattering
calculations presented in this chapter are further backed up by quantitative COMSOL simu-
lations of photocurrent decay profiles with and without the influence of excitons (specifically

in MAPDI; in this case), performed by a colleague, Kuen Wai Tang, ®3 using my experimen-

tal data. 6"
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Figure 3.13: (A) Diagram showing the generation, pairing/dissociation, and recombination pro-
cesses of coexisting excitons and free carriers. (B) Schematic drawing of device configuration under
a focused laser and the generation and transport of excitons and free carriers. (C) Simulated tem-
perature dependent Lp at different Ep values or in the absence of excitons. The circles are Lp
values extracted from the hyperbolic fitting of Tang’s simulated photocurrent distributions, which
are not displayed here but can be found in our published work.[®3 The solid curves are calculated
using Equation 3.22. The experimental results (green circles, extracted from reference [60]) are
also shown to compare with the simulation.

Inspired by the experimental work, we perform device modeling and numerical simula-
tions to rigorously analyze the exciton formation and transport in MAPbI3 micro-structures
under local photoexcitation. The simulation results agree well with our experimental obser-
vations including temperature and gate-dependent photocurrent decay lengths. A similar
approach 85 has been applied to simulate the excitonic effects in conducting polymer solar
cells, but excitons were treated as immobile particles. In this work, we instead consider
that excitons are significantly more mobile than free carriers. Another major difference is

that the device geometry examined in the previous work was a solar cell under uniform il-
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lumination, while we consider a point photoexcitation as used in SPCM. Our results indeed
show that excitons can actually dictate and dominate the photocurrent distributions at low

temperature. %
3.5.1 Basic Equations

We consider three coexisting particles in the material under illumination: free elec-
trons, free holes, and excitons. These particles may be dressed by phonons, thus resulting
in reduced mobilities. A free electron and a free hole are bound into an exciton at a rate
described by Langevin recombination (k,), which assumes an exciton is created if an electron

and a hole move within a joint capture radius, %4

K, = ¢ (3.6)

€r€p

where p1 = p1,, + 1, is the sum of electron and hole mobilities and €, is the dielectric constant.
The exciton also undergoes a dissociation into a free electron and a free hole at a rate (kq)

that depends on the local electric field F,

ka(E) = kK (E) (3.7)

At E = 0, the equilibrium constant of exciton dissociation K (0) is given as, 50!

3

where a, is the exciton radius and Ep = is the exciton binding energy. In the

e
dmerepa

presence of an external electric field, excitons dissociate at a higher rate given by, 184

J1(2v/=20)

K(E)/K(©0) = T2

(3.9)
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where J; is the Bessel function of order one and b = —%5—.
8merecoky T

As displayed in Figure 3.13A, photogenerated excitons exist in equilibrium with
free charge carriers via these formation and dissociation processes. Both excitons and free
carriers can recombine to the ground state, as well as drift and diffuse to other locations. To
calculate the densities of free electrons (n), free holes (p), and excitons (n.;), one needs to

solve the electrostatic and continuity equations,

V-E=ce(p+Ns—n—N,)/ereq (3.10)
dn -
E == k:d(E)nem - anp — RSRH -V Jn (311)
dp -
E == kd(E)ner - krnp - RSRH - V- Jp (312)
ANy -
et Gex + kenp — kg(E)Ney — Ny /Tex — V + Jen (3.13)

where N, is the acceptor concentration, Ny is the donor concentration, G, is the photoex-
citation rate, and 7., is the lifetime of excitons. G., in Equation 3.13 is set to initially
generate excitons, however we note that the simulation results do not change if G, initially
generates free carriers, due to the fast pairing and dissociation processes.

We assume that free carriers recombine through the Shockley-Read-Hall process at a

rate RSRH7

np — 7%2
Tp(n + i) + T(p + 1)

R = (3.14)
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Jn, Jp, Jey are number (not charge) current densities of electrons, holes, and excitons, re-
spectively. Each current density has both diffusion and drift components. Explicitly, we

have,

- —

Ip = —ppnE — pkgTVn/e (3.15)
Ty = 1pE — ppkpTVp/e (3.16)
T = —lerkBTV ey /€ (3.17)

where fi,, ft,, ey are the mobilities of electrons, holes, and excitons, respectively. We
assume the Einstein relation is held in all three cases (for example, D, = pe.kgT/e). The
drift term in Equation 3.17 is set to zero because excitons are charge neutral. We ignore
photo-induced thermoelectric current as the observed photocurrent is much larger than that

expected from such an effect, % confirmed by previous simulation work. (88! [123]
3.5.2 Solving The Simplified Equations

The above equations can only be solved analytically by making some large assump-
tions. These assumptions are likely over-simplified, but the analytic solutions can help us
understand the physical mechanisms. For the purposes of this dissertation, I will summarize
the three assumptions that were made - for the full, detailed analysis I recommend reading

our published work. 3 The last assumption is most relevant to our experimental work.
Assumption 1 - The material is under homogeneous photoexcitation. If free carriers

and excitons are uniformly distributed through the sample, then all net currents within the

sample itself are nullified. Additionally, if the pairing time (7pq; = k%n) is much faster than
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the recombination time, then n.,/7., can also be dropped from Equation 3.13. In the

absence of electric field, we then have an equilibrium equation,

3
np/ne, = K(0) = We—EB/’“BT (3.18)

We note that the above equation is similar in form to the Saha-Langmuir equa-
tion® 187 with the thermal de Broglie wavelength (A = h/\/2rm? kT, where m?, =
memp/(me +my,) is the effective mass of an exciton) replaced by the exciton size a,. Both
the Saha-Langmuir equation and Equation 3.18 have been used to relate the exciton and

free carrier densities in equilibrium 7} [188][184] [185]

Assumption 2 - The excitation source is point-like, but exciton density is negligi-
ble when Ep < kgT'. This means Equations 3.11 and 3.12 are reduced to the continuity
equations for free carriers alone. Photocurrent will decay exponentially as the point exci-
tation moves away from the contact (I = Iye™*/EP) 1% where the decay length equals the

minority carrier Lp.

Assumption 3 - The most interesting assumption; exciton mobility is enormous
(tn < ftez and g, < fiez). This assumption comes from our high mobility exciton hy-
pothesis, as presented in our previous work.® In this extreme case, we ignore the drift
and diffusion of free carriers (J, = J, = 0). Our MAPDbI; samples were n-type, so we
have Rgpy = p/7, at low photoexcitation intensity. If we consider a steady state (carrier

concentration is independent of time), summing Equations 3.12 and 3.13 yields,

V- J_e;m - Gem - new/Tem - p/Tp (319)

In the region outside the excitation point (away from the laser), G., = 0 and the

above equation in one dimension becomes,
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A’ Ny

exr
dx?

D = Nex/Tex + D/ Tp (3.20)

We further assume free carriers and excitons reach a dynamic balance at any position,
allowing Equation 3.18 to eliminate p. Additionally, n =~ N, is expected to be uniform

under low photoexcitation in n-type devices, so we have,

d* Ny
EIW :nex[l/Tex—l—K(O)/NdTp] :nex/Teff (3.21)
where 7.¢¢ is the effective lifetime. The solution to this equation is a simple exponential
distribution of exciton concentration, indicating that photocurrent exponentially decays with

a decay length that is determined by the exciton diffusion coefficient and a hybrid effective

lifetime,

D
Lp =A/DuyTors = - .22
p Teft \/1/7’em + K(0)/Nqyr, (3.22)

With these assumptions, we are able to perform rigorous finite element simulations
in COMSOL to model transport of coexisting excitons and free carriers locally excited by
a focused laser. The device modeling shows that highly mobile excitons become important
and actually dominate the photocurrent decay profiles at low temperature in HOIPs (Figure
3.13C). The simulations are highly consistent with the previous experimental results. 6 The

main results of the entire work are well-summarized in Tang’s published conclusions. 53!
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Chapter 4. Self-Trapped Excitons in 1D C;N;H4,PbBr4

We now move on to a different material to continue our study of excitonic effects in
hybrid semiconductors. In the previous chapter, we explored the concept of extremely mobile
free excitons in 3D HOIP single crystal micro-structures. Here, we perform an effective 180°
flip and switch to a low-dimensional, confined material where excitons are instead highly
immobile. Due to a (still heavily discussed) number of factors, these FEs, generated via
photoexcitation, immediately undergo a self-trapping process and become highly localized.
It has been argued that the presence or absence of the self-trapping process depends largely
on the structural and electronic dimensionality of the material.®¥ However, a more recent
theoretical work has shown that the trapping of FEs is more simply determined by the com-
petition of the energy-gap decrease and deformation-energy increase along with the lattice
distortion. ™) We can oversimplify their results as follows - Given some amount of lattice
distortion (corresponding to a deformation energy AEq.form), there is also an associated shift
in gap energy (AEy,; the A here is referring to the energy difference between FE states
and STE states at the given amount of lattice distortion). When AE,q, > AFE4eform, STE
formation is favored, which happens to be the case in many low-dimensional metal halide
materials. Thus, low dimensionality is not necessarily a requirement for STE formation, it
just tends to provide the right circumstances. Regardless of why they exist, these STEs
dominate the emission properties of 1D organic metal halide hybrids and are vital to the
creation of the broadband, white light photoluminescence which we hope to apply toward

future LED technologies.

4.1 Surface Effects on Anisotropic Photoluminescence in One-Dimensional Or-

ganic Metal Halide Hybrids

Here, we perform excitation energy and polarization-dependent PL. and time-resolved
PL spectroscopy to better understand the optical anisotropy in the 1D single crystal OMHH,
N,N’-dimethylethylenediammonium lead bromide (C4NyH;4PbBr, or DMEDAPbHBr,). 21 We
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first confirm that the 1D metal halide chain is along the long axis of single crystal needle-like
samples through rigorous X-ray diffraction (XRD) analysis. Then we perform comprehensive
PL spectroscopy with the photoexcitation wavelength ranging from 360 nm (3.44 eV) to 410
nm (3.02 eV), in increments of 10 nm, at both room temperature and 8 K. Two linear polariz-
ers are used to independently control and analyze both excitation and emission polarization.
Surprisingly, we find that the PL reaches a maximum (minimum) when photoexcitation is
linearly polarized perpendicular to the 1D metal halide chain when the excitation wave-
length is shorter (longer) than 380 nm (3.26 eV), respectively. The ratio of PL emission
under different excitation polarizations (I,az/Imin, Where I, and I, are the maximum
and minimum PL emission intensities, respectively) also sensitively depends on the excita-
tion energy and reaches up to 9.4. Time-resolved photoluminescence (TRPL) measurements
show an additional linearly polarized fast decay component (< 20 ps) when photoexcitation
is parallel to the 1D chain. We carried out first principles calculations that show highly
anisotropic optical absorption at low excitation energy. Based on these experimental and
theoretical results, we attribute the strong excitation energy dependent anisotropic emission
to fast recombination at the surface of 1D OMHHs. This work highlights the importance of

surface effects on optical properties of 1D OMHHs.
4.1.1 Characterizing DMEDAPbBr,

The synthetic method of DMEDAPbBr, can be found in Chapter 2. The crystal
structure of DMEDAPDBr, has already been identified and can be understood by 1D chains
surrounded by organic cations to form core-shell-like quantum wires?!! (Figure 4.1A). The
needle-like single crystals are about a few mm long and 100 um wide and tall as shown in
Figure 4.1B,C. The orientation of the 1D metal halide chains relative to the needle axis
has not been previously determined. To resolve this, we perform careful XRD analysis on
single crystal needles lying on the substrates. The orthorhombic crystal has similar lattice

constants along the a and ¢ axes (a = 14.62 A and ¢ = 14.41 A), but the lattice constant
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along the b axis (the 1D metal halide chain) is much shorter (b = 6.10 A). The crystal

orientation can be identified from the missing XRD peaks, since the diffraction only occurs

in the crystal planes parallel to the substrates.

1 {101} plane families
1 {200} plane families
| {020} plane families

1D metal halide ] :
chain direction 100 um J

Laser spot - ‘ \

size to scale
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Figure 4.1: (A) Structure of DMEDAPDBrs that can be described as lead bromide quantum
wires wrapped by the organic cations (red spheres: lead atoms; green spheres: bromine atoms;
blue spheres: nitrogen atoms; black spheres: carbon atoms; purple spheres: hydrogen atoms; grey
polyhedra: PbBrg* octahedrons). Hydrogen atoms are hidden for clarity in the image on the right.
The red b axis indicates the 1D chain direction. (B) Single crystals of DMEDAPbBry under UV
light (365 nm). (C) A single DMEDAPbBr, sample on carbon tape with 1D metal halide chain
and laser polarization directions labeled. (D) XRD results for many crystals (top) as well as an
isolated crystal (bottom).

As shown in Figure 4.1D, top, the diffraction pattern from an ensemble of needles
exhibits the {101} and {200} plane families, in which the b index is always zero. The {020}

plane family is labeled (purple markers) in Figure 4.1D to demonstrate the absence of
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{020} peaks. The intensities of the {101} peaks are larger, which indicates that the needle
cross sections are likely terminated by the {101} planes. This is confirmed by performing the
measurement again on a single needle (Figure 4.1D, bottom) which shows only the {101}
peaks. This clearly indicates that the b axis must be along the long axis of the needle, which
is always parallel to the substrate. Otherwise, diffraction peaks with nonzero b index are
expected to show up because of the random orientation of the short axis of the needles. We
note that there is an additional small peak around 24° that could correspond to the {400}
peak. This is likely due to a tiny fragment of crystal that had chipped off and was aligned

in a different direction.
4.1.2 Excitation-Sensitive Anisotropic Emission

The experimental setup is shown in Figure 4.2A, where a linearly polarized tunable
UV laser is focused onto the 1D perovskite crystals with normal incidence and a spot size of
about 1 pm. Thanks to the tight laser focus and high optical image resolution, we are able
to measure completely clean regions of the crystal surface (Figure 4.1C, bottom). The
linear polarization of the photoexcitation is tuned by a half waveplate (designed specifically
for the UV range). Another linear polarizer for the visible light can be inserted in front of
the streak camera to study the polarization of the emitted light. We observe that the overall
PL intensity (with the linear polarizer in front of the streak camera removed) sensitively
depends on both the polarization of the excitation laser beam as well as the wavelength
(Figure 4.2B). Under 360 nm excitation, when the electric field of the incident laser beam
is perpendicular to the 1D metal halide chains, the emission intensity reaches a maximum,
which, for the sample shown in Figure 4.2B, is about 5 times stronger than the intensity
when the field is parallel.

Surprisingly, this trend reverses itself at lower photoexcitation energy. Under 400 nm
(3.10 eV) excitation, the PL emission maximum is reached when the laser polarization is

parallel to the 1D chain. This anisotropic emission intensity can be well-fit with the equation
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I(¢) = Iy cos[2(p — ¢g)] + K, where ¢ is the angle between the photoexcitation polarization
and the 1D chain, ¢q is the phase shift, Ij is the polarization-dependent intensity amplitude,
and K is the polarization-independent intensity component®? (Figure 4.2B). ¢, is found
to be close to 0 for 400 nm and 7/2 for 360 nm from the fitting. The reversal of polariza-
tion dependence of PL upon increasing the photoexcitation energy has not been reported
to our knowledge. The 400 nm excitation is close to the minimum absorption energy of
DMEDAPDBr,, which corresponds to the exciton resonance energy. We plot the total PL
counts under photoexcitation with polarization parallel and perpendicular to the chain at
various excitation wavelengths in Figure 4.2C and Appendix Figure C.10 (for a different
sample). The PL intensity first increases and then decreases as the excitation wavelength

increases from 360 nm to 400 nm. There is also a clear cross-over at 380 - 390 nm (3.18

- 3.26 eV), where the perpendicular polarization generates stronger PL at shorter wavelength.
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Figure 4.2: (A) Schematic of experimental setup for polarization-dependent PL and TRPL mea-
surements. (B) Polar plot of peak PL counts as a function of excitation angle for high (360 nm) and
low (400 nm) energy excitation. The dashed lines are curve fits. Polarization at 0° is parallel to the
1D chain of DMEDAPDBr,. Please note the different scales of the orange and blue axes. (C) Total
PL emission counts as a function of excitation wavelength and orthogonal excitation polarizations.
All PL counts are normalized to photoexcitation power. (Sample #3)
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The PL emission spectra are broad, but their shape is independent of the excita-
tion polarization (Figure 4.3A) and excitation wavelength for both 295 K and 8 K. The
broadband emission has been attributed to the exciton self-trapping.!?") The total emission
is stronger and the spectral width is narrower at low temperature, as is typical for these
families of metal halide hybrids due to significant electron-phonon and/or exciton-phonon
coupling, which can be understood through the Fréhlich longitudinal optical (LO) phonon

2] 16111190] We define an excitation anisotropy ratio as Rpx = Ipx1/Iex|,

broadening model.
where Igx| (Igx.) is the peak PL count (with the detector polarizer removed) when pho-
toexcitation is linearly polarized parallel (perpendicular) to the 1D chain, respectively. Rgx
increases at lower temperature from 4.3 to 9.3 at Agx = 360 nm for Sample #3. Curiously,
at low temperature, Rpx abruptly increases between 370 nm (3.35 eV) and 390 nm (3.18
eV) excitation. The reason behind this bump in the trend is currently unknown but may be
caused by an exciton fine structure revealed at low temperature. [70 191 [192][193] [194][195] pp .
varies from sample to sample, up to 9.4 at room temperature for one sample (Figure 4.3B).
The variation is presumably due to the internal alignment of 1D molecular chains along with
the long axis of the sample and defect levels, which can sensitively depend on the growth
conditions. As excitation wavelength increases, Rgpx decreases and then crosses below 1
around 380 nm (Figure 4.3B), meaning parallel excitation is creating brighter emission.
This trend is repeatable across multiple DMEDAPDBr, samples, with the cross-over excita-
tion wavelength varying between about 375 and 385 nm (3.31 and 3.22 eV). The anisotropy
ratio is also fairly large at long wavelength, up to 1/3.

The PL emission is highly linearly polarized parallel to the 1D chain, regardless of the
excitation polarization, as shown in Figure 4.3C. We define an emission anisotropy ratio as
Rey = Ipmy/Iemy, where Igyy (Iparyn) is the peak PL count when the detector polarizer

is parallel (perpendicular) to the 1D chain, respectively. Rp)s are extracted from Figure

4.3C to be 11.4 (11.2) for perpendicular (parallel) excitation at room temperature, corre-

pP— Ipym—IEMm 1
Ipy+HEML

sponding to a degree of polarization ( ) of 84%. These values are significantly
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higher than those reported in 1D polymer and Pt chains, % B7 as well as the previously re-
ported values in 1D OMHHs C4,N,H14,Pbl, and C3H;oNPbI;, #2143 demonstrating the strong
anisotropy and high quality of our samples. The PL peak position shifts from 510 nm (2.43
eV) for the emission parallel to the chain to 485 nm (2.56 eV) for that perpendicular to
the chain (Figure 4.3C). A similar blue-shift of PL spectra for transverse polarization has
been observed in C3H;oNPbls. 3 This spectral shift indicates the transverse-polarized ex-
citon state has a slightly higher energy than the longitudinally polarized exciton state. 9!
Note by contrast that, for absorption, calculations show a blue shift around 1.5 eV for the

transverse compared to the longitudinally polarized peaks; we attribute the difference to the

self-trapping of the emitting excitons.
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Figure 4.3: (A) Excitation polarization-dependent PL spectra for Sample #3 at room temperature
and 8 K, respectively. Counts drop off at 400 nm due to a long pass filter. The measurements
were performed with excitation wavelength of 360 nm and no polarizer was in the detection path.
(B) Rex = Ipx1/Igx) for representative DMEDAPDbBry samples at room temperature and 8 K.
Fewer data points are displayed at 410 nm excitation due to the PL becoming too weak for accurate

measurements. (C) Room temperature PL emission spectra for Sample #2 at 360 nm with the
detector linear polarizer inserted.
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4.1.3 TRPL of Self-Trapped Excitons

PL emission under a pump pulse (< 200 fs) at 380 nm shows a slow decay (4 - 7 ns)
under excitation perpendicular to the 1D chain, consistent with previous reports. 2!l However,
an initial sharp decay (12 - 14 ps) is observed when the excitation polarization is parallel
to the 1D chain (Figure 4.4A). The decay constants are extracted from the exponential
fitting (dashed curves in Figure 4.4A). We caution that the slow decay constants have
large uncertainty because the data is fit in a < 1 ns duration. The presence and magnitude
of this sharp decay feature appears to depend on both excitation polarization as well as
excitation wavelength. At 360 nm excitation the sharp feature is relatively weaker than at
380 nm excitation under parallel excitation (Appendix Figure C.11). Under all excitation
wavelengths, DMEDAPDbBr, appears to emit both parallel and perpendicular to the 1D
chains, but the parallel component is always significantly stronger. The initial sharp decay
peak is only observed when the detector polarizer is parallel to the chain in the sample shown
in Figure 4.4A, though a small peak is also observed for perpendicular emission polarization
in another sample (Appendix Figure C.12). The PL emission spectral peak blue-shifts
from 530 nm (2.34 €V) to 500 nm (2.48 eV) as the PL intensity increases to maximum in
about 40 ps after the pump pulse (Figure 4.4B). Then the PL falls to a slow decay state in
about 50 ps. The measured fast decay time stays at about 12 - 14 ps (Appendix Figures
C.13 and C.14) when the pump intensity increases by 20 times at both 295 K and 11 K,
though the measured decay time is likely limited by the temporal resolution of the setup
(Appendix Figure C.15) and should be considered as the upper bound of the real value.
The PL counts for both the short and long components are linear with the fluence of the
pump laser (Appendix Figures C.13 and C.14), at both 295 K and 11 K. The slow
decay component is around 4 - 7 nanoseconds but could not be accurately determined in our

experiment because of the high repetition rate of the excitation laser pulses.
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Figure 4.4: (A) PL counts as a function of delay time after 380 nm pulsed excitation at room
temperature (Sample #5) with different excitation and emission polarization configurations. (B)
PL emission spectra at various delay times across the rise and fall of the sharp feature seen under
parallel excitation and emission in (A). (C) Proposed surface effect model. At 360 nm, parallel
polarization is absorbed very close to the sample surface, resulting in reduced PL emission. At
400 nm, both polarizations can now penetrate farther into the bulk, but the parallel polarization
is more readily absorbed, resulting in relatively stronger emission. (D) Configuration coordinate
diagram with relaxation pathways for the proposed TRPL surface effect mechanism. FE = free
exciton; STE = self-trapped exciton. STEs* are created near the surface and recombine fast, while
STEs are in the bulk and recombine slowly.

4.1.4 Band Structure, Density of States, and Absorption Simulations

We summarize the main observations here: (a) PL emission is stronger when excita-
tion polarization is parallel (perpendicular) to the 1D chains at Apx = 400 nm (360 nm),
respectively. (b) PL emission is always more strongly polarized along the chain, regardless
of excitation wavelength or polarization. (¢) TRPL shows a fast decay (< 20 ps) only when
excitation polarization is parallel to the chain. All of these observations can be understood

by the surface effects on PL as detailed below.
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The optical absorption of 1D halide perovskites is expected to be highly anisotropic,
strongly depending on the optical polarization. This is because the optical electric field
parallel to the chain can more easily polarize the electrons along the 1D chain composed of
inorganic octahedra. Confined by the insulating organic structure surrounding the chain,
electrons are harder to be polarized by a transverse electric field. To confirm, our theorist
collaborators (who are much better at math than me) performed plane-wave DFT calcu-
lations in the Quantum ESPRESSO code, " with the Perdew-Burke-Ernzerhof (PBE) 198!
exchange-correlation functional. Relaxation starting from the XRD structure (a = 14.62 A,

=6.10 A, c =14.40 A, o = = v = 90°) gave lattice parameters in close agreement (a =
1470 A, b=6.06 A, c=1456 A, a ==~ = 90°), as seen in work on other hybrid per-
ovskites and OMHHs. 19112001 The calculations used a primitive cell of this body-centered
tetragonal structure, with lattice parameters a = b = ¢ = 10.80 A, and a = 32.48°, § =
94.86°, v = 85.88° with the Pb-Br chain along the z direction (see more details in Appendix
C: C4NyH4PbBry). The calculated electronic band structure of the 1D metal halides in the
GW approximation (with a simple spin-orbit correction) is shown in Figure 4.5A; the gap
is indirect and computed to be 3.6 eV, though the difference between the direct and indi-
rect bandgap is only 16 meV. The valence band maximum (VBM) has contributions mostly
from the p-orbitals of Br, whereas at the conduction band minimum (CBM), p-orbitals of
Pb dominate (Figure 4.5C). The electronic bands are dispersive along the Pb-Br chain
direction but are nearly flat along the other two perpendicular directions.

Additionally, the absorption spectrum was calculated through the Bethe-Salpeter
Equation (BSE) in the BerkeleyGW code, ?°!) shown in Figure 4.5B. Here, the utilization
of BSE in the calculation allows one to take the GW energies and inject the contributions of
electron-hole interaction. These contributions are composed of the electrostatic attraction
between the electron and hole, and the “exchange” term, which is repulsive. Thus, BSE
accounts for excitonic effects in the absorption spectrum, which is necessary to get accurate

results when E'g is large in the material. The lowest exciton energy was found at 2.9 eV. Re-
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sults from the random phase approximation (RPA) were also provided for comparison, which
do not include excitonic effects. By comparing the absorption peaks of BSE and RPA, we
found a substantial exciton binding energy (830 meV), as is usual in low-dimensional struc-
tures. 292 The first absorption peak is strong along the Pb-Br chain (z-polarized), consistent
with the Pb-Br chain mainly contributing to the electronic transition at the band edges.
The peak is mainly due to transitions at k = Z from the VBM and the next band below the
VBM to the CBM and the next band above the CBM (CBM+1). For x- and y-polarizations,
the dominant transitions are at k = X and Y respectively, and in both cases are from VBM

to CBM and CBM+1. Figure 4.5B shows large anisotropy in absorption in this material.
4.1.5 Surface Effects on STE Recombination

Though the overall absorption spectrum of a sample containing many randomly ori-
ented needles has been measured,?!) the polarization dependent absorption spectrum of a
single needle has not been obtained due to its small size. The above calculation clearly
indicates strong anisotropic absorption for the lowest energy excitation, and hence in the
excitation energy range used in our experiment (3.02 - 3.44 eV), which was just above
the (perhaps slightly underestimated) calculated peak energy (2.9 eV) through BSE, after
considering excitonic effects. Note the minimum absorption energy was determined by the
excitonic energy instead of the single-particle gap. The calculated optical transition rates are
much higher for the parallel electric field in the lowest energy peak shown in Figure 4.5B.
The corresponding absorption depth reaches as shallow as 10 nm for polarization parallel
to the Pb-Br chain, at least two orders of magnitude smaller than that under perpendicular
polarization (Figure 4.5D). The sharp rise of the peak on the low energy side agrees with
the rapid increase in the optical absorption as the excitation energy increases within the
experimentally accessible range. Consequently, at Agx = 400 nm, the photon energy is just
above the minimum absorption energy and the absorption is weak. The photoexcited charge

carriers are located relatively deep in the bulk (depicted in Figure 4.4C). In this case, the
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Figure 4.5: Electronic structure simulations. (A) Electronic band structure, in the conventional
Brillouin zone, in the GW approximation plus a spin-orbit correction to the gap. Arrows show
the dominant transitions for the lowest-energy peaks for light polarized along x (black), y (red),
and z (blue) directions, where z is the direction along the Pb-Br chains. (B) Polarized absorption
spectra with (BSE, solid) and without (RPA, dashed) electron-hole interactions, based on the GW
bandstructure with spin-orbit correction to the gap. (C) Partial density of states from DFT to
show atomic orbital character of bands, with gap corrected by GW and spin-orbit coupling. (D)
Absorption depth for polarized light, from BSE as in B).

absorption is enhanced when the polarization is parallel to the chain as the perpendicularly
polarized light is likely only absorbed partially by the approximately 100 pm thick samples.
This leads to a moderately enhanced emission under parallel polarized excitation. In con-
trast, at Agx = 360 nm, the absorption is much stronger due to resonance with the lowest
excitonic level and the photoexcited carriers are generated closer to the surface. For par-
allel polarization, the absorption is even stronger, leading to a very shallow distribution of

photoexcited carriers. Under these conditions, the PL intensity is strongly reduced because

of fast recombination at the surface. At Agx = 380 nm, both perpendicular and parallel
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excitations generated about the same PL intensities, when the surface effects under parallel
polarization and the incomplete absorption under perpendicular polarization have similar
impacts to the PL reduction.

Regardless of excitation polarization or energy, the emission is mostly polarized paral-
lel to the 1D chain, indicating the transition dipoles of self-trapped excitons are preferentially
parallel to the 1D chain. However, there is always a perpendicular component of emission
as well. This may simply be caused by the non-perfect alignment of the 1D chains, though
the sharp XRD peaks indicate the samples are highly crystalline. Another possibility is that
a small portion of self-trapped excitons exist with transition dipoles not entirely parallel to
the chain. For example, the transition dipole moment has been estimated to make an angle
of 65 - 70° with the chain direction in J-aggregates of thiacarbocyanine dyes. 3%

TRPL results can also be understood with the above hypothesis of surface effects.
We first highlight the key observations in TRPL measurements in detail below: (i) parallel
excitation results in two distinct decay constants with a fast component shorter than 20
ps and a slow component of 4 - 7 ns, while perpendicular excitation only produces the
slow component; (ii) the initial sharp PL decay is also highly linearly polarized (Figure
4.4A); (iii) both the fast and slow components are linear with the fluence of the pump laser
(Appendix Figures C.13 and C.14) at both 295 K and 11 K; (iv) the emission spectra
of the fast and slow components has a similar shape, with the fast component slightly blue-
shifted. Observation (i) indicates that the initial fast recombination is likely induced by the
excitons generated close to the surface under parallel excitation. Observation (ii) implies that
the emission from trapped charge at the radiative surface defect states is unlikely to account
for the initial fast PL decay, since the emission from surface defects is expected to have
random polarization. Observation (iii) indicates that the initial sharp decay is unlikely to be
caused by a nonlinear effect such as Auger recombination. Lastly, the similarity in the broad
emission spectra in observation (iv) suggests that both the fast and slow components are

created by a similar recombination process of STEs. The different decay times and emission
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energies are likely caused by the types of STEs generated under different polarizations as
depicted in Figure 4.4D. Under parallel excitation, a significant portion of STEs are created
near the surface (labeled as STE* in Figure 4.4D). These STEs* recombine at a faster rate
with higher emission energy.

We briefly discuss the possible mechanisms that may account for the different dy-
namics of STES* near the surface. The slow recombination in 1D metal halides has been
attributed to spin-forbidden transitions of STEs,?2 29l where photoexcited free excitons
could rapidly transfer to a triplet state due to strong spin-orbit coupling in the presence
of the heavy element Pb in the crystal. The triplet state then slowly relaxes to the ground
state. The fast PL component is most likely caused by nonradiative recombination via surface
defects, such as dangling bonds or vacancies, through Shockley-Read-Hall (SRH) recombi-
nation. This kind of recombination occurs when defects provide mid-gap states that are
roughly equidistant from the valence and conduction bands. These states are called recom-
bination centers because they allow for electrons and holes to reach similar (or even same)
mid-gap energy levels, where they can then easily recombine without emitting a photon.
This provides a fast nonradiative pathway, substantially reducing the overall PL intensity
under parallel polarization.

The observed initial fast PL component is still from the radiative STE* recombination,
though only a small portion of STE*s recombine radiatively, as most excitons near the
surface recombine nonradiatively through the surface defects. The excitons generated in
the bulk away from the surface do not suffer from this fast defect-mediated nonradiative
recombination, as the interchain diffusion of excitons is expected to be very slow. However,
we do not exclude other possible mechanisms expediting the STE* recombination near the
surface. The proximity to the surface may help mix the single and triplet states to allow faster
recombination. For example, singlet-triplet conversion through intersystem crossing (ISC)

[204] [205] [

has been reported recently 206] and ISC can be induced by crystal structure distortion

by stress. 2% Mixing of singlet and triplet excitons has been predicted to occur in 3D halide
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perovskites near inhomogeneities as a result of spin-orbit coupling.?*®! We speculate that
surface reconstruction may have a similar effect. The initial slight blue-shift can also be
caused by the difference in emission energy at the surface. The out-of-plane electric field
at the sample surface may have an impact on the charge recombination dynamics. The
ion migration in 1D OMHHs??*! may create surface charge that results in an electric field
near the surface. By comparing PL by one-photon and two-photon excitation, it has been
observed that the recombination lifetime is significantly reduced and the emission spectra
blue-shift near the surface of MAPbBrg, 2% similar to our observations in Figure 4.4A,B.
Further work such as magnetic field and electric field-dependent TRPL measurements, as well
as passivation of surface defects by coating, are needed to fully clarify the exact mechanism.

In summary, we performed excitation energy and polarization-dependent PL and
TRPL spectroscopy to elucidate optical anisotropy properties in the 1D single crystal OMHH,
N,N’-dimethylethylenediammonium lead bromide. We confirmed the parallel orientation of
the 1D metal halide chain with respect to the long axis of the needle-like crystals. We
performed comprehensive polarization-dependent PL and TRPL spectroscopy with the pho-
toexcitation wavelength ranging from 360 nm to 410 nm at both room temperature and
8 K. Interestingly, we found that the trend of anisotropic PL reverses as we increase pho-
toexcitation energy, where perpendicular (parallel) excitation results in more emission at
higher (lower) energy, respectively. The anisotropy ratio, defined by Rgx = Iepx1/Ipx|,
increases from 1/3 at 410 nm to 9.4 at 360 nm. Curiously, TRPL measurements reveal an
additional fast decay component of < 20 ps only when excitation is parallel to the 1D chains,
which could be caused by the surface impacts on the recombination of self-trapped excitons.
We emphasize that the fast PL component is linearly polarized and exhibited an emission
spectrum similar to the slow component, so it is unlikely to be induced by radiative recom-
bination via surface defects. Instead, we speculate that the fast recombination is caused by
nonradiative recombination via surface defects or by the crystal structure distortion near

the surface, which mixes the triplet and singlet states of STEs. Finally, we carried out first
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principles calculations that displayed highly anisotropic optical absorption in the range of
our excitation energies. Based on these experimental and theoretical results, we attribute the
strong excitation energy dependent anisotropic emission to a drastically different recombi-
nation process at the surface of 1D OMHHs. This work highlights the importance of surface
effects in understanding the optical properties of 1D OMHHs and utilizing their anisotropic

and broadband emission in novel applications for lighting and photodetection.
4.1.6 Where?

This set of experiments was performed at UC Davis, CINT (LANL site), and CINT
(SNL site). Preliminary polarization-dependent PL tests were conducted in Dr. Yu'’s labo-
ratory, with XRD characterization once more by Dr. Taufour’s research team. Polarization-
dependent PL and TRPL spectroscopy measurements were taken at CINT (SNL site), in Dr.
Luk’s laboratory. Further characterization measurements, including polarization-dependent
Raman spectroscopy (not displayed here; perhaps in a future publication), were performed
at CINT (LANL site). Samples were synthesized by Dr. Ma’s group at FSU. Theoretical

work was performed by our collaborators at UC Merced and the Molecular Foundry.
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Chapter 5. Conclusions and Future Work

5.1 Conclusions
5.1.1 Highly Mobile Excitons in MAPbI; And MAPbBr; Micro-Structures

Through the application of several powerful optoelectronic measurement techniques,
including scanning photocurrent microscopy, time-resolved photocurrent and photolumines-
cence, and photocurrent spectroscopy, we garnered new crucial information on the tem-
perature and gate-dependent transport properties of single crystal MAPblz and MAPbBr3
micro-structures. In MAPbI3, we observed a room temperature Lp of around 10 pm which
abruptly increased to 22 pum across the low temperature tetragonal to orthorhombic phase
change. Lp then further increased to roughly 200 pm by 80 K, corresponding to a pho-
tocurrent profile that appeared nearly flat. This rapid increase of Lp, combined with the
observation of a consistently short carrier lifetime, led to the formation of our super mo-
bile exciton hypothesis, where excitons undergo efficient formation and high speed transport
at low temperature (where Ep > kgT). The phonon-scattering rate of excitons should be
significantly suppressed as a consequence of their dipolar nature, compared to free carriers
and charged polarons. This hypothesis is supported by calculated temperature and carrier
concentration-dependent mobilities that are in excellent agreement with the experimental
results. Furthermore, the application of a gate voltage allowed for direct tuning of the
majority carrier (electron) concentration and opened another pathway to control the low
temperature transport. Increasing (decreasing) the electron concentration led to a substan-
tial increase (decrease) in Lp, which can be understood through the exciton model as well,
since increasing the electron concentration should enhance exciton formation probability.

In MAPDbBr3, we observed similar, but still distinctly unique, temperature-dependent
transport behaviors. Here, the room temperature Lp was only a few um, but an additional,
long decay component began to form at temperatures as high as 140 K, again near the phase

change region. While MAPbI; often had to be cooled down to 80 K in order to display
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the nearly flat photocurrent profiles (which could always be fit using a single exponential),
MAPDBBr3 consistently displayed two separate decay components (requiring a double ex-
ponential fitting) where the short component was always present and the long component
(around 100 pm) could appear at much higher temperatures than MAPbI;. We believe this
is directly related to the exciton transport picture. If the long Lp component arises from
efficient exciton transport in both materials, then we expect MAPDbBr3 to reveal the long
component at higher temperatures, as is observed, since Fp is larger in that material. In
fact, Ep was large enough in our samples to be directly measured through photocurrent
spectroscopy coupled with Elliott model fittings. Along with carrier lifetimes of 1.2 us or
shorter, determined from time-resolved photoluminescence and photocurrent measurements,
we estimate an enormous exciton mobility, on the order of 10* cm?/Vs. In our published
works, we elaborate in detail on other various phenomena that could explain our observa-
tions (exciton-polaritons, photon recycling, etc.), and provide evidence and discussion to rule
them out.

These projects led to the creation of a novel hypothesis toward understanding the
fascinating low temperature transport behavior of our HOIP micro-structures. Efficient,
fast exciton transport in 3D HOIPs is a unique concept that we believe could motivate new
designs for exciton-based, or exciton-enhanced, photovoltaic materials and architectures,
where excitons are no longer viewed as villains to device performance but instead provide

assistance.
5.1.2 Anisotropic Emission of Self-Trapped Excitons in 1D C4;N;H1,PbBr4

In this most recent work, we performed excitation energy and polarization-dependent
PL and TRPL spectroscopy to illuminate some interesting (and unexpected) optical anisotropy
properties in the 1D single crystal OMHH, C4NsH4PbBry. Thanks to careful XRD analysis
performed by our collaborators, we were able to confirm the parallel orientation of the 1D

metal halide chains with respect to the macro-scale long axis of the needle-like crystals. We
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performed a suite of polarization and temperature-dependent PL. and TRPL spectroscopic
measurements, with the excitation source ranging from 360 nm to 410 nm. We discovered
an initially confusing trend in the anisotropic PL behavior, with respect to excitation wave-
length. At relatively lower excitation energy (longer wavelength), parallel excitation (with
respect to the chains) generates brighter emission (more counts) than perpendicular excita-
tion. However, this trend appears to depend on excitation energy, and at relatively higher
energies the trend actually flips and perpendicular excitation generates brighter emission. In
fact, under 360 nm excitation, the anisotropy ratio, defined by Rgx = Ipx./IE x|, increases
to almost 10 (meaning 10 times more emission is detected under perpendicular excitation).

Interestingly, TRPL measurements revealed a fast decay component of < 20 ps on
top of the well-known, expected slow decay, but only when excitation was parallel to the
1D chains. This fast component is slightly blueshifted, linearly polarized, and immediately
broadband, just like the slow component, hinting that it too originates from STE recom-
bination and not random defects. We theorize that the fast decay is indeed tied to STE
recombination, but perhaps a different type of STE which is slightly higher in energy and
recombines much faster, specifically due to surface-related effects in the material. Such sur-
face effects are not necessarily related to defects or degradation in the surface region, but
could instead arise from local crystal structure distortions, ion movement, or other stresses,
which mix the triplet and singlet STE states.

Lastly, we carried out first principles calculations that displayed highly anisotropic
optical properties, especially absorption, in the range of our excitation energies. The ab-
sorption depth in the parallel configuration (excitation parallel to 1D chains) proves to be
immensely shallower than the perpendicular configuration, further backing our surface effect
model. This project’s results reveal how careful one needs to be in controlling and utilizing
the optical properties of 1D OMHHs for future light generation and detection, since merely

the presence of a surface can alter these properties so dramatically.
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5.2 Ongoing and Future Work
5.2.1 T-REx User Projects

One of the major pieces of my fellowship at Los Alamos National Laboratory has
consisted of the construction of a time-resolved experimental microscope system, which has
been nicknamed the T-REx. The T-REx system represents a flexible platform capable of
facilitating a variety of ultrafast microscopy experiments spanning the ultraviolet to near
infrared regime. The base configuration allows for non-degenerate differential reflectivity
measurements (commonly known as pump-probe) with diffraction-limited spatial and sub-
100 femtosecond time resolutions. These experiments can be performed in both co-linear
and non-co-linear geometries, the latter being beneficial when freely tunable polarizations of
the pump and/or probe beams are necessary. The inclusion of an avalanche photo-detector
and associated timing electronics (such as single photon counting modules), in concert with
field-of-view restricting apertures, further extends the system to enable time-resolved pho-
toluminescence microscopy where the real-space excitation and emission regions can be in-
dependently controlled. Thanks to the Janis ST500 optical cryostat coupled into the T-REx
build, all of these experiments can be performed at room or cryogenic temperatures down to
5 K, with the additional capability of applying bias and gate voltages to the samples when

electronic properties are of interest.

- Nonlocal Photoluminescence of HOIP Micro-Structures (Ongoing)

Through the T-REx microscope and other available CINT systems (at both the Core
and Gateway facilities), we are utilizing our extensive capabilities in ultrafast optical spec-
troscopy and microscopy to track spatio-temporal dynamics of excitons in HOIP micro-
structures and identify (with an aim to control) the pathways of exciton formation and
dissipation. Our systems can focus down to micron size beam spots while preserving sub-

100 fs temporal resolution in a broad spectral range, which makes them perfect for studying
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our micro-structure devices under variable temperature conditions. Unlike a previous study
of exciton diffusion in HOIPs'"! where oil immersion magnification was necessary to achieve
a high enough spatial resolution to extract the PL profile, we anticipate a spatially broad PL
signature (10’s of pum) in our 3D devices, thus indicating high diffusivity values (a property
directly related to Lp). A spatially broad PL signature removes the need for oil immersion
magnification, which typically limits experimental temperature range. While steady-state
PL studies on single crystal devices have been previously performed, we are using our ultra-
fast setups to monitor the time-resolved exciton diffusivity dynamics as we drop to cryogenic
temperatures, where we expect to see further PL broadening. By pumping the sample in one
location and then only collecting emission (from exciton recombination) a known distance
away (10 pm or so), we can monitor how long it takes for that emission to arrive and be
collected. With the distance and time known, we can get an effective exciton velocity, which
we anticipate to be quite large. The ultrafast time resolution allows us to examine the dy-
namics of the exciton formation, transport, and recombination mechanisms, and apply this
knowledge to suppress undesired losses and dissipation of exciton population by adjusting

material composition, dimensionality, charge densities (gating), and device geometries.

- Coherent Phonon Control in SnIP Nano-Wires (Ongoing) and Ultrafast Nanoscale
Photocurrent Control in Hybrid Nano-Plasmonic-2D Material Systems (Ongo-
ing)

There are several other User projects being currently conducted, including these two,
that are making use of the T-REx’s capabilities. Unfortunately and fortunately, these
projects are likely to become publications and therefore cannot be publicly described in

detail just yet.

82


https://www.nature.com/articles/s41467-020-15882-w

5.2.2 Spatially Resolved Pump-Probe Photocurrent (Future)

Here, photocurrent, rather than photoluminescence, will be measured as a function
of delay time between pump and probe laser pulses. The measured signal can be thought
of as the probe-induced photocurrent, but modified by the pump-generated carriers. If the
pump-created carriers persist when the probe pulse arrives, a smaller photocurrent will be
generated due to the reduced absorption of the probe beam (also known as saturation -
carriers cannot be excited if they are already excited). Therefore, a measurable dip in the
photocurrent signal is expected with a characteristic time directly related to the carrier
lifetime. This measurement method has previously been used to study the carrier lifetime

e. 212112131 We intend to track carrier lifetime in our samples as a function of gate

in graphen
voltage, temperature, and pump intensity to better understand how lifetime is affected by
these parameters.

Additionally, we can focus the pump and probe beams at separate spatial locations on
the micro-structure devices. Such a configuration can be used to measure an effective transit
time of the pump-induced carriers to the probe location, and hence provide information
about the velocity of the carrier transport.?'¥ The dependence of this transit time on the
separation distance between the two beam spots can be used to determine the carrier/exciton
transport speed. This provides a direct way to measure the exciton diffusivity as a function
of temperature as well as gate voltage. Measurements with ps resolution may also capture
hot carrier transport, which would assist in understanding the non-equilibrium photo-physics

in HOIPs. An intriguingly slow hot carrier cooling, up to 100 ps, has been recently reported
in MAPbBrj. 109
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Appendix A: MAPDI;

A.1 Appended Figures: MAPDI;
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Figure A.1: SPCM profile from device in Figure 3.2 taken exactly at T.. Sharp jump in
photocurrent (boxed in red) indicates moment of phase change during the scan. Laser scanned
sample from left to right at 50 Hz over 400 data points. Since the phase change occurred between
2 points, this implies the transition probably completed in 10 +5 ms. Inset: Zoom-in of phase
change jump.
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Figure A.2: (A) Time traces of photocurrent measured by an oscilloscope at various temperatures
for the device in Figure 3.2. Lifetime is extracted from fitting the photocurrent decay after the
excitation intensity drops toward zero. The maximum photoexcitation is approximately 1 pW /
pm? at 532 nm focused onto the sample surface while a 3 V bias is applied. (B) Time traces of
photocurrent for another device, measured at the same intensity as during SPCM measurements.
Importantly, even when Lp is long (80 K) and laser intensity is low, 7 is still short, again leading
to large mobility values.
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Figure A.3: Dark current-voltage (I-Vgp) curves as a function of Vi at various temperatures.
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Appendix B: MAPbBr;

B.2 Appended Figures: MAPbBr;

104 — Dark
295 K, 0.05 W/cm?
295K, 0.10 W/cm?

— 295K, 0.15 W/cm?
80 K, 0.05 W/cm?
80 K, 0.10 W/cm?

— 80K, 0.15 W/cm?

o
]

Photocurrent (nA
o
|

Defocused laser

| | | | |
83 2 A1 0 1 2 3
Voltage (V)

Figure B.4: Current-voltage curves. Current vs. source-drain voltage curves at various global

illumination intensities, at 295 K and 80 K, respectively. The nonlinear curves indicate a large
contact barrier.
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Figure B.5: Various Elliott fittings. (A-C) High energy fit examples. (D-F) Low energy fit
examples. (G-I) Ep estimated from the energy difference between the exciton peak and the half
height of the continuum edge.
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Figure B.6: Transient Photocurrent Measurement. We use a combination of a photoelastic
modulator (PEM), quarter waveplate, and two crossed linear polarizers as an optical chopper to
modulate the light intensity at 50 kHz with a light intensity decay of about 0.5 ps. A high-
speed amplifier (Femto DHPCA-100) and a digital oscilloscope were used to measure the transient
photocurrent.Time-resolved photocurrent (TRPC) measurements. (A) TRPC setup by using a
photoelastic modulator (PEM) based chopper. (B) Transient photocurrent measurement at 90 K
and Vgp = 7 V. The black curve is the laser power change over time. The dashed red curve is the
exponential fitting of the photocurrent decay after the light is completely turned off.
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Figure B.7: (A) Calculated free carrier fraction (f.) as a function of temperature. f. is less than
1012 at 10 K. (B) Long photocurrent decay length is experimentally observed with SPCM at 10
K. Black arrow indicates the position of a surface crack that formed in the crystal likely due to
the thermal expansion coefficient mismatch and the phase transition at the very low temperature,
which caused a dip in the photocurrent.
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Figure B.8: [-V( plots from another device, showing typical p-type behavior that was observed
in most samples. Vi is scanned at 2.5 V/s.
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Figure B.9: Laser power dependence of TRPL measurements at various temperatures. TRPL
lifetimes showed little to no power dependence across the full range of temperatures, indicating
monomolecular recombination dominates in the intensity range used here (0.13 - 57 W/cm?). Lower
intensities had to be used at low temperature due to rapidly increasing PL emission over-saturating
the detection system.
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B.3 Temperature and Field-Dependent Exciton Fraction

We calculate the fraction of excitons over the total photoexcited carriers (f.,) in
both MAPbI; and MAPbBr; (Figure 3.10F in Chapter 3). The Saha equation” is

Ep/ksT

used to calculate the exciton dissociation constant, K (0) = np/n, = A\ %e” , where

n, is the exciton density, A\ = h/\/2mmikgT is the thermal de Broglie wavelength, and

*

mi = memy,/(me + my) is the effective mass of an exciton. The exciton fraction is given
by fer = nz/(ne +n) = p/[K(0) + p] for p-type devices at moderate laser excitation inten-
sity as used in our experimental conditions. The exciton fraction increases exponentially as
temperature decreases and the additional abrupt increases are caused by the sudden change
of exciton binding energy across the phase transitions. f., is larger in MAPbBrs and sat-
urates at 100% at 80 K. In addition, we also calculate f., at the contact metal junction.
Because of the large electric field (estimated to be 5 V/um) in the depletion region, exci-

tons are more easily dissociated into free carriers. The dissociation constant is enhanced

by a factor of K(E)/K(0) = ‘]1(2? V2_b2b), where J; is the Bessel function of order one and

h— _ €E__[53[186]
87rereok?3T2 '

We also plot the free carrier fraction f. = 1—f., in Appendix Figure B.7A. The free
carrier fraction is about 1072 at 80 K and 107! at 10 K. Such low free carrier concentrations
at low temperatures indicate that the free carrier diffusion unlikely account for the observed
nonlocal photocurrent. Furthermore, we performed additional SPCM measurements at 10
K, where the diffusion length remains extremely long (Appendix Figure B.7B). Hence,
it is evident that excitons are responsible for the observed long diffusion lengths at low

temperatures.
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’ Symbol \ Physical meaning \ Orthorhombic \ Tetragonal \ Cubic ‘

m? electron effective mass!?°! 0.24 0.24 0.24
mp hole effective mass ™! 0.30 0.30 0.30
m} exciton effective mass 0.13 0.13 0.13
€o static dielectric constant? 25 25 30

€oo high frequency dielectric constant 0 | 4.4 4.4 4.4

hwro (meV) | LO phonon energy 16! 8 15.3 15.3
Ep (meV) exciton binding energy 40.5 25.9 23.6
ap (nm) exciton Bohr radius 1.86 1.99 2.00
R, (nm) electron polaron radius 4.45 3.22 3.22
Ry, (nm) hole polaron radius 3.98 2.88 2.88
R, (nm) exciton polaron radius 5.98 4.32 4.32

Table 1: Physical parameters used in the calculation of exciton fractions and scattering rates in
MAPDBr3. The values of the last five quantities (exciton binding energy, exciton Bohr radius, and
the polaron radii) are calculated by using a polaronic exciton model 7. The ~ values in the main
text are calculated using the orthorhombic phase parameters. As the photocurrent decay length
is determined by the minority carrier diffusion in absence of excitons, we used the electron (hole)
polaron radius for p (n) type MAPbBr3 (MAPDI3).
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Appendix C: C4N.H4PbBr4

C.4 Appended Figures: C4;N,H{4,PbBr,

Max Counts

I I I I I
360 370 380 390 400
Excitation Wavelength (nm)
Figure C.10: Total PL emission counts as a function of excitation wavelength and orthogonal
excitation polarizations. All PL counts are normalized to photoexcitation power, measured in

Sample #4. Note that the trend is similar to the data collected from Sample #3, as shown in
Figure 4.2 in Chapter 4.
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Figure C.11: Comparison of PL counts as a function of delay time after 360 nm and 380 nm
pulsed excitation at room temperature (Sample #5).
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Figure C.12: PL counts as a function of delay time after 380 nm pulsed excitation at room
temperature (Sample #4) with different excitation and emission polarization configurations. The
trend is similar to the data taken from Sample #5 shown in Figure 4.4 in Chapter 4, though
a small initial sharp decay peak is also observed for perpendicular emission polarization in this

sample.
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Figure C.13: Left - PL counts as a function of delay time after 380 nm pulsed excitation at room
temperature (Sample #5) under varying laser intensities. The fittings correspond to decay times
for the sharp feature and are listed in the legend. Right - Total counts at peak as well as 400 ps
later as a function of average laser power. Red dashed lines are linear fittings.
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Figure C.14: Left - PL counts as a function of delay time after 380 nm pulsed excitation at 11 K
(Sample #5) under varying laser intensities. The fittings correspond to decay times for the sharp
feature and are listed in the legend. Right - Total counts at peak as well as 400 ps later as a
function of average laser power. Red dashed lines are linear fittings.
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Figure C.15: Streak camera temporal resolution calibration, obtained by measuring the input
laser pulse. Fitting equation: y = yo+ (A/to)*exp[0.5% (w/to)? — (x —x¢) [to] * (er f(2//(2)) +1)/2,
where z = (z — x.)/w — w/ty. The fitting parameter w is the estimated temporal resolution in ps.
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C.5 Simulation and Modeling

ONCYV pseudopotentials?'”! from PseudoDojo[?'® were used. Most calculations were
scalar relativistic. A wave-function energy cutoff of 816 eV and a 3 x 3 x 3 half-shifted
k-grid were used for self-consistent field (SCF) calculations. Forces and stresses were relaxed
below 10~* Ry bohr! and 0.1 kbar, respectively. Density of states calculations used a 20
x 20 x 20 half-shifted k-grid and a broadening of 0.05 eV. For BerkeleyGW calculations,
we found that 300 empty bands, a 4 x 4 x 4 g-grid, and a 204 eV screened-Coulomb cutoff
converged GW quasiparticle corrections near the gap to within 100 meV. Optical absorption
spectra computed with the Bethe-Salpeter equation in BerkeleyGW use 18 occupied states
and 24 unoccupied states and an 8 x 8 x 8 fine k-grid and are plotted with 0.1 eV Gaussian
broadening. To obtain a simple spin-orbit correction, fully relativistic DFT calculations were
performed on the same structure. The band-structure had a gap reduced by 0.5 eV. This
difference was then applied as a rigid shift to the GW, RPA, and BSE results, motivated
by the typical finding that energy shifts due to spin-orbit are similar in DFT and GW. 219
Similarly, a rigid shift to the DFT PDOS was applied with the sum of the gap corrections

from GW (41.30 eV) and spin-orbit coupling.
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