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ABSTRACT OF THE DISSERTATION

All-inorganic perovskite by vapor phase deposition for optoelectronic applications

Yiliu Wang

Doctor of Philosophy in Chemistry

University of California, Los Angeles, 2019

Professor Xiangfeng Duan, Chair

All-inorganic perovskites have attracted tremendous interest for their tunable optical properties
and remarkable stability when compared with its hybrid counterpart. Although considerable
efforts have been devoted to synthesizing micro-crystalline domains and various nanostructures,
it remains a considerable challenge to produce high-quality monocrystalline thin films that are
indispensable for functional electronics and optoelectronics. Furthermore, due to the fragility of
metal halide perovskites, it remains a standing challenge to use conventional lithography to
create reliable electrical contacts, rendering the intrinsic electrical transport properties of such
perovskite materials are often seriously convoluted/plagued by poor electrical contacts. Starting
from the vapor phase deposition of cesium lead halide CsPbX3 (X=CI, Br, I) microplates, we

demonstrated the growth of large-area monocrystalline all-inorganic perovskite thin films on
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muscovite mica. We show highly oriented CsPbBr3 square microplates can be readily grown on
the (001) surface of muscovite with an epitaxial relationship of CsPbBr3-(001) paralleled to
muscovite-(001), CsPbBr3-[100] paralleled to muscovite-[100] and CsPbBr3-[010] paralleled to
muscovite-[010], which eventually merge together to form a continuous monocrystalline thin
film. Time resolved photoluminescence (TRPL) decay measurements give a carrier lifetime of
170 ns, considerably longer than that in spin-coated thin films and well comparable to that in the
highest quality bulk crystals. Aiming to resolve the problem of poor electrical contacts, we have
further developed a simple physical transfer approach to create high-quality van der Waals
(vdW) contacts, where the prefabricated thin film gold electrodes are directly laminated onto the
perovskite thin films with minimum interfacial damage to produce electrical contacts for
functional devices. The electrical and photoelectrical transport studies demonstrated an
extraordinary photocurrent gain exceeding 10°. The van der Waals contacts enable not only
accurate measurements at room temperature but also the exploration of electrical properties at
cryogenic conditions. A record-high carrier mobility exceeding 2,000 cm?/Vs has been achieved
at 80 K and a quantum interference induced weak localization behavior in halide perovskite
materials with a coherence length up to 49 nm has also been revealed for the first time by
magnetotransport studies at 3.5 K. The growth of large-area high-quality perovskite thin films
and the integration of the damage-free metal integration approach mark important steps for both
the fundamental investigation and potential applications of the perovskite materials in integrated

optoelectronics.
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Chapter 1. Introduction
1.1 The emerging of hybrid perovskite as a class of unique optoelectronic materials

Perovskite, originating from the Russian mineralogist Lev Perovski, firstly referred to a
calcium titanium oxide mineral composed of CaTiOs. It is also applied to the class of compounds
which have the same type of crystal lattice as CaTiOs3. The oxide perovskites have been
investigated for over 150 years, while the halide perovskites draw the attentions of researchers
since its first application in photovoltaic field, which was reported in 2009'. As a new class of
semiconductors, it gained plenty of applications in photovoltaic, light emitting and radiation
detection fields. Halide perovskites share the same crystal structure and chemical formula ABX3
to oxide perovskite. Cation A, which is usually methylammonium ion (MA™) or formamidinium
ion (FA™), occupies the corner sites; cation B, usually the Pb?" or Sn**, takes up the body center;
while all the halogen anions are at the face center. The BXs* octahedron forms the framework and
the A cations fill between to balance the charge and stabilize the whole lattice structure (Figure

1.1

Figure 1.1. Crystal structure of typical metal halide perovskite material. Cation A is at the corner
site, cation B is at the body center site and anion X is at the face center site. Adapted from Ref. 2.

Furthermore, the tolerance factor ¢ is calculated by taking all radiuses of A (ra), B (v8) and X
(rx) ions into consideration, shown in the following equation:
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t = ra+ry
- \/Z(TB+Tx)

(1)

Ideally, we want the tolerance factor ¢ to fall into the range of 0.9 to 1 so that a perovskite
phase with unique optoelectronic properties is able to form, which raises requirements to the
radiuses on ions. This also explains why the options of ions to from the perovskite crystal are

limited.

Fortunately, halogen ions are able to fit in the perovskite lattice and the composition of them
can vary. For the perovskite semiconductors with direct band gap, the energy band gap is mainly
determined by the anion composition, which is indicated by the wavelength of emission light
(Figure 1.2)°. Therefore, by alloying the halogen ions, we have the ability to tune the band gap of
perovskites to cover the entire visible light region. The band gap tunability, together with the high
charge carrier mobility, long carrier lifetime and high tolerance to defects, makes the perovskites

achieve excellent performances for optoelectronic applications.

Halide composition of CH;NH;PbX,Y5_,

CInBr3—n m=3 BrmIB—m
n=3 ——> n=0

I [ [ I I I I | I
400 500 600 700 800

Emission wavelength (nm)

Figure 1.2. Different emission wavelengths of perovskites with different anion composition. The
emission light starts from ~400 nm and end at ~800 nm, covering the whole visible light range.
Adapted from Ref. 2.



The application of metal halide perovskite was firstly reported in 2009, as an absorber utilized
in dye sensitized solar cell (DSSC) -like solar cell with power conversion efficiency is about 3%'.
Later on, perovskite solar panel with efficiency exceeding 15% has been reported. The state-of-art
efficiency reached 23.1% recently (NREL Efficiency Chart), which is comparable to that of
monocrystalline silicon solar panel. At the meantime, light emitting devices have been investigated
as well. For example, both light emitting diode (LED) based on MAPbI3 emitting red light and
LED based on CsPbBr3 emitting green light have been reported with peak quantum efficiency
exceeding 20%> 4. Besides, the metal halide perovskites bulk crystals were utilized in the field of
high energy radiation detection. For instance, gamma-ray detector has been fabricated with
MAPDI; bulk crystal owing to the high charge carrier mobility-lifetime product, low dark density,
low trap density and high absorptivity from lead and iodine atoms of perovskite®. X-ray imaging
has been realized as well with the utilization of MAPbIs thick film in combination with a

conventional thin film transistor substrate®.
1.2. Instability of hybrid perovskite

In spite of the eye-catching demonstrations, the instability is still a severe problem preventing
the hybrid perovskite from practical applications. Due to the existence of organic cations in the
lattice, the hybrid perovskite is readily to react with the moisture in atmosphere, and decomposes

into lead halide’.

Besides, the hybrid perovskite will also decompose at relatively high temperature because of
the volatilization of organic cations®. This thermal instability challenges the practical application
of perovskite solar cell since the temperature of solar panel could readily reach 80 °C under strong

light illumination. High-quality packaging technique could effectively isolate the perovskite from



moisture in the atmosphere while it seems the solution to the thermal instability relies on the

improvement of materials themselves.

Furthermore, light-induced phase segregation frequently happens in the mixed-anion
perovskites’ that meets the bandgap requirements well. Domains with different bandgap form after
phase segregation, inducing barriers to the charge transport which is detrimental to the practical

applications.

A solution of replacing the organic cation with Cs" was proposed and the radius of Cs" meets
the requirements of tolerance factor. Both the moisture stability and thermal stability have been
improved a lot. And the tolerance to high temperature of all-inorganic perovskite enables a high
temperature vapor phase deposition. The addition of Cs+ will increase the entropy of the whole
system so that stabilize the perovskite to prevent light-induced phase segregation under

illumination.
1.3. Device fabrication on metal halide perovskite materials

Metal halide perovskites are generally soluble in various solvents and incompatible with
typical lithography processes that are necessary for microscopic device fabrications. Therefore,
shadow mask deposition is usually utilized to fabricate electrodes on perovskites. While metal
halide perovskites are highly delicate and prone to degradation during the conventional vacuum

10-13

metal deposition processes’'~ °, which typically involve high-energy atom/cluster bombardments

and strong local heating that could seriously damage the underlying halide perovskite materials.

1.4. Characterization of charge carrier transport properties of perovskites
Since it remains a standing challenge to use conventional lithography to fabricate reliable

electrical contacts on halide perovskites, the intrinsic electrical transport properties of such
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perovskite materials could not be accurately probed with direct electrical measurements and have
not been fully understood so far. Although there are some measurements being established to
characterize the electrical properties of metal halide perovskites, the limitations of them are

apparent and require complicated analysis to derive parameters properly.

For example, the space charge limited current (SCLC) model based on Mott-Gurney law are
usually used to estimate the carrier density and mobility of various metal halide perovskites due to
the simplicity of the device geometry with perovskite layer sandwiched by two metal electrodes,
while this model is not valid for deriving the carrier density and mobility without several critical
assumptions which are hard to achieved in the reported measurements. For instance, the contacts
are required to be Ohmic, or the Mott-Gurney law cannot be directly used without accounting for
non-ideal injection. Even worse for the typical perovskite devices, substantial current-voltage (I-
V) hysteresis loop emerging under large bias voltage could also further convolute with SCLC,
bringing additional complications in interpreting the I-V characteristics and compromising the
accuracy of the SCLC modeling and reliability of the relevant derivations'*!S. Furthermore, it’s
difficult to establish the relationships of light illumination and carrier dynamics
(generation/recombination and transport) with SCLC method since the measurements are
conducted without light illumination, though such relationships are critical in most optoelectronic
applications of perovskites. On the other hand, the non-contact spectroscopic techniques based on
tera Hertz/microwave conductivity have been explored to probe the basic charge carrier behavior
without the contact complication, although these approaches only give an indirect evaluation of
local carrier dynamics and often require complex mathematic modeling and derivations'”!?. A
more direct electrical probing long-range charge transport properties is desirable but remains

challenging to date.



Hall measurements, which have been well established for several decades, represent the most
direct and preferred method for probing charge carrier behavior with minimum derivations and
reduced uncertainties, as well demonstrated and adopted for the evaluation of most conventional
semiconductors such as Si and GaAs**?2. Despite some pioneering efforts in Hall measurements
on perovskite with shadow-mask evaporation defined electrodes, these studies are usually
complicated and sometimes dictated by the excessive contact resistance, raising uncertainties on
the accuracy of the Hall measurements®* 2%, For example, large error would be introduced if there
exists high contact resistance comparable to the internal resistance of voltmeter, which usually

happens in devices based on metal halide perovskites.
1.5. Overview of this dissertation

In this dissertation, I will mainly focus on the vapor phase deposition of all-inorganic metal
halide perovskites for optoelectronic applications and the method on conducting reliable electrical

measurements on the platform of vapor phase deposited all-inorganic perovskite.

In Chapter 2, we report a single-step chemical vapor deposition approach for the growth of
CsPbX3 micro crystals. Optical microscopy studies show that the resulting perovskite crystals
predominantly adopt a square microplate morphology. Powder X-ray diffraction studies show
highly crystalline nature of the resulting crystals, with CsPbCls, CsPbBr3 and CsPbls showing the
tetragonal, monoclinic and orthorhombic phases, respectively. Scanning electron microscopy and
atomic force microscopy studies show that the resulting microplates exhibit well-faceted structures
with lateral dimensions on the order of 10-50 um, thickness around 1 pm, and ultra-smooth surface,
suggesting the absence of obvious grain boundary and a single crystalline nature of the individual
microplate. Photoluminescence (PL) image and spectroscopy studies show uniform and intense

emission consistent with the expected band edge transition. Additionally, PL images show brighter
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emission around the edge of microplates, demonstrating the wave-guiding effect in the crystals of
high quality. With well-defined geometry and ultra-smooth surface, the square microplate structure
can function as whisper gallery mode cavity with a quality factor up to 2863 to support laser
emission at room temperature. Lastly, we demonstrated such microplates can be readily grown on
a variety of substrates, including silicon, graphene and other two-dimensional materials such as
molybdenum disulfide, which can readily allow us to construct heterostructure optoelectronic
devices, including a graphene/perovskite/graphene vertical stack photodetector with
photoresponsivity > 10° A/W (corresponding to a gain of 3.9x10°). The extraordinary optical
properties of CsPbX3 microplates, combined with the ability to be grown on diverse materials to
form functional heterostructures, will open up exciting opportunities for broad optoelectronic

applications.

In Chapter 3, we demonstrated the first growth of large-area monocrystalline all-inorganic
perovskite thin film for functional electronics and optoelectronics. We show highly aligned micro-
crystal domains can be readily grown on muscovite mica substrate using a chemical vapor
deposition process, which can further grow and eventually merge into a large-area monocrystalline
CsPbBr3 thin film with an excellent optical quality. With the excellent chemical stability, we show
that CsPbBr3 thin film is compatible with standard lithography, making it a potential platform for
the massive integration of functional electronic and optoelectronic devices. We further
demonstrate that an electron beam lithography patterning approach can be used to enable selective
anion-exchange to produce lateral heterojunctions with a clear rectification behavior. The
capability to grow CsPbBr3 monocrystalline thin film and to conduct the selective anion-exchange

to form well-defined heterostructures creates a robust material platform for both the fundamental



investigation of their optoelectronic properties and potential applications in integrated

optoelectronic systems.

In Chapter 4, we report a vdW integration approach to realize high-performance contacts on
monocrystalline halide perovskite thin films with minimum interfacial damage and atomically
clean interface. The transport studies show that the vdW contacts greatly reduce the contact
resistance by 2-3 orders of magnitude when compared with the deposited contacts at both the room
and cryogenic temperatures, allowing systematic electrical studies to probe their transport
properties in a wide temperature range. The photoelectrical transport studies demonstrate a record-
high Hall mobility exceeding 2,000 cm?/Vs, a polaron-protected ultralow bimolecular
recombination rate of 3.5 x 107> cm?/s, and a record-high photocurrent gain > 10° in perovskite
thin films. Furthermore, enabled by high quality vdW contacts, magnetotransport studies reveal a
quantum interference induced weak localization behavior with a phase coherence length up to 49
nm at 3.5 K, comparable to black phosphorus or InSe at a similar carrier density, suggesting the
“soft-lattice” halide perovskites as an exciting class of electronic materials. The growth of
monocrystalline perovskite thin films and the damage-free integration of high-quality contacts
mark important steps towards unraveling the fundamental transport properties of perovskites and
define the technical foundation for exploring new physics in this unique class of “soft-lattice”

materials.
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Chapter 2. Vapor phase deposition growth of single-crystalline cesium lead halide

microplates and heterostructures for optoelectronic applications
2.1. Introduction

Organic-inorganic hybrid lead halide perovskites have recently re-emerged as an exciting class
of materials for low-cost solution processable solar cells'™, with a remarkable 23.1% power
conversion efficiency achieved in just a few years. Additionally, such perovskite materials have
also been explored for a variety of optoelectronic applications including bright light-emitting
diodes (LEDs)®, low-threshold lasers’, photodetectors®, and high-sensitivity X-ray detectors’ with
a highly respectable performance. The extraordinary performances of diverse devices made from
organic—inorganic perovskites have been attributed to their high charge-carrier mobility'?, long
carrier diffusion length!!"1*, and high tolerance to defects'* !°. Despite their exciting potential and
considerable progress to date, organic-inorganic hybrid perovskite-based materials suffer from
poor environmental stability and are generally incompatible with typical lithography processes
that are necessary for fabricating very complicated optoelectronic devices. Moisture!é, thermal'”,
and photon instability'® hinder the practical applications of this exciting material system. To this
end, all-inorganic perovskites (e.g., cesium lead halides: CsPbX3) have been developed and shown
to exhibit significantly improved stability. To date, most all-inorganic perovskites have been

19.20 or spin coating process®!, with the resulting films typically

prepared by a co-evaporation
showing polycrystalline structures that may contain a large number of undesirable defects and trap
states. To probe the intrinsic electronic and optical properties of perovskites and demonstrate the
superior optoelectronic performance of perovskite-based materials, it is desirable to produce single
crystalline materials?>?. Thus, a variety of solution chemical approaches have been developed for

the synthesis of CsPbX3 perovskite single crystals with controlled shape and size, including
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CsPbX3 quantum dots*$28, nanowires?® *°, nanoplates!*}, and microwires** 3. It has also been
shown that the anion composition of CsPbX3 can be systematically tuned by anion exchange to
produce perovskites with photoluminescence (PL) emissions covering the entire visible spectrum.
Although high quality CsPbX3 crystals have been obtained by wet chemistry methods, the purity
or quality of the resulting materials may be complicated by the requirement of solvents, surfactants,
or other unintentional uncontrolled impurities in the solution phase. On the other hand, a chemical
vapor deposition (CVD) method that is generally utilized to grow high-quality electronic materials,
may offer an alternative pathway to high quality all-inorganic perovskite crystals. Although vapor

phase synthesis has been applied for hybrid perovskite®®, it has not been sufficiently explored for

the growth of CsPbX3 materials until recently?’.

Here we report a single-step CVD growth of CsPbX3 microplates on a variety of substrates,
including Si/SiO2 wafer, reduced graphene oxide, graphene and two-dimensional (2D)
semiconductor molybdenum disulfide (MoS2). Strong PL was obtained from all CsPbX3
microplates with tunable emission in blue, green and red. We further show the CsPbBr3 microplate
can function as the gain medium and whisper gallery mode cavity to support lasing emission at
room temperature, and demonstrate that graphene/CsPbBrs3/graphene heterostructures can be used

to construct vertical photodetectors with large photocurrent gain.
2.2. Experimental section

Chemicals. CsCl (>99%), CsBr (>99%), CsI (>99%), PbCl2 (>98%), PbBr2 (>98%), Pbl> (>98%)
were all purchased from Sigma-Aldrich. All the chemicals were used as received without further

purification.

12



Vapor phase deposition system. The growth was conducted in a home-built chemical vapor
deposition (CVD) system consisting of a tube furnace (Thermo Scientific Lindberg Blue M) with

a 1-inch diameter quartz tube (Figure 2.1).
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Figure 2.1. Schematic diagram of the CVD system for the deposition. Argon is used as the carrier
gas, a mass flow controller (MFC), a pressure gauge, the valve system and a mechanical pump are
used to maintain the pressure of the system. The reactant sources evaporate at the center of tube
furnace when heating. Vaporized sources will deposit on the substrate at the downstream. The trap
is installed to prevent the reactants from entering the vacuum pump.

Deposition of CsPbX3 microplates. The precursor powder (mixed powder of CsCl and PbCla,
CsBr and PbBr2, or Csl and Pblz in a 1:1 molar ratio for CsPbls, CsPbBr3, and CsPbls, respectively)
was placed at the center of the tube furnace under a controlled temperature (550, 600, and 650 °C
for CsPbls, CsPbBr3, and CsPbCls, respectively). Argon was used as carrier gas at a flow rate of
100 sccm to transport the reactant vapor downstream in the quartz tube. A variety of substrate
materials (Si/SiOz2, reduced graphene oxide, patterned CVD graphene, MoS2, mica, GaN, and glass)
were placed at the downstream end (~400 °C) compared to the growth substrate, on which the
cooled reactant vapor could nucleate and grow into single crystal microplates. The quartz tube was
pumped down to about 10 mbar and flushed with argon for three times to eliminate oxygen and
moisture in the tube before ramping up the temperature. The growth was carried out at an

optimized pressure (200 mbar for CsPbls, 130 mbar for CsPbBr3 and CsPbCl3) and maintained at
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the set temperature for 10 min. The furnace was then cooled naturally to room temperature under

a continuous argon flow before the samples were collected.

Characterization. Characterizations were carried out using scanning electron microscopy (SEM,
ZEISS Supra 40VP) with energy dispersive spectroscopy (EDAX), powder X-ray diffraction
(PXRD, Bruker D8 Discover Powder X-ray Diffractometer) and atomic force microscopy (AFM,

Bruker Dimension FastScan Scanning Probe Microscope).

Optical measurement. All the optical and PL images were captured on a home-built microscope
system. A xenon light (OLYMPUS U-RX-T) was used as illumination light. A cube equipped with
two long pass filters and one dichroic prism was employed to eliminate the influence from the
incident light, so that only the emission light was able to reach the CCD (OLYMPUS DP73) where

the images were captured (Figure 2.2).
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Figure 2.2. Schematic diagram of the cube for capturing the PL image of CsPbBrs. Blue light is

filtered out from the Xenon light source to excite the sample, emission after 500 nm is allowed to
penetrate the cube and can arrive the CCD and spectrophotometer so that the spectrum could be
taken at the same time.
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All PL and lasing were performed with a confocal p-PL system (WITec, alpha-300) (Figure 2.3).
A mode-locked Ti: Sapphire laser (Tsunami) at 800 nm (pulse width 80 fs, repetition frequency
80 MHz) was amplified by a regenerative amplifier (Spitfire Ace 100, 1KHz) and then introduced
into an optical parameter amplifier (OPA, TOPAS Prime). The output laser from OPA could be
continuously tuned from 300 to 2,600 nm while used for lasing measurements. The laser at 470
nm (pulse width 80 fs, repetition frequency 1 kHz) was used to pump the CsPbBr3 microplates.
The pumping source was focused obliquely on the CsPbBrs microplate by a lens. The PL and
lasing signals were collected by a 20x objective lens and captured by CCD through a high-

resolution spectrometer (1,800 g/mm grating).
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Figure 2.3. Schematic diagram of the femto-second laser system for measuring the laser and PL.
The femtosecond laser pulse is used as the pump source and reflected to the microscope. The laser
beam is focused on the microplate with a 20x objective lens. The laser signal is also collected with
the objective lens and captured by the spectrophotometer.

Device fabrication. The fabrication of sandwiched graphene/CsPbBrs/graphene were fabricated
with the following procedures: (1) Bottom graphene was exfoliated with Scotch tape and
transferred to the Si/SiO:2 substrate; (2) CsPbBr3 microplates were deposited on the as-prepared

substrate with CsPbBr3 partially overlapping with bottom graphene; (3) Top graphene was
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exfoliated and transferred to the sacrifice substrate and was cover by PMMA layer; (4) PMMA
layer with graphene embedded in it was picked up and dropped on the CsPbBr3, with the embedded
graphene overlapping with CsPbBr3 to ensure electrical contact; (5) Electrode patterns were define
with electron beam lithography (EBL) to fabricated the extended electrodes on graphene to realize
electrical measurements; (6) Ti/Au double-metal layer was deposited with electron beam
evaporation (EBE) for the extended electrodes, followed by standard lift-off procedure in

Chloroform.

Electrical measurements. Electrical measurements were carried out in a commercial probe
station (Lakeshore, TTP4) equipped with a semiconductor laser at 473 nm. The power density of
the illumination was determined with a power meter (Newport Optical Power Meter 1916-R with
a measurement head 818-SL). The electrical measurements were conducted with a precision

source/measure unit (Agilent, B2902A).

2.3. Results and discussion

Figure 2.4(a)-(c) show the optical microscope images of the resulting CsPbCls, CsPbBr3, and
CsPbls crystals grown on S102/S1 (300 nm SiO:2 on Si) wafers. In general, the resulting crystals
primarily exhibit a square microplate morphology. Some incomplete microplates can also be
observed in all samples. All CsPbX3 microplates exhibit a golden color accompanied with some
dark crystals under illumination of a halogen light. Since all CsPbX3 with different anion
compositions show the same color, we can rule out the possibility that the color is induced by
absorption and emission. The golden color is derived from the back reflection of the illumination
light, which occurs on the smooth, mirror-like top surface of the microplates that is perpendicular
to the illumination light beam. The incomplete microplates with smooth facets facing directions

other than the objective lens reflected away the illumination light, thus resulting in dark crystals.
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The lateral illumination of the crystals makes the dark crystals shining, which further supports the
existence of a mirror-reflection by the smooth microplate surface and indicates high quality mirror-
like facets that are important for laser cavity operations. The thickness of the resulting microplates
with different anion compositions was determined using AFM. For CsPbCls and CsPbBrs3, all the
microplates that appeared golden under optical microscope showed a thickness of about 1.5 um
for the entire microplate (insets in Figure 2.4(a), (b)). In contrast, golden CsPbls microplates
showed a typical thickness of about 1.0 pm (inset in Figure 2.4(c)), smaller than that of the other
two halide-based perovskites. The CsPbX3 square microplates generally exhibited a smooth
surface with sharp rectangular corners, and were free of apparent grain boundaries, as shown in
the corresponding SEM images (Figure 2.4(d)-(f)), suggesting well-faceted single crystals. The
edge length of typical CsPbBr3 and CsPbCls microplates was between 25 and 30 pm, and that of
CsPbls microplates fell in the range of 10-15 um. SEM studies further revealed the morphology of
incomplete microplates or polygons (Figure 2.5). In general, all such incomplete microplates
showed at least one corner with largely right angles, confirming that they are indeed part of an

incomplete square microplate structure.
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Figure 2.4. Morphology and structural characterization of all-inorganic perovskite microplates.
Photographs of (a) CsPbCls, (b) CsPbBr3, and (c) CsPbls microplates with the inset AFM images
and curves showing their thicknesses; scale bars in all photographs are 50 um, while in AFM
images are 6 um. SEM images of (d) CsPbCls, (e) CsPbBr3, and (f) CsPbls showing high smooth
surfaces without apparent grain boundaries. Scale bars in SEM images are 5 pm. The XRD patterns
of the as-grown microplates are indexed to (g) tetragonal CsPbCls, (h) monoclinic CsPbBr3, and
(1) orthorhombic CsPbls, respectively.
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Figure 2.5. SEM images of incomplete microplates or polygons of (a-c) CsPbBr3 and (d) CsPbCls,
Scale bars are 5 pm.

The CsPbXs crystals typically exhibited complex phase transitions, similar to their hybrid
counterparts. In general, CsPbCls, CsPbBr3, and CsPbls all adopted a cubic perovskite phase at
elevated temperatures. The pale yellow CsPbCls crystals underwent cubic to tetragonal, tetragonal
to orthorhombic, and orthorhombic to monoclinic phase transitions at 47, 42, and 37 ° C,
respectively, without any color change®® 3°. CsPbBrs undergoes a cubic to tetragonal phase
transition at 130 ° C and a tetragonal to orthorhombic phase transition at 88 ° C, and retains an
orange color with reducing temperature® 4°. For CsPbls, the cubic to orthorhombic phase
transition, which is the so-called black to yellow phase transition*!, occurs at a temperature as high
as 328° C. Therefore, at room temperature, CsPbls usually adopts an orthorhombic yellow phase.
The change of crystal structure is relatively small in such phase transitions. The phase transition
can be particularly complicated for the vapor phase grown CsPbX3 microplates, since they were
grown at a temperature higher than the highest phase transition temperatures, which should result
in cubic phase in the as-grown crystals. Although the high temperature phases are

thermodynamically metastable at room temperature and can transit to the low temperature phase,
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they may still be retained if the cooling rate is too fast due to slow phase transition kinetics. Powder
PXRD was used to determine the crystal structures of the resulting crystals on the substrate (Figure
2.4(g)-(i)). The PXRD patterns of CsPbCls crystals can be indexed to the tetragonal phase. The
CsPbBr3 crystals can be indexed to the monoclinic phase. The observed monoclinic CsPbBr3 (a =
b=0.583 nm, ¢ =0.589 nm, o = =90°, y = 89.65°) is very close to the cubic CsPbBr3; (a=b=c
= 0.561 nm, a = B =y = 90°), and has not been previously reported at room temperature. The
PXRD pattern of CsPbls can be indexed to the orthorhombic phase (Figure 2.4(i)), which should
be PL-inactive®® *'. Nonetheless, we observed strong PL from this material, although the exact

origin is yet to be fully understood.
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Figure 2.6. Composition analysis of inorganic perovskite microplates. EDS spectra showing the
atomic ratios of Cs, Pb, and X (X = Cl, Br, I), and EDS mapping showing the elements distribution;
orange for Cs, yellow for Pb, blue, green, and red for Cl, Br, and I respectively. (a) CsPbCl3
microplate with an atomic ratio (%) of Cs:Pb:Cl of 18.66:20.29:61.05; (b) CsPbBr3 microplate
with an atomic ratio (%) of Cs:Pb:Br of 19.43:19.98:60.59; (c¢) CsPbls microplate with an atomic
ratio (%) of Cs:Pb:I of 20.09:22.36:55.55. All elements were highly uniformly distributed
throughout the entire microplates. Scale bars are 5 pm.
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The elemental composition of individual CsPbXs microplates was further analyzed using
EDAX. The signals of Cs, Pb, and the corresponding halogens were clearly identified from the
EDS spectra. The integration of the elemental characteristic peaks gave quantified atomic ratios
(%) of Cs:Pb:Cl, Cs:Pb:Br, and Cs:Pb:I corresponding to 22.09:22.36:55.55, 18.66:20.29:61.05,
and 19.43:19.98:60.59 for CsPbCls, CsPbBr3, and CsPbls, respectively (Figure 2.6(a)-(c)), all of
which are consistent with the expected stoichiometric ratio of CsPbX3. Furthermore, the EDAX
mapping of individual microplate crystals showed that all the elements are homogeneously

distributed throughout the entire microplates (Figure 2.6(d)-(f)).
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Figure 2.7. Optical properties of inorganic perovskite microplates. (a) PL spectra together with
the corresponding inset fluorescence images, scale bars are 10 um. Highly uniform blue, green,
and red emissions are clearly seen for CsPbCls, CsPbBr3, and CsPbls microplates with a peak
wavelength at 425, 530, and 705 nm, respectively. The FWHMs for chloride, bromide, and iodide
are 14, 17, and 23 nm, respectively. (b) Emission spectra of a CsPbBrs microplate at five different
optical pump fluencies, black for 80 pJ/cm?, green for 125 pJ/cm?, rose for 142.5 uJ/cm?, navy for
165 pJ/cm?, and red for 212 uJ/cm?. The top inset shows the optical and PL image of the microplate
(scale bar is 20 um), while the lower inset shows a zoom-in spectrum of the spontaneous emission
at a pump power of 80 pJ/cm?. (c) Nonlinear response of the laser output power with increasing
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pump fluence, showing a threshold region of 142 pJ/cm? as a “kink” between the two linear regions
of the spontanecous and lasing emissions. The inset shows a typical “S” curve of the log—log plot
of the input-output curve.

Next, we investigated the optical properties of the resulting microplates using PL spectroscopy.
Under a broad field UV excitation, the CsPbCls, CsPbBr3, and CsPbls microplates clearly showed
uniform blue, green, and red emissions inside the microplates (Figure 2.7(a), insets), suggesting
highly uniform optical properties throughout the entire microplate. Additionally, the edges of the
microplates generally showed considerably brighter emission, suggesting the existence of a wave-
guiding effect in square microplates. These studies further demonstrate the formation of high-
quality crystals with few defects and trap states that are detrimental to radiative recombination of
photon-generated electron-hole pairs. The PL spectra showed single intense emission peaks at 425,
530, and 705 nm for CsPbCl3, CsPbBr3, and CsPbls microplates (Figure 2.7(a)), corresponding to
the expected band edge transition at 2.91, 2.33, and 1.75 eV, respectively. The full width at half
maximum (FWHM) for CsPbCl3, CsPbBr3, and CsPbls microplates were as small as 14, 17, and
23 nm, respectively, implying high optical quality of crystals. Owing to the smooth mirror-like
surface in the square plate morphology, the microplates can function as an effective optical cavity
with whispering gallery modes to support lasing emission, when the gain medium, e.g., the
perovskite microplate itself, is pumped with sufficient power. To further probe the optical
properties and cavity performance of the resulting perovskite microplates, we used a CsPbBr3
microplate as an example to conduct lasing characterization under the excitation of a Ti: Sapphire
laser (470 nm) (Figure 2.7(b)). A single broad emission peak was observed at about 540 nm, when
the pump fluence was less than 125 uJ/cm? (Figure 2.7(b), inset). Significantly, once the pump
fluence was increased to about 125 uJ/cm?, narrow oscillation peaks were clearly observed around

A =545 nm, which represent the optical modes selectively amplified by the optical feedback in the
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microplate cavity. Upon further increasing the pump fluence to 142.5 pJ/cm?, the oscillation peak
intensity sharply increased together with the further narrowing of the peak width, demonstrating
the onset of the lasing action (Figure 2.7(b)). As the pump fluence reached 165 pJ/cm? the FWHM
of the dominant emission peak was as small as oA = 0.19 nm, comparable to previous reports on
semiconductor micro-cavities*?, while the volume of our microplate is much larger than the
microplate in the literature (about an order lager), which means the photon-generated carrier
density in our microplate is much lower if both microplates are at the same pump energy density.
The quality factor was calculated to be 2,863, implying high optical quality. The peak emission
intensity versus pump fluence showed a “kink” between the two linear regions that corresponds to
spontaneous and lasing emissions, respectively (Figure 2.7(c)). The turning between the two linear
regimes indicates a lasing threshold of 142.5 pJ/cm?. The exponential plot of the emission intensity
vs. pumping power showed a typical “S” shape (Figure 2.7(c), inset) depicting the transition from
the spontaneous emission dominating the region at low pump fluence to the stimulated emission
dominating the region at high pump fluence. Overall, these studies demonstrate the excellent

optical properties of the obtained perovskite microplates.

Owing to the relatively mild growth conditions at 400 °C (the temperature of the substrates
when depositing), the growth of inorganic perovskite microplates can be readily expanded beyond
Si02/Si substrates. For example, CsPbBr3 microplates were successfully grown on diverse
materials including reduced graphene oxide, graphene, and MoS: (Figure 2.8(a)-(c)), as well as

muscovite mica, GaN, and glass (Figure 2.9).
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Figure 2.8. Growth of inorganic-perovskite-microplate/2D-material heterostructures as devices.
CsPbBr3 grown on (a) reduced graphene oxide, (b) patterned CVD grown graphene (labeled with
the white dash line), and (c) CVD grown MoS: (labeled with the white dash line), and the
corresponding PL images. Scale bars are 25 pm. (d) Optical microscope image of a vertical device
constituted of a graphene/CsPbBr3/graphene vertical heterostructure. The top and bottom graphene
layers are labeled with white and black dashed lines, respectively. The scale bar is 10 um. The
inset shows a schematic illustration of the vertical device. (e) Photocurrent versus bias in the dark
and under different illumination light power densities. (f) Power density dependence of the
photocurrent and responsivity under the applied bias of 0.5 V.

C

Figure 2.9. CsPbBr3; microplates grown on (a) muscovite mica, (b) GaN and (c) glass with
the corresponding PL images, scale bars are 10 pm.
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With respect to the growth of perovskite/2D material heterostructures, the respective 2D
materials (e.g., reduced graphene oxide, graphene, MoSz, GaN, etc.) were first deposited on the
Si02/Si substrates using either a solution deposition or a chemical vapor deposition approach*-3,
and then used as substrates for the direct growth of the perovskite microplates on top. The PL
images of the resulting heterostructures showed a strong PL emission with some darker regions
corresponding to the heterostructure areas (Figure 2.8(b), (¢)), which can be attributed to the
partial quenching of the perovskite emission by the underlying 2D materials (graphene or MoS2).
The ability to directly grow perovskite crystals on such diverse electronic and optoelectronic
materials to form heterostructures can readily enable the construction of functional optoelectronic
devices from perovskite single crystals. For example, by first growing CsPbBr3 microplates on an
exfoliated graphene flake, followed by the dry transfer of a second layer of graphene on top of the
CsPbBr3 microplates, we created a graphene/CsPbBrs/graphene sandwiched vertical device
(Figure 2.8(d)). Such vertically structured sandwiched devices could be explored as interesting
photoresponsive devices for photodetection, with a large photoactive area and short charge
extraction length in comparison with lateral devices. The electrical measurements of the vertical
device showed nearly zero current in the dark and clear photocurrent under light irradiation
(Figure 2.8(e)). The photocurrent rapidly increased with the light power and the photocurrent to-
dark ratio could reach up to three orders of magnitude. It should also be noted that the photocurrent
versus bias curves are nonlinear, indicating the presence of a contact barrier. In contrast to
CH3NH3PbIs thin film photoconductors where a huge hysteresis always exists, the hysteresis in
our CsPbBr3 single crystal microplates is negligible (Figure 2.10), which can be attributed to the
excellent crystalline quality of the samples, leading to a very low density of defects (vacancies)

and considerably suppressed ion migration responsible for the hysteresis.
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Figure 2.10. Negligible hysteresis in graphene/CsPbBrs/graphene photodetector under
illumination of (a) 21.0uW/cm?, (b) 210.4 uW/cm?, (c) 1452.1 uW/cm? and (d) 3367.2 puW/cm?.

Compared to the photocurrent, the responsivity, which is defined as the ratio of photocurrent
to the light power, takes the light power into consideration and directly represents the sensitivity
of a photoconductor. It is evident that the responsivity decreases with the increasing light power
density (Figure 2.8(f)), which might be due to the increasing carrier-carrier scattering or the
reduction of the extraction efficiency arising from the heating effect. The maximum responsivity
exceeds 10° A/W, which is two orders of magnitude larger than that of hybrid perovskite devices*®
and comparable to that of the CdS nanobelt photoconductor*”-*8, Compared with the photocurrent
in CsPbBr3 nanowire devices, in our device the photocurrent was over three orders of magnitude
larger, and the photocurrent density (normalized by the geometric area of the microplate) was
about an order of magnitude larger than that of hybrid perovskite thin film photodetectors. This

extraordinarily large photocurrent in our device can be ascribed to the short photocarrier extraction
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length and the excellent crystalline quality due to the high temperature growth and absence of
solvent during the synthesis processes. Additionally, the responsivity may be further improved

with the optimization of the contact barrier.
2.4. Conclusion

In summary, a single-step vapor phase synthesis has been developed to prepare single-
crystalline CsPbX3 microplates. High quality squared microplates with a smooth surface were
produced with an edge length on the order of 10 um and thickness around 1 pm. PL images and
spectroscopic studies showed excellent optical properties with uniform and intense blue, green,
and red emissions for CsPbCls, CsPbBr3, and CsPbls, respectively. Owing to the high optical
quality, the squared microplate structure with a smooth surface can function as an excellent optical
whispering gallery mode cavity with a quality factor up to 2,863 to support laser emission at room
temperature. Lastly, we demonstrated that such microplates can be readily grown on a variety of
substrates, including silicon, graphene, and other 2D materials such as MoSz, readily allowing the
construction of heterostructure optoelectronic devices, including a graphene/perovskite/graphene
vertical stack photodetector with a high photoresponsivity > 10° A/W (corresponding to a gain of
3.9x10°). The extraordinary optical properties of CsPbX3 microplates, combined with their ability
to be grown on diverse materials to form functional heterostructures, could lead to exciting
opportunities for broad optoelectronic applications. The vapor phase deposition method could be
expanded to the growth of cesium lead halides with different cation or anion compositions and
fully tunable optical and electronic properties. Other lead-free all-inorganic perovskites may also

be prepared using a single-step vapor phase deposition approach.
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Chapter 3. Large-area monocrystalline all-inorganic halide perovskite thin films and

heterojunctions
3.1. Introduction

Methylammonium lead tri-iodide hybrid perovskite has attracted intensive research interests
due to its extraordinary performances in the photovoltaic field"!!, with a certified power
conversion efficiency rapidly soaring up to 22.1% in just a few years'?. Despite this extraordinary

progress, the hybrid perovskite-based devices!*!'®

are currently plagued by their poor environment
stability. Recent studies have shown that the replacement of organic cations with inorganic cations

to produce all-inorganic perovskite!” 8, such as CsPbX3 (X = CI, Br, I), could lead to considerably

improved stability. Although significant efforts have been devoted to synthesizing micro-crystal

19, 20 21-28

domains and various nanostructures” ~°, it remains a substantial challenge to produce high-
quality monocrystalline thin films, which is essential for exploring these new materials for diverse
optoelectronic applications. Here we report the first growth of large-area monocrystalline all-
inorganic perovskite thin film for functional electronics and optoelectronics. We show highly
aligned micro-crystal domains can be readily grown on muscovite mica substrate using a vapor
phase deposition process, which can further grow and eventually merge into a large-area
monocrystalline CsPbBr3 thin film with an excellent optical quality. The CsPbBrs square
microplates can be readily grown on the (001) surface of muscovite mica with an epitaxial relations
of CsPbBr3 [100]//mica [100] and CsPbBr3 [010]//mica[010], which eventually merge together to
form a continuous monocrystalline thin film with increasing growth time. Cs™ occupies the K"
vacancies from the peeled mica, providing the original nucleation sites of CsPbBr3. Using the
lithography approach (though some acceptable damages were introduced), functional electronic

devices (transistors) and optoelectronic devices can be readily fabrication with respectable carrier
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mobility, photocurrent gain and response speed, making it a potential platform for the massive
integration of functional electronic and optoelectronic devices. Photoresponse studies show rapid
photoresponse with a photocurrent gain about 29 and response time smaller than 20 ms. The
transistor measurement shows a strong gate modulation with an on/off ratio of 11 and carrier
mobility of about 0.26 cm?/Vs. We further demonstrate that an electron beam lithography
patterning approach can be used to enable selective anion-exchange to produce lateral
heterojunctions with a clear rectification behavior. The capability to grow CsPbBr3
monocrystalline thin film and to conduct the selective anion-exchange to form well-defined
heterostructures creates a robust material platform for both the fundamental investigation of their

optoelectronic properties and potential applications in integrated optoelectronic systems.

3.2. Experimental section

Chemicals: CsBr (>99%), PbBr2 (>98%) were all purchased from Sigma-Aldrich. All the
chemicals were used as received without further purification, Poly(methyl methacrylate) (PMMA,

AB), isopropyl alcohol(IPA, certified ACS), methyl isobutyl ketone (MIBK, >99.5%, HPLC).

Preparation of precursor: The precursors, CsBr and PbBr2, were well mixed together with a
molar ratio of 1:1. The mixture was brought to 380 °C and the temperature was maintained for 12
hours to ensure the solid-state reaction of the two precursors was completed to form CsPbBr3

powder. The CsPbBr3 powder was used as the vaporized source for deposition.

Preparation of substrate: Muscovite mica (Grade V1) was purchased from Electron Microscopy
Sciences. The muscovite was exfoliated right before the growth to expose the fresh surface with

minimum absorbents for the growth.
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Deposition of CsPbBr; film: The growth of CsPbBrs thin film was conducted in a home-built
tube furnace system via a one-step vapor phase deposition process under controlled pressure.
CsPbBr3 powder source was placed at the center of the furnace in a 1-inch quartz tube, and the
exfoliated muscovite with freshly exposed surface was placed downstream as the growth substrate.
The system was pumped down and flushed with argon gas for three times before stabilized at 200
mbar with 100 sccm of argon gas as the carrier gas. The furnace was ramped to 560 °C and kept
at this temperature for 60 minutes for the completion of a CsPbBr3 thin film with the thickness of

1 um (substrate temperature < 560 °C).

Characterization: Characterizations were carried out using Optical microscopy (Olympus
BX51), SEM (Zeiss Supra 40 VP, FE-SEM), TEM (Titan S/TEM FEI; acceleration voltage, 300
KV), PXRD (Panalytical X'Pert Pro X-ray Powder Diffractometer, Bruker D1 High Resolution
Diffractometer with Graded Mirror and Dual (220) Si Incident Beam Optics, Bruker D1 Parallel
Beam Diffractometer with Graded Mirror Incidence Beam Optics), AFM (Bruker Dimension

FastScan Scanning Probe Microscope), PL spectroscopy (Horiba, 488 nm laser wavelength).

Preparation of iodide solution. Csl was dissolved in IPA as the anion exchange solution with

excess of Csl appeared at the bottom of the container, implying the Csl is saturated in IPA.

Formation selective windows. Certain patterns were designed with AutoCAD software. PMMA
was spread on CsPbBr3 thin film by spin coating. The patterns were defined with EBL and

developed in IPA: MIBK (3:1) developer.

Device fabrication: Au electrodes were deposited on CsPbBr3 thin film with a shadow mask in
electron beam evaporator. PMMA was spread to cover the thin film and Au electrodes, area of

interest was patterned with EBL and exposed to conduct anion exchange.
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Characterization: The electrical measurements were conducted with a precision source/measure

unit (Agilent, B2902A).

3.3. Results and discussion

To monitor the growth process including the intermediate morphologies during different stages
of CsPbBrs thin film growth, we interrupted the growth at 15 min and 30 min after the growth
started to record the products. We found the growth started as separated domains with a square or

rectangular morphology, as shown under both optical microscope and SEM (Figure 3.1(a), (d)).

100 200 300 400
x (nm)

Figure 3.1. Images of the intermediate growth process. (a) Oriented CsPbBr3 microplates grown
on muscovite; (b) Incomplete thin film with gutters between neighboring domains; (c) Complete
CsPbBrs3 thin film; The SEM images of (d) separated CsPbBr3 microplates, (e) incomplete thin
film with gutters, and (f) completed thin film. AFM images show the thickness of (g) the isolated
domains, (h) incomplete thin film and (i) completed thin film are typically about 196 nm, 428 nm
and 1048 nm, respectively; (j) 3D image of the surface topography of the CsPbBr3 thin film (upper)
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with the corresponding line profile plot (lower), highlighting an ultra-smooth surface with a small
root mean square roughness of 0.19 nm.

Interestingly, all the domains, with size in the range of 10 pm to 30 um, were well-oriented
with each other, as highlighted by perpendicular zigzag guidelines with the exact right angles,
suggesting a guided growth with a certain fixed crystallographic orientation towards the
underlying muscovite. The isolated domains expand with increasing growth time, gradually
growing towards each other with some perpendicular gutters indicating the incomplete mergence
(Figure 3.1 (b), (e)), and eventually fully merging together to result in a highly continuous thin

film without any obvious grain boundaries over large area (Figure 3.1 (c¢), (f)).

The thicknesses of the isolated domains, incomplete thin film and completed thin film are
typically about 196 nm, 428 nm and 1048 nm, respectively, as determined with AFM studies
(Figure 3.1(g)-(i)). High-resolution AFM studies show the surface of the resulting thin film is
nearly atomically flat, with root mean square roughness ~ 0.19 nm (Figure 3.1(j)). Such ultra-
smooth surface is essential for ensuring intimate contact with the laminated electrodes and

enabling the formation of high-performance devices to be discussed in next chapter.

XRD studies show that the resulting film can be indexed to cubic phase CsPbBr3 (JCPDS #
00-054-0752) (Figure 3.2(a)), with a d-spacing of 5.83 A for (001) plane. The full width at half
maximum (FWHM) of the (001) diffraction peak is 0.06°, closely comparable to that of the
CsPbBrs3 bulk single crystal (0.05°)%, implying high crystalline quality of the resulting thin film.
The diffraction peaks of muscovite, crystalizing into monoclinic phase (JCPDS # 00-002-0056)
with (001) plane exposed, are also shown in the same diagram and marked by star. It is important
to note that only the {001} family planes of cubic phase CsPbBr3 show up in the XRD pattern,

suggesting a highly oriented thin film growth consisting of multiple merged domains with the
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identical out-of-plane crystal orientation, with the (001) plane of CsPbBr3 in parallel to the (001)
plane of muscovite. To further investigate the single crystallinity of the resulting thin film, the
rocking curve of the (110) peak was measured by omega scan, showing a FWHM of 0.15° (Figure
3.2(b)). The small FWHM is comparable to that of the epitaxial GaN film by MOCVD?’, further
confirming the high crystallinity of the as-grown CsPbBr3 thin film. To further determine the in-
plane orientation of the film, we also conducted parallel beam reflection diffraction studies. The
resulted (110) pole figure of the CsPbBrs film clearly shows the four poles with a 90° interval,
corresponding to the four equivalent {110} planes (Figure 3.2(c)). The symmetrical pole figure

strongly supports that the resulting thin film is monocrystalline.
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Figure 3.2. Crystal structures characterization of CsPbBr3 on muscovite mica. (a) PXRD patterns
of completed CsPbBr3 film on muscovite mica. Peaks from mica substrate were marked by “*’; (b)
(110) rocking curve of CsPbBr3 with omega scan, the FWHM was determined to be 0.15° (c)
(110) pole figure of CsPbBr3, 4 poles corresponding to symmetrical planes of {110} family are
shown with equal interval; (d) Schematic illustration of the planar view of CsPbBr3/muscovite and
CsPbBr3/muscovite slice prepared by focused ion beam cutting, showing the slice was cut in
parallel with the flat edge. The red rectangle highlights the area for the planar view (e) and the
orange rectangle highlights the area for cross sectional view in (h); (¢) TEM image of CsPbBr3
with flat edge on muscovite, the white stripe is the incomplete gutter that allow electron beam
transmission, and dark regions corresponds to two unmerged CsPbBr3; domains that block the
electron beam; (f) Electron diffraction pattern of muscovite in the gutter with simulated CsPbBr3
diffraction patterns (dashed green circles); (g) Crystal model of CsPbBri/muscovite interface
showing the epitaxial relationship, viewed along [100] and [010] directions, respectively; (h) Cross
sectional HRTEM image of the CsPbBris/muscovite slice of the area highlighted by orange
rectangle in (d); (i) Corresponding electron diffraction of CsPbBri/muscovite slice, showing that
[001] of CsPbBr3 is in parallel with [001] of muscovite. Other unidentified diffractions spots are
resulted from rapid degradation of the perovskite sample under electron beam irradiation.
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To verify the in-plane relative orientation of CsPbBr3 thin film on muscovite, we conducted
TEM characterization on the CsPbBrs3 thin film peeled off from muscovite. Due to the affinity of
CsPbBr3 to muscovite, a thin layer of muscovite was also peeled off together with CsPbBr3. We
located a position with incompletely merged rectangular CsPbBr3 domains with bare muscovite in
the ‘gutter’ between them for TEM analysis. The planar view TEM image of the gutter region
(highlighted by the red rectangle in Figure 3.2(d)) clear show the thin gutter region where the
electron beams can readily pass through (with a light contrast in TEM image in Figure 3.2(e)),
while the two perovskite domains next to the gutter are too thick for electron beam to pass through
(with a dark contrast in TEM image in Figure 3.2(e)). Selected-area electron diffraction (SAED)
pattern of the muscovite in the ‘gutter’ between two CsPbBr3 domains (Figure 3.2(f)) with zero
rotation from the image (Figure 3.2(e)) reveals the crystallographic orientations of muscovite,
with the [010] direction of muscovite oriented in parallel to the flat ‘banks’ of the incomplete
CsPbBrs3 film. Considering the CsPbBr3 crystalized into cubic phase, and the intercepted ‘gutters’
in the incomplete film are perpendicular to each other, it’s reasonable to assume that the flat edge
of CsPbBr3 domain is along the [010] direction of cubic CsPbBr3, which means the [010] direction
of CsPbBr3 is in parallel to the [010] direction of muscovite. Based on these analyses, the
diffraction patterns of CsPbBr3, same to the simulated patterns (dashed green circles) in Figure
3.2(f), would have appeared if not limited by the large thickness of the sample. Now that CsPbBr:-
[010]//muscovite-[010], the CsPbBr3-[100] must be parallel to muscovite-[100] considering the
alpha angles of CsPbBr3 and muscovite are both 90°. These analyses suggest an epitaxial growth
relationship: CsPbBr3 laterally expands along [100] and [010] directions, which are in parallel to

[100] and [010] directions of muscovite, respectively.
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A further analysis of the lattice spacing (Figure 3.2(g)) suggests that, along CsPbBr3 [100]
direction, 8 periodicities of CsPbBr3 (100) matches nearly perfectly with 9 periodicities of
muscovite (100) with negligible lattice mismatch of only 0.04%; while along CsPbBr3 [010]
direction, 8 periodicities of CsPbBr3 (010) planes match with 5 periodicities of muscovite (010)
planes with a lattice mismatch of 3.3%. Although with different lattice symmetries, the lattice
matching along these specific directions appears sufficient to guide the epitaxial growth of the

CsPbBrs3 thin films on muscovite over large-area to produce high quality mono-crystalline thin

film.

To further verify that the flat edge of the microplates is along [010] direction of CsPbBr3, we
conducted cross sectional TEM and electron diffraction studies on a slice of CsPbBri/muscovite
cut from the CsPbBr3 film on muscovite in parallel with the flat edge of CsPbBrs3 (Figure 3.2(d))
shows the schematic, highlighted by the orange rectangle). The [010] and [001] directions of
CsPbBr3 and the [001] direction of muscovite can be clearly indexed on high-resolution TEM
image (Figure 3.2(h)) and the SAED pattern (Figure 3.2(i)) of the slice, further confirming the
flat edge is paralleled to [010] direction of the cubic CsPbBr3 and epitaxial relationship determined

above.

41



1,=14.75ns
1,=170.20 ns

Intensity (a.u.)
o
w
Intensity (a.u.)
=

o
o
2,

_‘
=k

400 480 560 _ 640 300 600 900

Wavelength (nm) Time (ns)
Figure 3.3. Optical characterizations. Photoluminescence image of (a) the separated CsPbBr3
microplates grown on muscovite, (b) uncompleted film with unmerged gutters, and (c) completed
thin film. All of these photoluminescence images correspond to the optical microscope images
shown in Figure 3.1(a), (b) and (c¢), respectively. (d) Photoluminescence emission spectrum of the
CsPbBr3 thin film; (e) Time resolved photoluminescence (TRPL) decay measurement to determine
the carrier lifetime; (f) Photograph of the as-grown CsPbBrs thin film (left) and spin coating thin
film (right) under direct sunlight illumination. Some non-uniformity seen in the photograph is
attributed to long-range non-evenness of the exfoliated muscovite substrate (with slightly different
scattering at different angles) and accidental scratches when handling with tweezers instead of the
intrinsic optical quality of the material.

Photoluminescence images and spectroscopy studies show bright green light emission in both
the isolated domains and the continuous thin film (Figure 3.3(a), (b) and (c)) with a single
emission peak at about 530 nm (Figure 3.3(d)), consistent with the previously reported emission
wavelength of CsPbBr3®!. The gutters in incomplete thin film apparently show stronger emission
than the surrounding area. This phenomenon can be attributed to the optical cavity effect of the
thin film with the gutters forming the terminal edges of the cavity, which is an indicator of the high

crystalline quality and high photoluminescence efficiency of the CsPbBrs3 thin film.

To further evaluate the optical quality of the resulting thin film, we have conducted TRPL

decay measurements to determine the carrier lifetime under the excitation of a 375 nm laser
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(working at 0.125 MHz) with a pulse width of 91.5 ps and a photon density of 5.17x10'
photons/cm?. The TRPL shows bi-exponential decay versus time with two time constants of 14.75
ns and 170.20 ns, respectively®* 32 (Figure 3.3(e)). The short decay component can be attributed
to the radiative recombination from the surface of the thin films, and the long component is
regarded as a result of the bulk recombination from the inner part of the material. Both the surface
and the bulk radiative recombination lifetime are considerably longer than those of the spin-coated

23,33-40

thin films and compare well with those of the highest quality bulk monocrystals , suggesting

few trap states and high optical quality of the resulting thin film material®> %,

The size of the as-grown CsPbBr3 thin film can be readily scaled up to be as large as multi-
centimeter scale, which is only limited by the inner diameter of quartz tube of the CVD system.
Notably, the photograph of the as-grown film under direct sunlight (2:00 pm in Los Angeles)
shows a bright green light emission over the entire substrate (left sample in Figure 3.3(f)). In
contrast, the spin coated CsPbBr3 thin film on muscovite does not show apparent green emission
under the same condition (right sample in Figure 3.3(f)). The bright green light emission under
natural sunlight illumination without any optical filtration suggests the emission dominates the
reflection/absorption/scattering of the white light and gives a direct visual evidence of the high

optical quality of the resulting thin film**,

The as-deposited thin film shows extraordinary stability and can be stored in air without
apparent quality degrading for at least 3 months, which is verified by unchanged PXRD and PL
studies, demonstrating the high moisture stability. The PXRD and PL of film before and after being
heated at 220 °C for 30 min in atmosphere don’t change apparently, confirming the tolerance to

intense heat (Figure 3.4), which is in stark contrast to hybrid perovskite.
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Figure 3.4. Stability test of CsPbBr3 film with XRD and PL. (a) XRD of CsPbBrs3 film originally
grown for stability test in air; (b) XRD of corresponding film stored in air for 3 months; (c) PL of
corresponding CsPbBr3 film originally grown; (d) PL of corresponding film stored in air for 3
months; (¢) XRD of CsPbBr3 film originally grown for thermal stability test; (f) XRD of
corresponding film heated at 220 °C in air for 0.5 h; (g) PL of corresponding CsPbBr3 film
originally grown for thermal stability test; (h) PL of corresponding film heated at 220 °C in air for
0.5 h.

The resulting CsPbBr3 film can be further converted into CsPbls with anion-exchange process.
The resulting thin film shows prominent red emission at 690 nm (Figure 3.5), consistent with

expected PL emission from CsPbls.
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Figure 3.5. PL of CsPbls converted from CsPbBr3 by anion exchange. Inset: PL images of
CsPbBrs3 film before and after anion exchange.
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Taking a step further, by using lithographic patterning process, the ion exchange can be

conducted in selected region to produce CsPbBr3-CsPbls lateral heterojunctions (Figure 3.6).

a b

Freshly exfoliated muscovite Vapor phase deposition of PMMA spin coating
CsPbBr; I

d e f ° o .

EBL patterning Patterns developing Selective anion exchanging

Figure 3.6. Schematic illustration of selective anion-exchange. (a) Muscovite is exfoliated first
for the deposition of CsPbBr3; (b) CsPbBr3 thin film was grown on muscovite by vapor phase
deposition; (¢c) PMMA EBL resist was coated on as grown CsPbBrs thin film; (d) Patterns were
defined with EBL; (e) Patterns were developed and area of interest is exposed; (f) Anion exchange
was conducted in saturated CsI/IPA solution.

In particular, the fresh mica substrate is first exfoliated for the growth of the CsPbBr3 thin film.
Then, a layer of PMMA is spun coating to cover the whole CsPbBrs3 thin film, following with the
standard electron beam lithography to generate desired patterns which open window for the anion-
exchange. The Csl methanol solution is used for the anion-exchange. Since there is a large amount
of I' in the methanol solution and the solubility of CsBr in methanol is comparable to that of Csl,
Br in the CsPbBrs3 lattice will diffuse into the solution with their positions occupied by the I". Due
to the balance of Br” and I" in both the solution and lattice, the Br™ in the lattice cannot be completely
replaced by I', while the concentration of I" in solution is considerably higher than Br, the Br-
remaining in the lattice is negligible. The area without anion-exchange still emits the green light
centered at about 530 nm, corresponding to a bandgap of 2.37 eV. This value is consistent with

the original film, indicating that CsPbBr3 is not influenced by PMMA coating. While the area after
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anion-exchange emits red light centered at about 690 nm, corresponding to a band gap of 1.82 eV
(Figure 3.7(a)). The two types of material in the heterojunction are shown spatially in PL images.
Squares array (Figure 3.7(b)), chessboard-like pattern (Figure 3.7(c)), and “UCLA” pattern

(Figure 3.7(d)) are all created after anion-exchange.
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Figure 3.7. PL analyses of CsPbBr3 thin film with selective anion exchange. (a) PL from the
original film covered by PMMA and the area after anion-exchange; (b) PL images of squares array
pattern with different magnifications; (c) PL image of the chessboard-like pattern; (d) PL images
of “UCLA” pattern.

Furthermore, we have conducted electrical measurement across the heterostructure interface,
the device structure is shown by PL image in Figure 3.8(a), a clear rectification has been observed
(Figure 3.8(b)), which can be attributed to the relative band alignment between CsPbBr3-CsPbls
heterojunction interfaces (Figure 3.8(c)). The light illumination will reduce the Schottky barrier

formed between the CsPbls and Au electrode.
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Figure 3.8. Two-terminal I-V measurement before and after anion-exchange and the proposed
band alignment. (a) PL image of the heterojunction area after anion exchange. Au electrode regions
are dark; (b) Rectification behavior from the heterojunction; (c) Proposed band alignment of
CsPbBr3/CsPbls heterostructure, the upper part shows the original alignment without equilibrium
and the lower part shows the band alignment at equilibrium.

3.4. Conclusion

In summary, we have demonstrated a single-step vapor phase deposition method for large-
scale epitaxial growth of monocrystalline CsPbBr3 thin film with an improved stability towards
moisture and heat. We show highly aligned micro-crystal domains can be readily grown on
muscovite mica substrates, which can further grow and eventually merge into a large-area
monocrystalline CsPbBr3 thin film with an excellent optical quality. The as-grown film provides

a critical platform for the device fabrication. Furthermore, we show the CsPbBrs thin film be
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readily converted into CsPbls through an anion exchange approach, by using the standard electron
beam lithography to enable the selective anion-exchange, we demonstrate CsPbBr3/CsPbls
heterojunction can be produced with arbitrary geometry by design. The capability to grow the
monocrystalline CsPbBr3 thin film in a large area and conduct the selective anion-exchange to
produce well-defined heterostructures provides a powerful platform for the fundamental
investigations on the intrinsic properties of perovskite materials and opens up exciting

opportunities to develop optoelectronic devices on the basis of perovskite materials.
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Chapter 4. Electrical transport probing carrier and photocarrier dynamics in lead halide

perovskite thin films with van der Waals contacts
4.1. Introduction

Lead halide perovskites have emerged as an attractive class of low cost, low-temperature

15-21 and

processable materials for high performance photovoltaics'!4, light emitting diodes
radiation detection devices**>. Despite tremendous success in the proof-of-concept devices, the
fundamental understanding of their charge transport properties is lagging far behind largely due to
the extreme difficulties to form high quality electrical contacts. In particular, the halide perovskites
are generally soluble in various solvents and incompatible with typical lithography processes that
are necessary for microscopic device fabrications; and are highly delicate and prone to degradation

during the conventional vacuum metal deposition processes?*-%’

, which typically involve high-
energy atom/cluster bombardments and strong local heating that could seriously damage the
underlying halide perovskite materials. Thus, it remains a standing challenge to use conventional
lithography to create reliable electrical contacts to halide perovskites. For this reason, the intrinsic
electrical transport properties of such perovskite materials are often seriously convoluted/plagued

by poor electrical contacts (often with a contact resistance > 3 orders magnitude larger than the

intrinsic material resistance) and not fully understood to date.

For example, the space charge limited current (SCLC) model based on Mott-Gurney law are
frequently used for evaluating the carrier density and mobility of various perovskites due to the
simplicity of the device structure (with perovskite layer sandwiched by two metal electrodes,
closely mimicking the well-developed solar cell devices), while this model is only valid for
deriving the carrier density and mobility with several critical assumptions. For instance, if the

contacts are not Ohmic, the Mott-Gurney law cannot be directly used without accounting for non-
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ideal injection. Even worse for the typical perovskite devices, substantial current-voltage (I-V)
hysteresis loop emerging under large bias voltage could also further convolute with SCLC,
bringing additional complications in interpreting the [-V characteristics and compromising the
accuracy of the SCLC modeling and the relevant derivations***2, Furthermore, it’s difficult to
establish the relationships of light illumination, carrier generation/recombination and carrier
transport with SCLC method since the measurements are required to conducted in dark, though
such relationships are critical in most optoelectronic applications of perovskites. On the other hand,
the non-contact spectroscopic techniques have been explored to probe the basic charge carrier
behavior without the contact complication, although these approaches only give an indirect
evaluation of local carrier dynamics and often require complex mathematic modeling and
derivations*>-*. A more direct electrical probing long-range charge transport properties is desirable

but remains challenging to date.

Hall measurements represent the most direct and preferred method for probing charge carrier
behavior with minimum derivations and reduced uncertainties, as well demonstrated and adopted
for the evaluation of most conventional semiconductors such as Si and GaAs*®3®. Despite some
pioneering efforts in Hall measurements of perovskite materials with shadow-mask evaporation
defined electrodes, these studies are usually complicated and sometimes dictated by the excessive
contact resistance, raising uncertainties on the accuracy of the Hall measurements®- °. For
example, an analysis of the four-terminal voltage measurement suggests that a reasonably low
contact resistance (Rc) and a small contact resistance variation ([IRc) is strictly required in order
to accurately determine the intrinsic materials resistance (Rxx) and Hall resistance (Rxy). An
excessive contact resistance or contact resistance variation could lead to substantial errors or even

totally invalidate the measurements and the relevant derivations (Figure 4.2).
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Additionally, it is well known that the halide perovskites feature an ionic “soft-lattice”, with
considerable ion movement and current drift at room temperature, which further complicates the
accurate measurements and analyses. To address this problem, measurements at the cryogenic
temperatures that can reduce or even completely freeze the ion movement, are highly desired for
probing the intrinsic charge transport characteristics. However, the quality of electrical contacts
usually degrades rapidly with decreasing temperature, for example, the Schottky barrier could
dominate the contact at 150 K even though the contact appears Ohmic at room temperature*'> 42,
Therefore, for more reliable measurement and understanding of the fundamental charge transport

properties in perovskites, it is critical to create high quality contacts that can sustain cryogenic

conditions with reasonably low contact resistance.

Herein, we present a systematic investigation of the long-range carrier and photocarrier
transport properties of lead halide perovskite thin films by exploiting high-quality vdW contacts
that are reliable from room temperature to cryogenic temperature. Using a vapor phase deposition
method, we prepare large-area monocrystalline all-inorganic perovskite thin films with ultra-
smooth surface, onto which the prefabricated thin film gold electrodes are directly laminated to
form vdW contacts without direct lithography process** **. Transmission electron microscopy
(TEM) studies demonstrate the vdW contacts exhibit an atomically clean interface, in contrast to
the deposited contacts with highly disordered interface. Photoluminescence (PL) studies further
demonstrate the vdW contacting approach is essentially damage free with no apparent PL
degradation, in contrast to the nearly completely quenched PL in perovskites with deposited
contacts. Electrical and photoelectrical transport studies with vdW contacts show linear I-V
characteristics at both the room temperature and cryogenic temperature, with contact resistance 2-

3 orders of magnitude lower than that of the deposited contacts throughout the measurement
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temperature regime. The vdW-contacted Hall bar devices allow us to conduct highly reliable
transport studies at low temperatures, where ion movements are suppressed and the resistance drift
is minimized for accurate and robust Hall density and mobility determination. The temperature-
dependent carrier mobility studies reveal two scattering regimes: acoustic phonon-dominated
scattering regime above 80 K and impurity-dominated scattering regime below 80K, revealing a
record-high carrier mobility exceeding 2,000 cm?/Vs in perovskite thin films at T = 80 K, a large
polaron-protected ultralow bimolecular recombination rate of 3.5%107"° cm’/s at room
temperature, and a record-high photocurrent gain of 10°-107 in perovskite thin films. Furthermore,
enabled by high quality contacts at the cryogenic temperature, magnetotransport studies for the
first time reveal a quantum interference induced weak localization behavior in halide
perovskite materials with a coherence length up to 49 nm at 3.5 K, comparable to black phosphorus

or InSe at a similar carrier density*> 6

, establishing the “soft-lattice” halide perovskites as an
exciting class of electronic materials. The preparation of large-area monocrystalline perovskite
thin films and the development of damage-free metal integration approach mark important steps

toward both the fundamental investigation of the intrinsic electronic properties and exploration of

new physics and functions in this unique class of “soft-lattice” materials.

4.2. Experimental section

Chemicals. Hexamethyldisilazane (HMDS, >99.0% (GC)).

Materials growth. CsPbBrs3 thin film was grown using the same method described in Chapter 3.

Device fabrication. Au electrodes of different geometries with 50-nm thickness are first prepared
on silicon substrate with atomically flat surface using standard photolithography and high vacuum

e-beam evaporation. Next, a HMDS layer is applied to functionalize the whole wafer and then a
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PMMA layer is spin-coated on top of Au electrodes. With the pre-functionalization of HMDS, the
PMMA layer has weak adhesion to the sacrifice substrate and can be mechanically picked up using
thermal release tape, together with metal electrodes embedded underneath. For large-area transfer
on the entire electrode array embedded in the PMMA layer, the thermal release tape with electrodes
is laminated to the film directly and heated up to 90 °C to release the PMMA layer. EBL is applied
to make windows on PMMA layer, exposing the embedded electrode pads for the following
electrical measurement. We note the Au released using this method is atomically flat (replicating
the atomically flat surface of the sacrificial wafer), which ensures intimate contact with atomically
flat CsPbBrs3 thin film. Deposit approach: The control device was prepared in an electron beam
evaporator. Mesa isolation: Hall bar electrodes were prepared with transfer approach and deposit
approach mentioned above respectively. The isolation gaps of the mesa and gaps between each
electrode were patterned with EBL and developed in 3:1 isopropanol/MIBK developer. The

exposed CsPbBr3 was washed away with 1:1 isopropanol/H20 solution.

Device characterizations. The device characterization was carried out in a commercial PPMS by
Quantum Design, Inc. The illumination source is a blue LED installed on the chip carrier, next to
the Hall bar, so the relative position between LED and the Hall bar device was fixed no matter
how we flipped the chip carrier in the magnetic field. We also added a black box to cover the
device and LED on the rotation stage to prevent any change in reflection from the system chamber.
The power density of illumination was determined with a power meter (Newport Optical Power
Meter 1916-R with measurement head 818-SL). The electrical measurement was conducted with
precision source/measure unit (Agilent, B2902A) for DC measurement and with SR830 lock-in
preamplifier connected with DL1201 voltage pre-amplifier for low frequency AC measurement.

The four-terminal measurement was performed with an excitation current from 10 nA to 50 nA.
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The transient photocurrent measurement was carried out by applying a constant voltage
(Yokogawa, GS200) to the device, and a pulsed voltage with 10 pus width and 50 ms period
(Agilent, 33220A) to the LED. The photocurrent was then amplified through DL1201 current pre-
amplifier and recorded using oscilloscope (Agilent, DSO3202A). The equivalent circuit diagram

is shown in Figure 4.1.

pulse generator oscilloscope

il
X—EET —

Figure 4.1. The equivalent circuit diagram of transient photo current measurement.

Measurement accuracy analysis. In a standard four-terminal measurement, current is sent
through source-drain contacts and voltage drop across the sample is measured using two voltage
probes. However, if these two voltage probes have large contact resistance and are not identical,
measurement accuracy could be compromised, especially when sample resistance is small

compared with the contact resistance. Below, we will discuss this argument in detail.

By analyzing four-terminal measurement schematic (Figure 4.2(a)), the accuracy of

Vmeasure

measurement, defined as , can be expressed in the following format:

real
Viewn = Vo — V4 (1)

V- V;
Vneasure = Va — V3 = ( : - : )" Rim ()

Rc+6R+Rim Rc+Rim

So that
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Typically, 10 GQ is the internal impedance of equipment such as Keysight SMU B2902A and
Keithy 2401. For lock-in amplifier, for example SR830 and 5210, the internal impedance is 10

MQ, and can be extended to 10 GQ if connected in series with voltage pre-amplifier.

In this way, the accuracy of measurement using Rim=10 GQ can be calculated at various contact
resistance (Rc) and contact resistance variation (0Rc/Rc¢) for different sample resistance Rxx=1.34
kQ and 25.7 kQ, and plotted in color scale in Figure 4.2(b), (c), respectively. In these plots, the
green highlights the measurement window with small errors, and red and blue show regimes with
increasing positive and negative errors, and the white area highlights invalid measurement regime.
Here 1.34 kQ is the room temperature sample resistance under 18.8 mW/cm? illumination
intensity; 25.7 k€ is the resistance under the same illumination condition but measured at 3.5 K.
These plots suggest that in order to accurately measure smaller resistance it requires smaller
contact resistance or contact resistance variation, manifested as smaller green area in Figure 4.2(b)
than in Figure 4.2(c). The black solid lines and the red dashed lines correspond to typical Rc of
vdW and deposited contact in ease case. These analyses highlight that, with much lower contact
resistance, the vdW-contact devices have sufficient large window (the green area) for accurate
measurement of the intrinsic transport properties of perovskites materials. For example, when

Rxx=25.7 kQ, Rcis 96 kQ and dRc/Rc 1s 0.83 (in the sample with vdW contact 6Rc</Rc changes from

0.16 at room temperature to 0.83 at 3.5 K), correspond to % = 1.0 (Figure 4.2(c)). On the

real

other hand, there is a little window to achieve accurate measurement with the deposited contact
due to excessive contact resistance. For example, if contact resistance is 232 MQ, a valid voltage

measurement is possible only if dRc¢/Rc is close to zero (Figure 4.2(c)), which is not readily
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achievable in practice. A slight variation of contact resistance with dRc/Rc = 0.1 lead to

) Y
considerable measurement error, with @ = —19.
real

Rxx= 1.34 kQ VmeasureNrea
a b 10 I ‘1.2I
|
v Ids :
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Rxx= 25.7 kQ VmeasureNreal
1 [ 1.2

R c —
1
V1 | I | V3
oF i
Rc Rim [
= = 1L

10? 163 10* 165
R.(kQ)

Figure 4.2. Calculation of four-terminal voltage measurement accuracy, in terms of the contact
resistance (Rc¢) and the contact resistance variation (0Rc¢/Rc). (a) The equivalent circuit diagram of
four-terminal voltage measurement; The red to purple color in (b) and (c) indicates the ratio of
measured voltage Vmeasure to the real voltage Vreal is between 1.2 and 0.8, in which range we assume
the measurement is valid. The calculation was performed with instrument impedance Rim=10 GQ
and different sample resistance Rxx: (b) Rxx=1.34 kQ; (c) Rxx=25.7 kQ. The black solid lines
correspond to typical Rc of transferred contact in each case; The red dashed lines are Rc of
deposited contact. These analyses highlight that, with much lower contact resistance, the vdW-
contacted devices have sufficient large window (the green area) for accurate measurements of the
transport properties of charge carriers, while there is a little window to achieve accurate
measurements with the deposited contacts due to excessive contact resistance (Rc> 10 MQ).

SRJR,

SRR,

0.80

4.3. Results and discussion

To evaluate the electronic properties of the resulting CsPbBr3 film, we have fabricated

electrical devices for charge transport studies. Since the perovskite thin film is soluble in various
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solvents, it is not compatible with typical lithography processes that require multiple solvent steps.
Additionally, the halide perovskites are rather delicate and may be easily damaged by typical metal
deposition processes that usually involve high-energy atom/cluster bombardments and strong local
heating?®?°. Such damage could produce a highly disordered layer seriously plaguing the charge
transport across metal/perovskite interface and preventing direct electrically probing the transport
properties of such materials. To avoid such complications, we have adopted a vdW integration
approach®’, where the prefabricated atomically flat thin film gold electrodes are laminated onto
the large area perovskite thin films without any lithography or solvent steps directly performed on
perovskites. In brief, gold thin film electrodes with designed geometrical configurations are first
prepared on silicon substrate using standard photolithography and high vacuum electron-beam
evaporation deposition, and then mechanically released from the substrate and directly transferred
onto the perovskite thin film using thermal releasing tape (see Figure 4.3(a) and Experimental
section). The simple physical transfer approach allows the scalable integration of electrode arrays
on perovskite thin films over the entire centimeter-scale substrate via the weak vdW interaction

(Figure 4.3(b), (¢)).

Rhhiia
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Figure 4.3. Fabrication of damage-free vdW-contacts by transfer approach. (a) Schematic diagram
for the transfer contact approach. Au electrodes were firstly prepared on sacrifice substrate; The
electrodes were picked up by PMMA layer and thermal release tape; The PMMA layer was
transferred to the area of interest; Windows were opened to have external connection to complete
electrical measurements; (b) Photograph of transferred electrode arrays on the entire substrate; (c)
Photograph of Au electrode arrays transferred on perovskite thin film and zoom-in image of two-
terminal device with 2-um channel.

We have first used PL studies to evaluate the impact from different metal integration
approaches. For comparison, we have fabricated electrodes on perovskite thin film by using the
conventional vacuum deposition (Figure 4.4(a)) and vdW integration approach (Figure 4.4(c)).
Before the electrodes were peeled off, the photoluminescence images show little emission in the
area covered by the metal electrode for both the deposited and vdW contacts due to the blockage
of the light by the Au electrodes. We have next tried to peel off the electrodes from the perovskite
thin films to expose the underlying perovskite for photoluminescence studies. Apparently, the vdW
contacts can be readily peeled off (Figure 4.4(d)), while it is much more difficult to peel off the
deposited contacts (with much lower peeling off yield) (Figure 4.4(b)), suggesting a much
stronger interaction between the perovskites and the deposited contacts. Notably, for the area the
deposited contacts got peeled off, little photoluminescence emission is observed in the area that
was initially covered by the deposited electrodes (outlined by the white dashed lines in Figure
4.4(b)) even though there is no apparent optical contrast with surrounding area that was not
covered by deposited electrode, suggesting the photoluminescence emission is largely quenched
and the underlying perovskite thin film is seriously damaged by the metal deposition process. In
contrast, for the area covered by the transferred vdW-contacts, the photoluminescence is
essentially unchanged after removing the electrodes (outlined by the white dashed lines in Figure

4.4(d)), suggesting that the vdW-contact approach is essentially damage free and exerts no obvious
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impact to the underlying perovskite thin film, which is also demonstrated in the corresponding

photoluminescence spectra (Figure 4.4(e)).
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Figure 4.4. PL studies on different metal integration approaches. Photograph (upper panel) and
photoluminescence images (lower panel) of deposited electrodes on perovskite thin film before (a)
and after (b) the electrodes were peeled off. Photograph and photoluminescence images of
transferred electrodes on perovskite thin film before (¢) and after (d) the electrodes were peeled
off; (e) Photoluminescence emission spectra from the areas where deposited (black) and
transferred (green) electrodes were peeled.

We have also conducted cross-sectional TEM studies to examine and compare the structural
details of metal/perovskite interfaces obtained by the conventional metal deposition approach and
the vdW integration approach. The cross-sectional scanning TEM image of the interface with the
deposited gold clearly shows an additional interfacial layer (~ 20-30 nm thick) (Figure 4.5(a),
with the dash line highlighting zigzag heterogeneous interfacial layer), while the interface with the
transferred electrode show a straight sharp interface without obvious interfacial layer (Figure

4.5(b)). The HRTEM studies further confirm that the deposited interface is highly disordered
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(partly amorphous), while the vdW interface show atomically clean and atomically sharp transition
from Au lattice to perovskite lattice with no apparent impurities/disorder in-between (Figure
4.5(¢c), (d)). Together, these studies clearly demonstrate that the vdW integration approach offers
a damage-free metal-integration process to enable disorder-free metal/perovskite interface that is
critical for creating high performance electrical contacts for fundamental investigation of the

intrinsic charge transport properties of these delicate materials.

CsPbBr;

CsPbBr;

CsPbBr;

Figure 4.5. Cross-sectional TEM studies on metal/perovskite interfaces obtained by the
conventional metal deposition approach and the vdW integration approach. STEM images of the
cross-section of CsPbBr3 thin film with the (a) deposited electrodes and (b) vdW-electrodes; The
deposited interface shows an additional interfacial layer highlighted by the zigzag lines, and the
transferred contact show a straight interface; (¢c) HRTEM images of the cross-section of CsPbBr3
thin film with deposited electrodes showing disordered interface under electrodes and (d)
transferred electrodes showing atomically sharp interfaces.

To verify quality of the vdW-contacts, we have fabricated standard Hall bar devices (Figure
4.7(a)) for basic two-terminal current-voltage (I-V) measurements as well as more systematic Hall

measurements. The Hall bar electrodes were prepared following the procedures shown in Figure
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4.3(a), and the mesa of the Hall bar was completely isolated from the surrounding material. For

comparison, we have also prepared similar devices with deposited electrodes.

The perovskite devices usually exhibit a rather high two-terminal resistance on the order of
GQ at room temperature that rapidly increases to ~100 GQ at lower temperatures in dark
conditions (Table 4.1 and Figure 4.6(a), (b)), which exceeds the internal impedance of the typical
voltmeters and makes it highly unreliable to perform accurate four-terminal measurement to
decouple the contact resistance from the intrinsic material resistance, as clearly analyzed in Figure
4.2. Therefore, in order to reduce measurement error over a wide temperature range and allow
reliable analysis of carrier dynamics over different carrier concentration, we have used variable
light illumination to generate and tune the carrier density in perovskite devices to reduce the

resistance and enable the measurements (Figure 4.6(c)).

Table 4.1. Room temperature two-terminal sheet resistance, apparent resistivity, along with device
geometry and two-terminal current of perovskite devices in dark reported previously and this work.

Materials Channel length, Dark Two terminal | Resistivity Ref.
width and thickness current | sheet resistance (Q-cm)
AV
(mA/V) (GQ/O)
MAPbBBr3 500 pm, 750 pm, 0.13 10.65 2.7x108 40
single crystal 250 pm
MAPDbBr3 Two corners in vdP, 6.13 0.19 3.8x107 47
single crystal 2000 pm, 2000 pm
MAPDBI3 5 um, 1000 um, 50 0.5 400 2x10° 48
single crystal pum
CsPbBrssingle | 100 um, 300 um, 0.5 0.01 300 1.5x107 49
crystal um
CsPbBrssingle | 1000 um, 150000 ~1 ~150 1.5x10'° 50
crystal um, 1000 pm
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CsPbBr3 5 pm, 1000 um, 200 ~1 ~200 4x10° 51
monocrystalline um
film
CsPbBr3 150 pm, 100 pm, 1 0.32 2.1 2.1x10° This
monocrystalline pm work
film
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Figure 4.6. Temperature-dependent resistance measurement. (a) Dark I-V curves measured at
room temperatures; (b) Two-terminal resistance in dark at different temperatures. The two-
terminal resistance increased dramatically with decreasing temperature; (c) Contact resistance vs.
temperature under different illumination power density. The contact resistance shows similar
temperature dependent trend at different illumination power density.

The simple two-terminal I-V of a device with deposited contacts at 300 K (under a blue LED
illumination at 18.8 mW/cm?) shows non-linear I-V behavior with a typical two-terminal sheet
resistance > 20 MQ/0 (blue curve in Figure 4.7(b)). The two-terminal resistance obtained with
deposited contact is largely consistent with previous studies (Table 4.2). In contrast, two-terminal
I-V measurement of the device with vdW contacts under the same conditions exhibits linear -V
behavior with the two-terminal sheet resistance on the order of 100 k€Q/OI (red curve in Figure
4.7(b)), about two orders of magnitude lower than that of the device with deposited contacts. The
much higher sheet resistance observed in the same material with deposited contacts suggests the
charge transport in such devices is dictated by the contact resistance rather than the intrinsic
material resistance. At the same time, much higher current observed in the vdW-contacted devices

indicates the contact resistance is greatly reduced.
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Figure 4.7. Performance of the vdW contacts. (a) Photograph of a typical Hall bar device prepared
by vdW-contact approach; (b) Room temperature -V of the devices with deposited (blue) and
vdW (red) contacts under a blue LED illumination power density of 18.8 mW/cm?; Inset: zoomed
in IV plots for device with deposited contacts. (c) Comparison of the contact (dot) and channel
(square) resistance of the devices with deposited and vdW-contacts at various temperatures; (d, €)
I-V characteristics of the vdW-contacted device at room temperature (d) and 3.5 K (e) under
various illumination intensities; the power density for each curve (from back to red) is 0, 0.01, 0.1,
0.9, 1.9, 3.8, 9.4, 18.8 mW/cm? respectively; Insets: zoomed in I-V plots under 0 (Figure 4.6(a)),
0.01 and 0.1 mW/cm? illumination. (f) Illumination power dependent contact resistance of the vdW

contacts at different temperatures.

Table 4.2. Room temperature two-terminal sheet resistance, resistivity, along with device
geometry, and two-terminal current of CsPbBr3 devices under similar illumination, reported in the

literature and this work.

Materials Channel [llumination | Curren | Two terminal | Resistivit Ref.
length, power t sheet y (Q-cm)
dth . .
\2\11111((1:‘[1( nzzrslg density (MAIV resistance
(mW/cm?) ) MQ/0)
CsPbBr3 1000 pum, 106 2000 75 7.5%x10° 50
. 150000 pm,
bulk single 1000 um
crystal
CsPbBr3 5 pm, 2.7 1500 133 2.66x10° 51
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film by 1000 pm,
i lat
micro plates 200 m
CsPbBr3 50 pm, 100 438 46 3.22x10* 7
monocrystal
line film | 1000 WM
7 um
CsPbBr3 150 pm, 18.8 75 20 2x10° This
k
mgnocrystal 100 i, work,
line film, .
| um deposited
: contact
CsPbBrs3, 150um, 18.8 17500 0.04 4 This
tal k
’ { vdW
Hm contact

We have further derived and compared the contact resistance observed in the devices with
deposited and vdW-integrated contacts (Figure 4.7(c)). To this end, we have first obtained the
channel resistance Rxx using four-probe measurements with the standard Hall bar device (Figure
4.7(a)). The contact resistance was then calculated by subtracting the channel resistance (Rxx) from
two-terminal resistance (dV/dI near zero voltage). The contact resistance for the deposited contact
is on the order of 10-100 M€, while that for the vdW-contact is on the order of 100 k€. Throughout
the entire measurement regime, the contact resistance of vdW-contacted devices is ~2-3 orders of
magnitude lower than that of the deposited contacts, which may be largely attributed to the
atomically clean interface at the vdW contacts** **. The channel resistance (Rxx) measured from
the devices with vdW-contacts or deposited-contacts show a similar trend with temperature, but
with Rxx value determined from deposited contacts more than 10 times larger (Figure 4.7(c)),
which might be partly attributed to deposition-induced material damage beyond the direct

contacting region (as also indicated by dark streaks between contact pads in PL images in Figure
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4.4(a), (b)). Additionally, the Rxx determined from deposited contacts might not be so accurate
due to the excessive contact resistance (particularly in the low temperature regime) based on our
analysis shown in Figure 4.2. Notably, the measured channel resistance (1-100 k€2) is much lower
than the contact resistance (Figure 4.7(c)), further confirming the typical two-terminal transport

is dictated by the contact resistance, especially in the samples with deposited contacts.

To further evaluate the quality of the vdW-contacts, the illumination intensity-dependent I-V
were collected from 18.8 mW/cm? to completely dark. The I-V remain linear at all illumination
conditions (Figure 4.7(d) and Figure 4.6(a)). Temperature dependent studies further show that
linear I-V characteristics persist even at the base temperature of our measurement system (3.5 K)
in the vdW-contacted devices (Figure 4.7(e)), which is an important prerequisite for performing
reliable four-terminal resistance study at low temperature. The summary of the contact resistance
under variable light illumination conditions and different temperatures is shown in Figure. 4.7(f).
Here the Rxx measurements were conducted with an illumination power above 0.003 mW/cm? to
ensure a more reliable evaluation of the carrier and photocarrier transport characteristics. At all
temperatures, the contact resistance decreases with increasing illumination power, indicating the
importance of carrier generation for reducing contact resistance. At a fixed illumination power
density, the Rc increases monotonically with decreasing temperature (Figure 4.6(c)). The increases

of contact resistance at the lower temperature regime is not surprising, since current passing
through a Schottky barrier is proportional to T?exp (%), where k is the Boltzmann constant and

¢p is the Schottky barrier height*.

With our unique contact and measurement approach, we have conducted systematic Hall
measurements to probe the long-range carrier transport characteristics in such perovskite materials.

To conduct reliable Hall measurements, it is critical to maintain a stable sample condition during
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the magnetic field sweeping process, so that the Rxx and Rxy can be accurately determined without
other extrinsic variations. This is particularly challenging for halide perovskite materials due to
considerable bias-induced ion movement and current drift over time. To this end, we have first
monitored sample resistance drift vs. time at different temperatures (Figure 4.8(a)). Expectedly,
there is a large Rxx drift at 300 K, consistent with previous studies and may be attributed to ion

52,53

movement in such “soft-lattice” materials under a constant bias>> °°, which can be suppressed at

low temperature. Indeed, such drift rapidly decreases at lower temperature and essentially vanishes

below 200 K.
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Figure 4.8. Electrical probing the intrinsic transport properties of perovskites using vdW-contacts.
(a) Resistance drift at different temperatures, highlighting considerable resistance drift due to bias-
induced ion movements at room temperature, which can be completely frozen out with no drift
below 200 K; (b) Illumination power dependent carrier density nn at different temperatures, the
dashed lines follow P and P%%; (c) Illumination power dependent Hall mobility at different
temperatures (same color code as that shown in (b)); (d) The extracted temperature dependent
mono-molecular (black) and bi-molecular (blue) electron-hole recombination rate from (b); (e)
Hall mobility as a function of temperature at different carrier densities. The dashed lines
follow T%% and T~1>. (f) Photocurrent gain values of device with 2 pm channel length. The
calculated result using Tjifetime/ Ttransit 1S plotted in dashed line.
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For a robust Hall measurement, a linear relationship between Hall resistance Rxy vs. magnetic
field B with a constant Hall slope is needed for deriving the carrier density and mobility. However,
due to the considerable resistance drift at room temperature, we were not able to accurately derive
Hall resistance Rxy while sweeping the magnetic field over a finite amount of time (on the order
of 10 minutes during which there is usually serious bias-induced drift at room temperature), since
magnetic field induced change of Rxy would inevitably convolute with the much larger bias-
induced drift (Figure 4.9(a)). To this end, to minimize the bias-induced drift during the relatively
long time period needed to sweep the magnetic field, we mechanically flipped the device in a fixed
magnetic field to measure the abrupt change of Hall resistance when the magnetic field was
inversed in a much shorter time scale (< 10 seconds) to avoid the complication from the slow ionic
movement induced resistance drift (Figure 4.9 (b)). In this way, a linear Rxy-B relationship with a
constant Hall slope can be obtained at room temperature both in dark and under light illumination

(Figure 4.9 (c), (d)). In particular, the Hall measurement gives a dark carrier density (4.8x 10'3

cm) and mobility (7.5 cm?/Vs) without illumination.
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Figure 4.9. Representative magnetoresistance at both room temperature and low temperature. (a)
Room temperature Hall resistance Rxy measured with sweeping magnetic field. The magnetic field
induced change of Rxy is highly convoluted with the much larger ion-movement induced drift, and
may not be used to accurately determine the Hall resistance; (b) Change of Rxy at room temperature
by mechanically flip the device in a constant magnetic field; Inset: cartoon of measurement set up.
(c), (d) Reduced room temperature Hall resistance ARxy measured with flipping the device in
different magnetic field measured in dark (c) and under 2.7 mW/cm? illumination (d) Red lines are
the linear fit of data, which give Hall slopes of 130000 Q/T and 29.7 Q/T; (e) Linear response of
Rxy while magnetic field is varied continuously at 200 K, where ion movement induced drift is
minimized; (f) Longitudinal magnetoresistance and its quadratic fitting. Data in (e) and (f) was
taken at T = 200 K under illumination power density of 2.7 mW/cm? in sample B.

On the other hand, when resistance drift is eliminated below 200 K, we can conduct the reliable
Hall measurements using the standard approach with the sweeping magnetic field. Nonetheless,
no consistent Hall slope can be achieved at lower temperature in dark due to rapidly increasing
resistance (e.g., 35 GQ at 200K) and the associated measurement errors (Figure 4.6(b)). Therefore,
to ensure more reliable measurements and more accurate analyses of carrier dynamics across a
wide temperature range, we have conducted systematic Hall measurement under variable light
illumination. The Rxy taken while sweeping magnetic field at 200 K shows a perfect linear
relationship vs. magnetic field B with a constant Hall slope and nearly zero intercept at B=0 T
and (Figure 4.9(e)), demonstrating highly reliable Hall measurements with the vdW-contacted
device at low temperature. To the best of our knowledge, such a linear relationship with a constant
Hall slope and a nearly zero intercept has not been reported for the similar halide perovskites
before, highlighting the importance to achieve high quality contacts for reliable Hall measurements

at low temperature where ion movements are frozen.

With the established measurement protocols for reliable determination of Hall slope at both
room temperature and low temperature, we can derive carrier density and mobility at various

illumination conditions. The Hall measurement indicates that the transport is dominated by holes.
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Here we show the demonstration of decoupling of electron and hole mobility with

magnetoresistance measurement (Figure 4.9(e), (f)) as followed.

The analysis was conducted by considering two possible scenarios. First, if we assume both
types of photo-generated carriers are free carriers, these two types of carriers have the same density
(Anp = Ane) since the photogenerated carriers are greatly more than the dark carriers. Based on this
assumption, our two-carrier Hall measurement and analysis reveals that the hole mobility is much
greater than the electron mobility (~60 times), i.e., the hole mobility dictates the overall Hall
mobility. The rather low electron mobility suggests that most electrons are not very mobile or
likely trapped in electron deep levels, the method is shown in detail, the longitudinal and transverse

magnetoresistance can be written as**:
Pxx = Po(l + .upﬂnBz) = po + AB? 4)
Pxy = B po (.up_.un) Q)

And hereby,

Ry+ /R,3+2Ap0 A
= = (6)

Hp = 2pg »Hn = 2poiyp

where p, and p,, are hole and electron mobility, respectively. Ry is the Hall slope and p is the

sample resistance at zero magnetic field. Parameter A can be obtained by quadratic fitting of Rxx
vs. B curve and Ry can be calculated using Hall trace. This offers a way to decouple hole and
electron mobility from Hall mobility. Following this method and using data shown in Figure

4.9(e), (f), we got i, equal to 395.5 cm?/Vs, much greater than p,, which is 4.537 cm?/Vs. Here

[ is only 1.5% of py,.
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Second, if we treat the trapped electrons as fixed charges instead of mobile charge carriers, we
have Anp > Ane, the measured Hall mobility simply represents hole mobility. Thus in either case,
our studies suggest that the overall transport is dictated by hole transport, and the Hall mobility
gives a rather accurate measure of the /ole mobility. On the other hand, since the transport is
dominated by the holes in our system, the electron mobility cannot be accurately determined, as is

the case for any semiconductors.

Therefore, we conclude that the dominated transport carriers are holes. Since we do not know
the exact density of mobile electrons, we cannot derive the exact mobile electron mobility. The
decoupled electron mobility from our method represents the “average” mobility of trapped

electrons and mobile electrons, which is very small compare to the “average” hole mobility.

We note that the electron/hole mobility difference has been recognized in other experiments.
For example, the THz measurements with extra porous TiO2 or AlOx layer as filters to enable
selective measurements in MAPbI3 reveals an electron mobility/hole mobility ratio ranging from
1/1.3% to 1/6>° (with total mobilities ranging from 800 cm?V-'s! to 20 cm?V-'s™! )>>3¢ | Other
contactless method such as photo illumination quench method reported that the electron and hole
mobility in FAPbIs have a ratio of less than 1/15°7. Overall, these studies show a trend that hole
mobility is generally higher than electron mobility, but the actual ratio and exact value are quite
different from each other, which further highlight the complexity of the matter and the critical need
to conduct more reliable measurements to fully understand the transport dynamics in halide

perovskites.
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With carrier concentration (nn) increases with increasing illumination, following n;, o«
Ymono

in the low illumination regime (e. g. P <1 mW/cm? at room temperature) where the trap assisted

o . P . D o :
electron-hole recombination dominates; and n, & (y_)o.s in the high illumination regime where
bi

the band to band electron-hole recombination dominates (Figure 4.8(b))*°. Here, P is the
illumination power density, Ymono and yp; represent single molecule and bi-molecule

recombination rate, respectively.

The Ymono and yp; show distinct temperature dependence (Figure 4.8(d)). The Yiono
becomes smaller at lower temperature, suggesting a reduced single molecular recombination
probability when the kinetic energy is suppressed. The transition point of monomolecular to
bimolecular recombination regime moves to lower illumination power density with decreasing
temperature. Below 140 K the bimolecular recombination dominations the whole measurement
range, therefore we couldn’t acquire Yyono- On the other hand, yp,; show a monotonic increase
with reducing temperature. This trend cannot be explained by previously suggested spin-split
indirect band picture °® or mobility dependent picture®. On the other hand, it has been proposed
that electrons and holes are dressed in phonon excitations in the “soft lattice” halide perovskite
materials, forming polarons. Such electron and hole polarons have different effects on structural
bending, so it is energetically more favorable if they are spatially separated. The reduced carrier-
phonon coupling at low temperature weakens the polaronic effect and hence increases bimolecular
recombination rate. Such a picture is consistent with our observed temperature dependent trend
(Figure 4.8(d), blue line). Moreover, within the electron and hole polaron picture, a spacing is
needed to be overcome before they recombine, which could greatly slow the bimolecular

recombination rate®* %°. Indeed, a bimolecular recombination rate as low as 3.5 X 10™*°cm?3/s is
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observed at room temperature, which is about 4 orders of magnitude lower than that of typical
direct band semiconductors (e.g., ~1071%m3/s in GaAs) and nearly comparable to that in
indirect bandgap semiconductors (107* —107*°cm3/s in 101#-1015cm3/s in Si and Ge).
Additionally, this recombination rate is also about 2 orders of magnitude lower than that in hybrid

perovskite CH3NH3PbI3> 6162,

Based on the recombination rate, we have further extracted carrier recombination lifetime. We

extracted the carrier recombination lifetime Tj;ferime through the carrier recombination rate

following:

L= Ybi
Tlifetime = Vmono + n (7)
And from the transient photocurrent following:
1(t) = Ioexp(_t/Tlifetime) 3

where /, is the maximum two-terminal current after pulsed LED illumination.

The photocurrent gain then can be calculated using:

Ill eitme le etimelv‘ls
Tt i lZ
ransit

Where V; is the voltage drop across sample and / is the device channel length. Thus, within the

same material, the photocurrent gain of two devices with different channel length /; and /> should

G _ 15
have =4 = 2.
G, U

On the other hand, the photocurrent gain at a fixed voltage can be directly deducted from IV

characteristic, following:
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hc 1

G= ra (10)

where A is the channel area, P is the illumination power density, h is the Planck constant, ¢ is the

velocity of light, e is the elementary charge, and / is the wavelength of incident light.

The recombination life time Tjjfetime decreases from 5.3 ms to 0.6 ms as illumination power
density increases from 0.01 mW/cm? to 18.8 mW/cm?, which is consistent with previous study”,

and matches well with the extracted carrier lifetime from transient photocurrent decay

measurement (Figure 4.10).
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Figure 4.10. Transient photocurrent and carrier lifetime at room temperature. (a) The normalized
photocurrent responses under different illumination intensities; (b) Comparison between the

extracted carrier recombination lifetime from the photocurrent in (a) and from the recombination
rate in Figure 4.8(d).

The reliable Hall measurements allows to further derive the carrier mobility at various
temperature and illumination intensity. A Hall mobility > 100 cm?/V's at room temperature, which
increases up to 1650 cm?/Vs at 80 K (Figure 4.8(c)). At each temperature, the mobility first
increases with the increasing illumination power, which is because larger carrier density increases
Fermi wave vector, and thus reduces back-scattering probability. On the other hand, as density

further increases, carrier-carrier interaction starts to play a dominant role, leading to reduced
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mobility under even stronger illumination conditions (Figure 4.8(c))®>. The highest mobility

achieved among all measured samples is 2080 cm?/Vs at 80 K.

At a given carrier density (Figure 4.8(e)), for example at nn= 1 x 10'® cm™, the mobility vs.
temperature relationship above 80 K follows a negative power law: p o T~F with f~1.46. This
power law is consistent with the classical theory of acoustic phonon-electron scattering dominated
scheme, where p o« T~1% is expected*’, however the theoretically predicted room temperature
mobility within this picture exceeds 1,000 cm?*/Vs in MAPbI3 and MASnIs perovskites®*®7, while
our highest mobility measured at room temperature is 120 cm?/Vs. On the other hand, the negative
scaling law can also be explained by the formation of large polaron in halide perovskite™. In
particular, the polaronic effect involving acoustic phonons would also give the same power law T
15 scaling behavior. With this picture, a much lower mobility value is predicted due to increased
electron-phonon interaction and increased effective mass (10 cm?/Vs at 300 K and 150 cm?/Vs at
100 K)®, but we should note that the exact calculated mobility value could vary substantially
depending on the effective mass and assumed impurity density used in the calculation. By
considering the polaronic effect involving polar-optical phonons, theoretical studies predict T
scaling relationship above 100 K and an increased power factor at lower temperature®, thus we
cannot completely exclude the polar-optical phonon scattering model simply based on the
temperature scaling behavior. Below 80 K, our studies show the mobility decreases with reducing
temperature at all illumination conditions, which suggests that the classical impurity scattering

process dominates the back-scattering related transport in this temperature region*.

The growth of high-quality perovskite thin film with excellent optical and electronic quality
and the integration of van der Waals contacts open exciting opportunities for creating high

performance optoelectronic devices. For example, in the simplest photoconductor, the critical
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device parameter, photocurrent gain, is directly determined by the carrier lifetime 7jifetime and
transit time Typansit, Which is in turn related to carrier mobility (u), the bias voltage (V) and the

channel length (L) following the equation below.

Tlifei Tlifetime LV
G — lifeitme lifetime (11)

Ttransit L2

With the unusual combination of long carrier lifetime and high carrier mobility, the perovskite
thin films exhibit an unusually large value of Tjjferimett product and thus offers the material
foundation for an exceptionally high photocurrent gain. To further push the limit of the
photocurrent gain, it is necessary to shorten the channel length and reduce the transit time, which
has been difficult to achieve in perovskite materials due to its incompatibility with the typical
lithography process that are necessary for creating high-resolution devices (previous devices was
usually fabricated using shadow mask approach with channel length of ~50 um or larger). With
our vdW-integration approach using photolithography patterned electrodes, the channel length can

be readily scaled to micrometer scale to achieve ultrahigh gain.

To this end, we have fabricated a two-terminal device with 2 um channel length and studied
its photoresponse characteristics (Figure 4.11). Based on the lifetime and mobility obtained from
Hall measurements, we can calculate the upper limit of the photocurrent gain based on the same
device geometry (Figure 4.8(f), dashed line). The calculated photocurrent gain exceeds 107 at 2V
bias, and decreases with increasing illumination power density, which is resulted from the sub-

linear behavior of photocurrent. Remarkably, the measured photocurrent gain shows a similar

trend (solid line in Figure 4.8(f)), with a highest gain of 1.2x10° achieved at 2 V bias at 0.01
mW/cm? illumination. To the best of our knowledge, the gain of >10° represents the highest value

ever reported among all photoconductors made from perovskite materials (~10°-10° under similar
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illumination conditions reported previously, see Table 4.3 for more details). It is noted that our
measured photocurrent gain values are about one orders of magnitude smaller than the calculated
ones. This difference is because our calculation assumes 2V bias drop entirely on the perovskite
channel, while the actual voltage drop on the channel of the two-terminal device is much smaller
due to considerable contact resistance (about one order of magnitude higher than the channel
resistance, see Figure 4.7(c)). We also note that the difference between calculated and measured
gain values becomes smaller at lower illumination, which may be partly attributed to higher Rxx/Re
ratio at lower illumination and larger fraction of voltage drop in the channel. To this end, by further
reducing the illumination, an even higher gain of 8.7x10° is achieved (Figure 4.11). This analysis
demonstrates that despite considerable improvement and record high gain achieved in our device,
the ultimate material potential is not yet reached, and the gain can be further improved significantly

by further optimizing the contact.
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Figure 4.11. I-V and corresponding photocurrent gain of a two-terminal device. The illumination
power densities are 0 (black), 0.00005 mW/cm? (gray), 0.0005 mW/cm? (purple), 0.009 mW/cm?
(green), 0.059 mW/cm?(light blue), 0.174 mW/cm? (violet), 0.401 mW/cm? (dark blue), 1.4
mW/cm? (red) respectively. (a) I-V and (b) gain of device with geometry of 2 pm (L) x10 um (W).

Table 4.3. Comparison of photocurrent gain reported in the literature and this work. The device
configurations, material types, responsivities are also provided.

Device configuration Material type Responsivity Gain Ref.
(A/W)
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ITO/CsPbBr3/ITO Nanosheets film 0.64 (10 V) 0.54 70
Au/CsPbBr3/Au Nanoparticle film 0.18 (10 V) 0.41 71
Au/CsPbBr3/Au Porous film 2709V) 6.6 72
Au/CsPbBr3/Au Single crystal 2(5V) 4.7 50
Ag/CsPbBri/Ag Single crystal 6(10V) 13.6 73
Au/MAPDI3/Au Nano arrays 1.3x10* (5 V) 2.5x10% 74

ITO/MAPDLIZ/ITO* Poly-film 1.6x10° (5 V) 2.5x10° 75

ITO/MAPDI3/ITO* Poly-film 4x10% (5V) 1.4x10% 48

ITO/CsPbBr3/ITO* Nanosheets film 6x10° 1.5x10* 51
(3 'V, 10 pW/cm?)
ITO/CsPbBr3/ITO* Nanosheets film 7x10* 2x10° 51
(3 V, 200 nW/cm?)
Au/CsPbBr3/Au Monocrystalline film 4.6x10° 1.2x10% | This work
(2V,88
pW/cm?)
Au/CsPbBr3/Au Monocrystalline film 3.31x10° 8.7x10° | This work
(2V, 40 nW/cm?)

These devices use transparent ITO electrodes while only the device channel area is accounted for
light absorption. The material covered by the transparent ITO electrodes may also participate in
light absorption, leading to a possible underestimation of the light absorption area and
overestimation of the photocurrent gain.

The achievement of reliable vdW contacts down to base temperature allows us to conduct
magnetoresistance (MR) studies and probe the quantum transport properties in the perovskite
materials for the first time (Figure 4.12(a)). At T = 3.5 K, the device shows a negative MR at a
low field, which switches to a positive MR at higher field. The higher resistance at zero field can
be attributed to a quantum interference induced weak localization effect: the constructive
interference of backscattered electronic wave functions increases the probability of localizing an
electron and hence a higher resistance at zero magnetic field’®. While the presence of magnetic
field breaks phase coherence and such interference effect, leading to a reduced resistance and
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negative MR. This feature becomes less significant with increasing temperature and disappears

above 20 K, as the phase coherence length [, becomes comparable to the mean free path [, .
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Figure 4.12. Magnetoresistance at the lowest temperatures. (a) Weak localization signal from 20
K to 3.5 K, AMR=(Rxx-RxxB=01)/Rxx,3=0r. The dashed lines are fitting at each temperature; (b)
Phase coherence length as a function of temperature. Red line is the linear fit.

Based on the MR data, we can extract phase coherence length [, at each temperature using the

following equations’’"” :

2
AMR% = —apg 5o |5 F (x)+BB (12)

Where e is the electronic charge, p, is the zero-field resistivity, h is the reduced Planck constant,
o is a fitting parameter due to Coulomb screening, the last term BB? is a correction of
magnetoresistance due to the bulk contribution, and F(x) is the Hurwitz zeta function, which can

be expressed as:

1 1 1

F(x) = 32,2 (n+1+§)5—2(n+§)2 —(n+2+3) 7 (13)
And

2
_ 4elyp

x = (14)
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Here we obtain 3 at 20 K where WL contribution to the MR is suppressed and fix the value of
B through all the temperature range. By tuning the value of x and a, we can obtain the best fitting

of AMR%. The [, at each temperature then can be derived from the corresponding x.

We obtained a phase coherence [, of 49 nm and 12 nm length at 3.5 K and 20 K, respectively

(Figure 4.12(b)). Remarkably, we found those length scales are comparable to those of the
covalent 2D semiconductors such as black phosphorus or InSe at a similar carrier density,
suggesting electronic quality of the ionic “soft-lattice” perovskites are nearly comparable to the

high quality 2D semiconductors. The linear fit in log-log plot of the phase coherence [, vs.
temperature follows [, ~T~%7%4 "in good agreement with the localization theory in 3D system

(where a -0.75 power law dependence is expected’’) and indicating carrier-carrier interaction
dominates the phase coherence behavior. However, in our measurement regime, we didn’t observe
the weak anti-localization effect predicted in perovskite material®. It is likely that the spin orbital
coherence length [, is always greater than [, throughout our measurement regime. Additional
quantum transport studies at lower temperature would be an interesting topic to explore for this
unique class of material systems. Although similar weak localization behavior has been observed
in more conventional covalent semiconductors, our study presents the first observation of such
phenomenon in the “soft-lattice” halide perovskites, which are substantially different from
conventional covalent semiconductors. This observation will certainly inspire critical new thinking

about how quantum phenomena develops in such material systems.
4.4. Conclusion

Together, by preparing ultra-smooth large-area monocrystalline CsPbBr3 thin films and

creating high quality vdW-integrated electrical contacts, we have conducted systematic transport
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studies to probe the intrinsic carrier and photocarrier dynamics in lead halide perovskites. Robust
Hall measurements conducted in standard Hall bar devices reveal a record-high mobility of 2080
cm?/Vs observed in perovskite thin films to date. Furthermore, magnetotransport studies reveal a
weak localization effect with a phase coherence length up to 49 nm at 3.5 K, comparable to those
of high quality covalent 2D semiconductors. The robust observation of high Hall mobility and
quantum interference induced weak localization effect in “soft-lattice” ionic halide perovskites is
exciting, and suggests perovskites as a unique material platform for the fundamental transport
studies and exploration of new physics beyond conventional covalent semiconductors. The
damage-free integration of metal contacts on delicate halide perovskites may be extended for
creating other functional contacts (e.g., ferromagnetic or superconducting metal contact) with
highly transparent interface and enable probing other exotic properties in halide perovskites.
Beyond high performance photovoltaics and LEDs, halide perovskites have also been suggested
to exhibit many other attractive attributes. For example, optical spectroscopic studies of hybrid
halide perovskites have revealed a giant Rashba splitting with the largest Rashba spin-orbit
coupling parameter (11+4 eVA) among all known semiconductors®', which could promise high
performance spintronic device, such as the spin-orbital torque device or spin transistors, and could
substitute the traditional material with strong Rashba field like heavy metal and topological
insulator (< 4 eVA)’8. However, despite the exciting prospects from optical studies, the relevant
transport studies to date have been largely plagued by poor contacts. The ability to make high
quality contacts is critical for reliable spin transport studies to fully unlock the potential of this
unique class of materials, and thus opening up an exciting new chapter for halide perovskites
beyond current focus on photovoltaics and LEDs. Lastly, this vdW-integration approach is also

generally applicable for various delicate materials, including organic crystals and molecular

84



monolayers. The ability to make high performance contacts on such delicate materials will open
up exciting opportunities to fully unlock the potential of these unconventional electronic materials

for both the fundamental studies and high-performance devices.
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Chapter 5. Conclusion

Here we have presented a single-step vapor phase synthesis developed to prepare single-
crystalline CsPbX3 microplates, which is the starting point of this dissertation. High quality
squared microplates with a smooth surface were produced with an edge length on the order of 10
um and thickness around 1 um. PL images and spectroscopic studies showed excellent optical
properties with uniform and intense blue, green, and red emissions for CsPbCl3, CsPbBr3, and
CsPbls, respectively. Owing to the high optical quality, the squared microplate structure with a
smooth surface can function as an excellent optical whispering gallery mode cavity with a quality
factor up to 2,863 to support laser emission at room temperature. Lastly, we demonstrated that
such microplates can be readily grown on a variety of substrates, including silicon, graphene, and
other 2D materials such as MoS2, readily allowing the construction of heterostructure
optoelectronic devices, including a graphene/perovskite/graphene vertical stack photodetector
with a high photoresponsivity > 10° A/W (corresponding to a gain of 3.9x10°). The extraordinary
optical properties of CsPbX3 microplates, combined with their ability to be grown on diverse
materials to form functional heterostructures, could lead to exciting opportunities for broad
optoelectronic applications. The vapor phase deposition method could be expanded to the growth
of cesium lead halides with different cation or anion compositions and fully tunable optical and
electronic properties. Other lead-free all-inorganic perovskites may also be prepared using a

single-step vapor phase deposition approach.

Taking a step forward, we also expanded the vapor phase synthesis to the deposition of large-
scale epitaxial growth of monocrystalline CsPbBr3 thin film with an improved stability towards
moisture and heat. The deposition of CsPbBr3 on muscovite was demonstrated as epitaxial growth
with X-ray diffraction and electron diffraction characterization. I also presented highly aligned
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micro-crystal domains nucleating initially on muscovite, forming oriented microplates, which can
further grow and eventually merge into a large-area monocrystalline CsPbBr3 thin film with
excellent optical quality. Possessing two-dimensional morphology, the as-grown film provides a
critical platform for the device fabrication. Furthermore, we show the CsPbBr3 thin film could be
readily converted into CsPbls through an anion exchange approach. By using the standard electron
beam lithography to enable the selective anion-exchange, we demonstrate CsPbBr3/CsPbls
heterojunction can be produced with arbitrary geometry by design. The capability to grow the
monocrystalline CsPbBr3 thin film in a large area and conduct the selective anion-exchange to
produce well-defined heterostructures provides a powerful platform for the fundamental
investigations on the intrinsic properties of perovskite materials and opens up exciting
opportunities to develop optoelectronic devices on the basis of perovskite heterostructures such as

LED illumination, displaying and lasering.

To further probe the intrinsic properties of metal halide perovskites, we created high quality
vdW-integrated electrical contacts with the ultra-smooth large-area monocrystalline CsPbBr3 thin
films. Systematic transport studies to probe the intrinsic carrier and photocarrier dynamics in lead
halide perovskites have been conducted with the vdW contacts. Robust Hall measurements
conducted in standard Hall bar devices reveal a record-high mobility of 2080 cm?/V's observed in
perovskite thin films to date. Furthermore, a weak localization effect with a phase coherence length
up to 49 nm at 3.5 K, comparable to those of high quality covalent 2D semiconductors has been
revealed with magnetotransport studies. The robust observation of high Hall mobility and quantum
interference induced weak localization effect in “soft-lattice” ionic halide perovskites is exciting,
and suggests perovskites as a unique material platform for the fundamental transport studies and

exploration of new physics beyond conventional covalent semiconductors. The damage-free
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integration of metal contacts on delicate halide perovskites may be extended for creating other
functional contacts (e.g., ferromagnetic or superconducting metal contact) with highly transparent
interface and enable probing other exotic properties in halide perovskites. Beyond high
performance photovoltaics and LEDs, halide perovskites have also been suggested to exhibit many
other attractive attributes. For example, optical spectroscopic studies of hybrid halide perovskites
have revealed a giant Rashba splitting with the largest Rashba spin-orbit coupling parameter
among all known semiconductors, which could promise high performance spintronic device, such
as the spin-orbital torque device or spin transistors, and could substitute the traditional material
with strong Rashba field like heavy metal and topological insulator. However, despite the exciting
prospects from optical studies, the relevant transport studies to date have been largely plagued by
poor contacts. The ability to make high quality contacts is critical for reliable spin transport studies
to fully unlock the potential of this unique class of materials, and thus opening up an exciting new
chapter for halide perovskites beyond current focus on photovoltaics and LEDs. Lastly, this vdW-
integration approach is also generally applicable for various delicate materials, including organic
crystals and molecular monolayers. The ability to make high performance contacts on such delicate
materials will open up exciting opportunities to fully unlock the potential of these unconventional

electronic materials for both the fundamental studies and high-performance devices.
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