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ORGANO-LEAD HALIDE PEROVSKITES THIN SINGLE CRYSTALS

BACKGROUND

[0001] Organo-lead halide perovskites' attractive optical and electrical properties has

given rise to an increased interest in fabricating optoelectronic devices based on organo-lead

halide perovskites. For instance, organo-lead halide perovskite polycrystalline thin films have

been explored, but the small grain size and presence of grain boundaries has limited the

performance and application of organo-lead halide perovskite polycrystalline thin films in

optoelectronic devices. While the larger grain sizes and fewer grain boundaries of bulk single

crystals sparked interest in perovskite bulk single crystals, the performance of optoelectronic

devices based on perovskite bulk single crystals has been inferior to those based on

perovskite polycrystalline films due to high surface trap densities and uncontrollable crystal

thickness.

SUMMARY

[0002] In general, embodiments of the present disclosure describe a method of

fabricating a semiconducting material and a transistor.

[0003] Accordingly, embodiments of the present disclosure describe a method of

fabricating a semiconducting material, comprising fixing a first substrate to a second

substrate via a bonding material sufficient to form a two-substrate support with a cavity

region, applying an organo-lead halide perovskite precursor solution to the cavity region of

the two-substrate support, and annealing sufficient to form in the cavity region a

semiconducting material including an organo-lead halide perovskite thin single crystal.

[0004] Embodiments of the present disclosure further describe a transistor comprising a

source terminal, a drain terminal, a channel layer extending between the source terminal and

the drain terminal and including an organo-lead halide perovskite thin single crystal, a gate

terminal, and an insulating layer separating the gate terminal from the source terminal, drain

terminal, and channel layer sufficient to form a transistor.

[0005] The details of one or more examples are set forth in the description below. Other

features, objects, and advantages will be apparent from the description and from the claims.



BRIEF DESCRIPTION OF DRAWINGS

[0006] This written disclosure describes illustrative embodiments that are non-limiting

and non-exhaustive. In the drawings, which are not necessarily drawn to scale, like numerals

describe substantially similar components throughout the several views. Like numerals

having different letter suffixes represent different instances of substantially similar

components. The drawings illustrate generally, by way of example, but not by way of

limitation, various embodiments discussed in the present document.

[0007] Reference is made to illustrative embodiments that are depicted in the figures, in

which:

[0008] FIG. 1 illustrates a block flow diagram of a method of fabricating a

semiconducting material, according to one or more embodiments of the present disclosure.

[0009] FIG. 2(a) illustrates a schematic view of a two-substrate-assistant strategy for

processing perovskite single crystal thin films, according to one or more embodiments of the

present disclosure.

[0010] FIG. 2(b) illustrates optical images (scale bar 200 µιη) of MAPbCb, MAPbBr3,

and MAPbb TSCs from the top to bottom images, respectively, according to one or more

embodiments of the present disclosure.

[0011] FIG. 2(c) illustrates XRD spectra of synthesized crystals for MAPbCb,

MAPbBr3, and MAPbb, according to one or more embodiments of the present disclosure.

[0012] FIGS. 3(a)-(c) illustrate SEM images of (a) polycrystalline thin film (PCTF)

(curr 16 pA; det TLD; HV 2.00 kV; mag 12 645x; WD 5.2 mm; mode SE; Nova Nano), (b)

bulk single crystal (BSC) (det TLD, HV 5.00 kV; mag 14 968x; WD 5.1 mm; curr 28 pA;

mode SE; spot 2.5; Nova Nano), and (c) thin single crystal (TSC) of MAPbBr3 samples (det

TLD; HV 5.00 kV; mag 15 134x; WD 5.0 mm; curr 28 pA; mode SE; spot 2.5; Nova Nano),

according to one or more embodiments of the present disclosure.

[0013] FIG. 4 illustrates XPS spectra of the surface of thin single crystals showing a

chemically clean surface, according to one or more embodiments of the present disclosure.

[0014] FIG. 5(a) illustrates the UV-Vis photoluminescence spectra of MAPbX3, where

X is one or more of CI, Br, and I PSTCs, according to one or more embodiments of the

present disclosure.

[0015] FIG. 5(b) illustrates the steady-state photoluminescence spectra of MAPbX3,

where X is one or more of CI, Br, and I PSTCs, according to one or more embodiments of the

present disclosure.



[0016] FIGS. 6(a)-(c) illustrate optical images (scale bar 200 µ ) of FET devices

based on (a) MAPbCb, (b) MAPbBr3, and (c) MAPbI3 TSCs, according to one or more

embodiments of the present disclosure.

[0017] FIG. 7(a) illustrates an FET device structure of CH3NH3PbX3, where X is CI

and Br, according to one or more embodiments of the present disclosure.

[0018] FIG. 7(b) illustrates a cubic structure of CH3NH3PbX3, where X is CI and Br,

according to one or more embodiments of the present disclosure.

[0019] FIG. 7(c) illustrates a tetragonal structure of CH NH PbX , where X is I,

according to one or more embodiments of the present disclosure.

[0020] FIGS. 7(d)-(f) illustrate IDS as a function of V Gs for CH NH PbX , where X is

CI, Br, and I, respectively, according to one or more embodiments of the present disclosure.

[0021] FIGS. 7(g)-(i) illustrate V I as a function of VDS for CH NH PbX , where X is

CI, Br, and I, respectively, according to one or more embodiments of the present disclosure.

[0022] FIG. 8 illustrates a surface morphology of a field effect transistor based on

organo-lead halide perovskite thin single crystal showing scale, according to one or more

embodiments of the present invention.

[0023] FIG. 9(a)-(c) illustrates AFM images of CH NH PbX , where X is CI, Br, and I,

respectively, according to one or more embodiments of the present disclosure.

[0024] FIGS. 10(a)-(c) illustrate AFM images of edges of MAPbCl TSCs, according

to one or more embodiments of the present disclosure.

[0025] FIGS. 10(d)-(f) illustrate AFM images of edges of MAPbBr TSCs, according

to one or more embodiments of the present disclosure.

[0026] FIG. 11(a) illustrates a STM image of MAPbBr TSC edges showing clear

layer-by-layer structure, according to one or more embodiments of the present disclosure.

[0027] FIG. 11(b) illustrates a graphical view of Apparent Height (nm) as a function of

Topography (nm), according to one or more embodiments of the present disclosure.

[0028] FIGS. 12(a)-(c) illustrate SLCL data of MAPbX TSCs, where X is one or more

of CI, Br, and I, respectively, according to one or more embodiments of the present

disclosure.

[0029] FIGS. 13(a)-(c) illustrate log-scale transfer characteristics of MAPbX3 TSCs,

where X is one or more of CI, Br, and I, respectively, highlighting the subthreshold regimes,

according to one or more embodiments of the present disclosure.



DETAILED DESCRIPTION

[0030] The invention of the present disclosure generally relates to methods of

fabricating semiconducting materials and a transistor based on the semiconducting materials.

The semiconducting materials may include thin perovskite single crystals. For example, the

semiconducting materials may include organo-lead halide perovskite thin single crystals

characterized by the formula MAPbX3, where X is CI, Br, and/or I . To fabricate the

semiconducting materials, a two-substrate-assistant strategy may be used to form

semiconducting materials (e.g., organo-lead halide perovskite thin single crystals) with

millimeter-scale size, a surface that is smooth with less defects than conventional thin single

crystals, and fixed thicknesses. Moreover, the semiconducting materials can be commercially

manufactured at moderate to low cost, with low-temperature solution-processability. Further,

semiconducting materials (e.g., thin perovskite single crystals) fabricated in this way are

excellent candidates for and may be included in transistors. For example, the organo-lead

halide perovskite thin single crystals exhibit attractive optical and electrical properties that

can be achieve high performance in optoelectronic devices (e.g., photodetectors,

phototransistors, and photovoltaics) as semiconductor material.

[0031] The organo-lead halide perovskite thin single crystals of the present disclosure

can be fabricated with unprecedented control over crystal thickness, crystal size, and

scalability, as well as surface roughness and surface defects. The high crystallinity and

smooth surface morphology of the organo-lead halide perovskite thin single crystals of the

present disclosure has given rise to unprecedented field effect mobilities. In particular, the

field effect mobilities of the organo-lead halide perovskite thin single crystals of the present

disclosure can be as much as 122-fold higher than that of polycrystalline thin films at room

temperature and over 7.5-times higher than that of thin single crystals at 77K. In addition, as

confirmed via AFM and STM characterizations, the organo-lead halide perovskite thin single

crystals of the present disclosure exhibit, for the first time, layer-by-layer structures.

[0032] The organo-lead halide perovskite thin single crystals of the present disclosure

can be monocrystalline films free or nearly free of grain boundaries, with exceptional trap

densities, carrier mobilities, and carrier diffusion lengths. The organo-lead halide perovskite

thin single crystals of the present disclosure can exhibit, among other things, one or more of

low surface trap density, high carrier mobility, long carrier diffusion length, high power

conversion efficiency, scalability, smooth surface morphology, layer-by-layer structure,

ambipolar-type transportation, even crystal dispersion, a lack or absence of grain boundaries,



a lack or absence of pinholes, and high crystallinity. The organo-lead halide perovskite thin

single crystals of the present disclosure can further exhibit tunable optical properties, high-

absorption coefficients, long-ranged balanced electron and hole transport, low cost, and facile

deposition techniques, among other things.

[0033] Accordingly, embodiments of the present disclosure describe a method of

fabricating a semiconducting material, comprising fixing a first substrate to a second

substrate via a bonding material sufficient to form a two-substrate support with a cavity

region, applying an organo-lead halide perovskite precursor solution to the cavity region of

the two-substrate support, and annealing sufficient to form in the cavity region a

semiconducting material including an organo-lead halide perovskite thin single crystal.

Embodiments of the present disclosure further describe a transistor comprising a source

terminal, a drain terminal, a channel layer extending between the source terminal and the

drain terminal and including an organo-lead halide perovskite thin single crystal, a gate

terminal, and an insulating layer separating the gate terminal from the source terminal, drain

terminal, and channel layer sufficient to form a transistor.

Definitions

[0034] The terms recited below have been defined as described below. All other terms

and phrases in this disclosure shall be construed according to their ordinary meaning as

understood by one of skill in the art.

[0035] As used herein, "fixing" refers to fixing, adhering, annealing, connecting,

attaching, bonding, and binding.

[0036] As used herein, "applying" refers to applying, coating, spin-coating, contacting,

introducing, inserting, injecting, dropping, pipetting, wetting, spreading, spreading via

capillary action and/or force.

[0037] As used herein, "annealing" refers to any process involving heating and/or

cooling.

[0038] Embodiments of the present disclosure describe a method of fabricating a

semiconducting material and a transistor.

[0039] Embodiments of the present disclosure describe a method of fabricating a

semiconducting material comprising fixing 101 a first substrate to a second substrate via a

bonding material sufficient to form a two-substrate support with a cavity region, applying 102

an organo-lead halide perovskite precursor solution to the cavity region of the two-substrate

support, and annealing 103 sufficient to form in the cavity region a semiconducting material



including an organo-lead halide perovskite thin single crystal. The order of steps 101 through

103 shall not be limiting as steps 101 through 103 may be performed in any order.

[0040] At step 101, a first substrate is fixed to a second substrate via a bonding material

sufficient to form a two-substrate support with a cavity region. In some embodiments, the

second substrate is fixed to the first substrate via a bonding material sufficient to form a two-

substrate support with a cavity region. The two-substrate support can provide control over

one or more of the thickness, size, shape, and scalability of the organo-lead halide perovskite

thin single crystal. The two-substrate support can also provide control over the surface

roughness and surface defects. In this way, the organo-lead halide perovskite thin single

crystal is tunable to desired optoelectronic properties.

[0041] The two-substrate support can include a first substrate, a second substrate, and a

bonding material. In some embodiments, the two-substrate support can include an upper first

substrate and a lower second substrate with a bonding material positioned between the upper

first substrate and the lower second substrate. In some embodiments, the two-substrate

support can include an upper second substrate and a lower first substrate with a bonding

material positioned between the upper second substrate and the lower first substrate. In some

embodiments, the bonding material is applied to the first substrate only to fix the first

substrate to the second substrate. In some embodiments, the bonding material is applied to the

second substrate only to fix the first substrate to the second substrate. In some embodiments,

the bonding material is applied to both the first substrate and the second substrate to fix the

first substrate to the second substrate. In some embodiments, annealing fixes the first

substrate to the second substrate via the bonding material. In some embodiments, annealing

includes heating at about 265°C to about 270°C.

[0042] The first substrate and the second substrate can include one or more of an inert

substrate, a semiconducting substrate, and an electrically insulating substrate. The inert

substrate can include one or more of an inert material, an inert compound, and an inert

element. The semiconducting substrate can include one or more of a semiconducting

material, a semiconducting compound, and a semiconducting element. The electrically

insulating substrate can include an electrically insulating material, an electrically insulating

compound, and an electrically insulating element. In some embodiments, the two-support

substrate can include a glass slide as a first substrate and an electrically insulating substrate as

a second substrate. In some embodiments, the two-substrate support can include a glass slide

as a second substrate and an electrically insulating substrate as a first substrate.



[0043] The bonding material can include a thermoplastic polymer and/or a

thermosetting polymer. In some embodiments, the bonding material includes polyethylene

terephthalate, cyanoacrylate, epoxy, methacrylate, urethane, and hot melt. A person of skill in

the art would recognize that other bonding materials can be used.

[0044] The inner boundaries of the first substrate, the second substrate, and the bonding

material can define the outer boundaries of the cavity region. In some embodiments the

cavity region is vacant. In some embodiments, the bonding material defines the vertical

boundaries of the cavity region and the first substrate and the second substrate define the

horizontal boundaries of the cavity region. In some embodiments, the bonding material

defines the vertical boundaries of the cavity region and the first substrate and the second

substrate define the horizontal boundaries of the cavity region, with the two-substrate support

further including a third substrate, such as a semiconducting substrate, in contact with one or

more of the first substrate and the second substrate, but neither in contact with the cavity

region, nor defining any boundary of the cavity region.

[0045] In some embodiments, the bonding material defines the horizontal boundaries of

the cavity region and the first substrate and the second substrate define the vertical

boundaries of the cavity region. In some embodiments, the bonding material defines the

horizontal boundaries of the cavity region and the first substrate and the second substrate

define the vertical boundaries of the cavity region, with the two-substrate support further

including a third substrate, such as a semiconducting substrate, in contact with one or more of

the first substrate and the second substrate, but neither in contact with the cavity region, nor

defining any boundary of the cavity region.

[0046] At step 102, an organo-lead halide perovskite precursor solution is applied to the

cavity region of the two-substrate support. The organo-lead halide perovskite precursor

solution can include one or more of a solvent, MAX, and PbX2, wherein MA is C N and

X is one or more of CI , Br , and I . The solvent can include one or more of γ -butyrolactone,

N,N -dimethylformamide, dimethylsulphoxide, and any other solvents known to a person

skilled in the art. Applying the organo-lead halide perovskite precursor solution to the cavity

region of the two-substrate support can include spreading the organo-lead halide perovskite

solution by capillary action and/or capillary force.

[0047] At step 103, annealing takes place sufficient to form in the cavity region a

semiconducting material including an organo-lead halide perovskite thin single crystal. The

organo-lead halide perovskite thin single crystal is characterized by the formula MAPbX3,

where MA is C N and X is one or more of CI , Br , and . The annealing can include



heating at about a fixed temperature and for a period of time that is dependent upon the size

of one or more of the first substrate, the second substrate, and the semiconducting material to

be formed. In some embodiments, the annealing can include heating at a temperature that

varies and can range from about 80°C to about 140°C. In some embodiments, the temperature

for preparing MAPbCb can be about 80°C, for MAPbBr3 about 100°C, and for MAPbI3

about 140°C.

[0048] The organo-lead halide perovskite thin single crystal can be one or more of

cubic structured and tetragonal structured. In some embodiments, MAPbCb and MAPbBr3

are cubic structured and MAPbb is tetragonal structured. The organo-lead halide perovskite

thin single crystal can be rectangular and square. The surface of the organo-lead halide

perovskite thin single crystal can be smooth and nearly free of grain boundaries and/or

pinholes.

[0049] The thickness, size, and shape of the semiconducting material, as well as the

surface roughness and surface defects, can be controlled and/or tuned. The thickness of

bonding material applied to the first substrate and/or second substrate can be used to control

the thickness and/or shape of the semiconducting material formed in the cavity region. In

particular, the distance between the first substrate and the second substrate can limit the

thickness and/or shape of the semiconducting material formed in the cavity region. By

adjusting the thickness of the bonding material applied to the first substrate and/or second

substrate, the thickness and/or shape of the semiconducting material can be controlled and/or

tuned. In addition, the amount of precursor solution, either by mass and/or volume, applied to

the cavity region can control and/or tune the size of the semiconducting substrate formed in

the cavity region. The size of the semiconducting substrate formed in the cavity region

increases with the amount of precursor solution applied to the cavity region. In some

embodiments, two or more applications of the precursor solution can be applied to the cavity

region to increase the size of the semiconducting substrate formed in the cavity region. The

surface roughness and/or surface defects of the semiconducting substrate formed in the cavity

region can be controlled and/or tuned by the selection of the material, compound, and/or

element comprising the first substrate and/or second substrate. The first substrate and/or the

second substrate can protect the surface of the semiconducting substrate formed in the cavity

region from contamination and thus protect it from undesirable roughness and defects. In one

embodiment, thin single crystals can be fabricated with a chemically clean surface. In

particular, thin single crystals can be fabricated with surfaces free of contaminations. This is

in contrast to conventional methods of fabricating single crystals, such as bulk single crystals,



which do not produce single crystals with chemically clean surfaces and/or surfaces free of

contaminants. Single crystals fabricated according to convention methods contain

contaminants and defects.

[0050] Another embodiment of the present disclosure describes a transistor comprising

a source terminal, a drain terminal, a channel layer extending between the source terminal

and the drain terminal and including an organo-lead halide perovskite thin single crystal, a

gate terminal, and an insulating layer separating the gate terminal from the source terminal,

drain terminal, and channel layer sufficient to form a transistor. The above discussion is

hereby incorporated by reference in its entirety.

[0051] The channel layer extends between the source terminal and the drain terminal

and includes an organo-lead halide perovskite thin single crystal. The organo-lead halide

perovskite thin single crystal can be characterized by the formula MAPbX3, where MA is

CH3NH3 + and X is one or more of CI , Br , and .

[0052] The organo-lead halide perovskite thin single crystals can exhibit the highest

field effect mobilities ever reported for MAPbCb, MAPbBr3, and MAPbb single crystals. In

some embodiments, the field effect mobilities of the organo-lead halide perovskite thin

single crystals can be about 122-fold higher than that of polycrystalline thin films at room

temperature and about 7.5-times higher than that of TSCs measured at 77K. The high field

effect mobility can be attributed to, among other things, high crystallinity and surface

morphology of the organo-lead halide perovskite thin single crystals. The high mobility can

be attributed to, among other things, low interfacial trap state density and an optimized

interface between the organo-lead halide perovskite thin single crystals and substrates.

[0053] The organo-lead halide perovskite thin single crystals can exhibit an average

roughness that was much less than polycrystalline thin films. In addition, the edge

morphologies of the organo-lead halide perovskite thin single crystals can exhibit a layer-by-

layer structure, which is the first time a layer-by-layer structure has been observed for cubic

perovskite single crystals. The smooth surface of the organo-lead halide perovskite thin single

crystals can reduce and/or eliminate leakage and/or free carrier decay, enhancing their

performance as optoelectronic devices.

[0054] The organo-lead halide perovskite thin single crystals can be monocrystalline

films free or nearly free of grain boundaries, with exceptional trap densities, carrier

mobilities, and carrier diffusion lengths. The organo-lead halide perovskite thin single

crystals can exhibit, among other things, one or more of low surface trap density, high carrier

mobility, long carrier diffusion length, high power conversion efficiency, scalability, smooth



surface morphology, layer-by-layer structure, ambipolar-type transportation, even crystal

dispersion, a lack or absence of grain boundaries, a lack or absence of pinholes, and high

crystallinity. The organo-lead halide perovskite thin single crystals can further exhibit tunable

optical properties, high-absorption coefficients, long-ranged balanced electron and hole

transport, low cost, and facile deposition techniques, among other things.

[0055] The transistor can include any type of transistor including, but not limited to,

JFET, MOSFET, MNOS, DGMOSFET, DEPFET, FREDFET, HIGFET, MODFET, TFET,

IGBT, HEMT, ISFET, BioFET, MESFET, NOMFET, GNRFET, VeSFET, CNTFET, OFET,

DNAFET, and QFET In some embodiments, the transistor is a bottom-gated FET. In some

embodiments, the transistor is a top-gated FET. The insulating layer can include any type of

electrically insulating and/or dielectric material know to a person of skill in the art. The

transistor of the present disclosure can also include electrodes. The electrodes can include any

type of material, compound, and/or element known to a person of skill in the art as

functioning as an electrode. In some embodiments, the transistor is patterned with Au as

electrodes. In other embodiments, the electrodes include Ag, Cu, Al, and Ca.

[0056] The following Examples are intended to illustrate the above invention and

should not be construed as to narrow its scope. One skilled in the art will readily recognize

that the Examiners suggest many other ways in which the invention could be practiced. It

should be understand that numerous variations and modifications may be made while

remaining within the scope of the invention.

EXAMPLE 1

A Method of Fabricating a Semi-Conducting Material

[0057] A two-substrate-assistant and/or two-substrate support strategy was utilized to

synthesize via a simple and universal process thin single crystals (TSCs) with millimeter-size

scale, a smooth surface with fewer defects, and a fixed thickness of around 2.5 micrometers.

Three kinds of TSCs were prepared, including MAPbX3 (X=C1, Br and I). The TSCs showed

smooth surface morphology and layer-by-layer structure. Field effect transistor (FET) based

on TSCs showed ambipolar type transportation, high carrier mobility, as well as low trapping

density.

[0058] The inverse temperature solubility behavior of MAPbX3 perovskites in certain

solvents was utilized to grow MAPbX3 (X=C1, Br and I) TSCs, together with a newly

developed two-substrate-assistant strategy. The two-substrate-strategy, or two-substrate -



support strategy, can control both thickness and scale, and thus provide for efficient

applications of TSCs.

[0059] FIG. 2(a) illustrates a schematic view of a two-substrate-assistant strategy for

processing perovskite single crystal thin films, according to one or more embodiments of the

present disclosure. Polyethylene terephthalate (PET) film of about 2.5 µ in thickness was

utilized to confine the distance between bottom substrate and top glass. The substrate was

heated to about 270°C to melt the PET and fix the position of both bottom and top substrates.

Organo-lead halide perovskite precursor solutions were introduced between the two slides

and heated to form TSCs between the two slides. The temperature utilized for preparing

MAPbCb was about 80°C, for MAPbBr 3 was about 100°C, and for MAPbI3 was about 140°C.

Different from the inverse temperature crystallization process from precursor solution in the

beaker or vials, the growth of TSCs was limited by two factors, the distance between two

slides and the amount of precursor solution. The distance between the two slides limited the

thickness of resulting TSCs and thus was used to control the thickness of the TSCs. The

amount of precursor solution determined the size of resulting TSCs.

[0060] FIG. 2(b) illustrates optical images (scale bar 200 ιη) of MAPbCb, MAPbBr 3,

and MAPbb TSCs achieved via the two-substrate assistant method from the top to bottom

images, respectively, according to one or more embodiments of the present disclosure. The

shapes of the TSCs were rectangle or square, correlated to the lattice structure of the crystals.

The crystals were evenly dispersed, indicating that the nucleation and growth process started

simultaneously on the surface of slides because of an even distribution of perovskite

precursor solution. The scales of the TSCs were several hundred micrometers in length.

However, the size of the TSCs was related to the precursor solution consumed for crystal

growth. Fresh perovskite precursor solution can be added again to achieve larger TSCs. 5

millimeter square size TSCs were achieved here.

[0061] Compared to PCTFs and BSCs, the morphology of TSC is much more uniform.

FIGS. 3(a)-(c) illustrate SEM images of (a) polycrystalline thin film (PCTF), (b) bulk single

crystal (BSC), and (c) thin single crystal (TSC) of MAPbBr 3 samples, according to one or

more embodiments of the present disclosure. As shown in FIG. 3, the SEM images of

MAPbBr 3 show significant differences between and among PCTFs, BSCs, and TSCs and

confirm that the surface of the TSC is much smoother than that of PCTF and BSC. For PCTF,

the film is composed of a large amount of crystal grains and pinholes. For BSC, the surface is

smoother with some contaminants remaining on the surface. For TSC, the surface is the



smoothest and clean, without any grain boundaries and pinholes. As the grain boundary is

unbeneficial for charge transfer, TSCs can be used in high performance optoelectronics. In

addition, FIG. 4 illustrates XPS spectra of the surface of thin single crystals, according to an

embodiment of the present disclosure. As shown in FIG. 4, thin single crystals were

fabricated with a chemically clean surface and were free of contaminants, unlike single

crystals, such as bulk single crystals, fabricated using conventional methods. Conventional

methods of fabricating single crystals do not produce single crystals with chemically clean

surfaces. The surfaces of single crystals fabricated using conventional methods have surfaces

with contaminants.

[0062] The structure of resulting TSCs were investigated by XRD spectra and the

results were presented in FIG. 2(c). FIG. 2(c) illustrates XRD spectra of synthesized crystals

for MAPbCb, MAPbBr3, and MAPb , according to one or more embodiments of the present

disclosure. The MAPbCb, MAPbBr 3 TSCs are cubic structured, while the MAPbI 3 TSC is

tetragonal.

[0063] FIG. 5 shows the optical spectra of TSCs synthesized by two-substrate-assistant

strategy. FIG. 5(a) illustrates the UV-Vis photoluminescence spectra of MAPbX3, where X is

one or more of CI, Br, and I PSTCs, according to one or more embodiments of the present

disclosure. As shown in FIG. 5(a), the uv-vis spectra exhibited absorption onsets at 434 nm,

566 nm and 828 nm for MAPbCb, MAPbBr 3 and MAPbb, respectively. FIG. 5(b) illustrates

the steady-state photoluminescence spectra of MAPbX3, where X is one or more of CI, Br,

and I PSTCs, according to one or more embodiments of the present disclosure. As shown in

FIG. 5(b), the TSCs showed narrow PL peaks at 401 nm for CI, 539 nm for Br and 769 nm

for I . The PL blue shifted comparing to the absorption onsets, because the PL light from

crystal excitation was absorbed by themselves, so emission for single crystal inside was ruled

out and the PL peak detected came from the surface recombination.

EXAMPLE 2

A Transistor and a Method of Making a Transistor

[0064] Chemicals: Experimental Details. CH3NH3X3 (X = CI, Br, I) were purchased

from Dyesol company. Lead halide PbXr2 (X = CI, Br, I) were all commercially available

from Sigma-Aldrich. Dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were both

purchased from Sigma-Aldrich without further purification. Polyethylene terephthalate

(PET).



[0065] PSTSCs synthesis: First, FET thin film (2spi.com, 2.5 µ thick) was attached on

top surface of the substrate. Then a glass slide was attached on top as a cover. After annealing

on a hot plate at about 265°C, the PET melted, fixing substrate and glass cover together.

Then, 10 µΐ MAPbX3 (X=C1, Br, I) precursor solutions were dropped onto the edges between

the substrate and glass cover, and the solution spread between the two slides by capillary

force. After annealing at fixed temperature for a period of time (which depends on the size of

substrate), perovskite single crystal thin films formed. The thickness of the formed perovskite

single crystal thin film was about 2.5 µ . The scale of PSTSCs can vary from hundreds of

micrometers to several millimeters.

[0066] Characterization: UV-Vis spectra were achieved on Cary 5000 (Varian)

spectrophotometer equipped with an integrating sphere. Photoluminescence measurement

was conducted on a DXR smart Raman spectrometer with the excitation lasers 325nm and

473 nm. Optical microscope was acquired from Nikon's SMZ25 stereomicroscope. The

thickness of PSSCTF was measured by DEKTAK 8 profiler (Veeco). Powder X-ray

diffraction (XRD) measurements were conducted using a Signotone Micromanipulator S-

1160 probe station connected with Keithley 4200 SCS. Atomic force microscope (AFM)

images were collected on the Dimension Icon with ScanAsyst AFM equipment (BRUKER).

Variable Temperature UHV Scanning tunneling microscope (STM) /STS with Q-plus nc-

AFM was also utilized to characterize the surface and edge morphology. I-V measurements

of the devices were obtained using a Keithley 4200 Semiconductor Parametric Analyzer and

a Signotone Micromanipulator S-1160 probe station. For SCLC measurements, I-V curves

were carried out under vacuum (~10 4 mbar), in the dark, and at 300 K, in the simple two

electrode configuration (Au/MAPbBr3/Au). The perovskite crystal was sandwiched between

the rectangular electrodes Au (100-nm thickness), deposited on both sides of the single

crystal, by a thermal evaporator. The thickness of MAPbBr3 crystals and MAPbBr3/SWNTs

composite crystal were measured via using the digital Vernier caliper. A non-linear response

was observed and analyzed according to SCLC theory.

[0067] The two-substrate-assistant strategy was used to fabricate field-effect-transistors

(FETs) using the as-grown TSCs (See Example 1 above). FIG. 8 illustrates a surface

morphology of a field effect transistor based on organo-lead halide perovskite thin single

crystal showing scale, according to one or more embodiments of the present invention. The

structure of the bottom-gated FETs is shown in FIG. 7(a). In particular, FIG. 7(a) illustrates

an FET device structure of C N PbX , where X is CI and Br, according to one or more



embodiments of the present disclosure. Silicon substrate with 300 nm S1O2 as insulator and

patterned Au as electrodes (80 nm) were utilized to grow TSCs directly.

[0068] The optical images of various FET devices corresponding to different lead

halides are shown in FIG. 6. In particular, FIGS. 6(a)-(c) illustrate optical images (scale bar

200 µιη) of FET devices based on (a) MAPbCb, (b) MAPbBr 3, and (c) MAPbI 3 TSCs,

according to one or more embodiments of the present disclosure. The channel length ( ) was

about 10 µπ , and the width (W) varied in different cases.

[0069] The transfer and output curves of the FET devices based on TSCs of CI, Br, and

I are shown in FIGS. 7(d)-(f) and FIGS. 7(g)-(i), respectively. In particular, FIGS. 7(d)-(f)

illustrate IDS as a function of VGS for C N PbX , where X is CI, Br, and I, respectively,

according to one or more embodiments of the present disclosure. Also, FIGS. 7(g)-(i)

illustrate VDSI as a function of VDS for C N PbX , where X is CI, Br, and I, respectively,

according to one or more embodiments of the present disclosure. For all devices, the TSCs

exhibited asymmetric curves, indicating ambipolar property of the devices. When Vgs is -5 V,

the transfer curves of C1-, Br- and I-based TSCs are shown in (FIG. 7(d)-(f)). The current

on/off ratios were 2.2 x 10 , 2.5 x 10 and 1.1 x 10 , respectively. The threshold voltage (VT)

of MAPbCb TSC was calculated to be 4.2 V , and the V T of MAPbCb was 2.1 V . The

positive shift of V T might come from the unintentional oxygen-induced hole-doping from the

bottom dielectric, which was enhanced during the 0-zone processing to enhance the

hydrophilic property of the substrate. From the linear regimes of the transfer curves, the field-

effect mobility µ) was extracted according to:

[0070] = - (1)

[0071] Where W and L represent the width and length of channel, C is the dielectric

constant of S1O2. The merits of FET based on MAPbX3 (X=C1, Br, I) TSCs are summarized

in Table 1:



The hole mobilities were thus calculated to be 5.15, 4.78 and 7.9 cm V 1s 1 for CI, Br and I

TSCs, respectively. These are the highest field effect mobilities ever reported for MAPbCb,

MAPbBr3 and MAPbBr3 single crystals. The mobility of MAPbb perovskites was around 300

fold higher than that of the polycrystalline thin film at room temperature, and over 20 times

higher than that of TSCs measured at 77 K.

[0072] The high field effect mobility was correlated to the high crystallinity and surface

morphology of TSCs. For BSC, the key drawback is surface defects or contaminants, which

was produced during the single crystal forming process and would affect the optical and

electrical properties. A cleaning or peeling process is thus normally applied for making

optoelectronics. However, here the surface defects were controlled because the crystals grew

between the slides, protected the surface from contamination from outside. For TSC, both

surface roughness and surface defects can be well controlled. FIG. 9(a), (b), and (c)

illustrates AFM images of C N PbX , where X is CI, Br, and I, respectively, according to

one or more embodiments of the present disclosure. As shown in FIG. 9, the average

roughness (Ra) of all there TSCs were below 0.32 nm, which is much less than

polycrystalline thin films and bulk crystals. The average roughness was about 0.32 nm for CI,

0.17 nm for Br, and about .024 nm for I . The surface Ra was related to the Ra of glass slides.

[0073] To further confirm the crystal morphology, the edges of the TSCs were

characterized by AFM (FIG. 10) and scanning tunneling microscopy (STM) (FIG. 11).

FIGS. 10(a)-(c) illustrate AFM images of edges of MAPbCb TSCs, according to one or more

embodiments of the present disclosure. FIGS. 10(d)-(f) illustrate AFM images of edges of

MAPbBr3 TSCs, according to one or more embodiments of the present disclosure. FIG. 10

shows the edge morphologies of MAPbCb and MAPbBr3. Clearly, the TSCs showed layer-

by-layer structure, with the layer thickness of 6.4 A and 6.6 A for CI and Br, respectively.

The values were slightly larger than the lattice constant of the crystals (crystal lattices of 5.68

A and 5.92 A for cubic MAPbCb and MAPbBr3, respectively), which might due to the

structural relaxation at the edge. This is the first time the layer-by-layer structure of cubic

perovskite single crystals has ever been observed.

[0074] The layer-by-layer structure of TSC was further confirmed by STM as shown in

FIG. 11. FIG. 11(a) illustrates a STM image of MAPbBr3 TSC edges showing clear layer-

by-layer structure, according to one or more embodiments of the present disclosure. FIG.

11(b) illustrates a graphical view of Apparent Height (nm) as a function of Topography (nm),

according to one or more embodiments of the present disclosure. As rough surface and grain

boundaries lead to more leakage and free carrier decay, the smooth surface avoided shortage



and enhanced performance for optoelectronic applications. The layer-by-layer structured edge

in the case of MAP 3 was not observed due to the tetragonal crystal structure of MAP 3

TSCs.

[0075] To gain further insight into the high mobility observed in the fabricated FET, the

mobility of TSCs was characterized by space-charge-limited-currents (SCLC) measurements

(FIG. 12) and also subthreshold swing, S, was measured to estimate the interface trap density

between perovskites and substrates. FIGS. 12(a)-(c) illustrate SLCL data and results of

MAPbX3 TSCs, where X is one or more of CI, Br, and I, respectively, according to one or

more embodiments of the present disclosure. According the SCLC data, the mobility of CI,

Br and I based TSCs were calculated to be 57.4, 45.3 and 146 crr^V V 1, respectively, which

is higher than that of BSCs with similar trap density. The reason lied in the improved surface

morphology of TSCs as evidenced by AFM mentioned above (FIG. 9). See Table 2 for the

interfacial trap density and mobility for MAPbX3 (X = CI, Br, and I).

[0076] The interface between perovskite TSCs and substrates is one of the key issues

that limits the electrical performance and scaling potential of FET devices. The subthreshold

swing (S) and interfacial trap state density (Nit) were calculated as shown in FIG. 13 and the

results were summarized in Table 3, where S = and N = — i —, with Ci

the capacitance per unit area of the dielectric, q the elementary charge, S the subthreshold

swing, k the Boltzmann constant and T the temperature.



FIGS. 12(a)-(c) illustrate log-scale transfer characteristics of MAPbX3 TSCs, where X is one

or more of CI, Br, and I, respectively, highlighting the subthreshold regimes, according to one

or more embodiments of the present invention. The MAP 3 showed a remarkably low S of

0.252 V/dec, making it suitable as a high performance transistor. The interfacial trap state

density of the TSCs were 3.68 x 10 12 , 3.72 x 10 12 and 2.84 x 10 11 for CI, Br and I,

respectively. The trap density was higher than that achieved via the SCLC measurement,

indicating there are more trap at the surface of the perovskite crystals. However, the trap

density at the interfacial is still remarkably lower than that of many other semiconductors.

The improved mobility resulted from the optimized interface between perovskites and

substrates. While it has been recently disclosed that mesoscale molecular ordering is the key

to promoting the spiro-OMeTAD's [2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9'-

spirobifluorene] charge transport pathways, these results suggest that it also works for

organic-inorganic hybrid perovskite, i.e., high molecular ordering in the TSCs is crucial to

high field effect mobility.

[0077] In summary, TSCs with size above millimeter scale and fixed thickness of

around 2.5 micrometers were fabricated via a two-substrate-assistant strategy. The average

roughness of the surface of the TSCs can go below 0.32 nm, which is ideal for optoelectronic

application and enhancing the performance thereof. Also for the first time, the layer-by-layer

structure of cubic perovskite single crystals was observed and confirmed via AFM and STM

characterizations. As a potential application, TSCs based field effect transistor (FET) was

prepared, which showed ambipolar property with the majority carrier mobility of 5.15 cm V~

V 1, 4.78 c V 1 and 7.9 cm V 1s 1 for CI, Br and I based TSCs, respectively, the highest

value ever reported until now.

[0078] Other embodiments of the present disclosure are possible. Although the

description above contains much specificity, these should not be construed as limiting the

scope of the disclosure, but as merely providing illustrations of some of the presently

preferred embodiments of this disclosure. It is also contemplated that various combinations or

sub-combinations of the specific features and aspects of the embodiments may be made and

still fall within the scope of this disclosure. It should be understood that various features and

aspects of the disclosed embodiments can be combined with or substituted for one another in

order to form various embodiments. Thus, it is intended that the scope of at least some of the

present disclosure should not be limited by the particular disclosed embodiments described

above.



[0079] Thus the scope of this disclosure should be determined by the appended claims

and their legal equivalents. Therefore, it will be appreciated that the scope of the present

disclosure fully encompasses other embodiments which may become obvious to those skilled

in the art, and that the scope of the present disclosure is accordingly to be limited by nothing

other than the appended claims, in which reference to an element in the singular is not

intended to mean "one and only one" unless explicitly so stated, but rather "one or more." All

structural, chemical, and functional equivalents to the elements of the above-described

preferred embodiment that are known to those of ordinary skill in the art are expressly

incorporated herein by reference and are intended to be encompassed by the present claims.

Moreover, it is not necessary for a device or method to address each and every problem

sought to be solved by the present disclosure, for it to be encompassed by the present claims.

Furthermore, no element, component, or method step in the present disclosure is intended to

be dedicated to the public regardless of whether the element, component, or method step is

explicitly recited in the claims.

[0080] The foregoing description of various preferred embodiments of the disclosure

have been presented for purposes of illustration and description. It is not intended to be

exhaustive or to limit the disclosure to the precise embodiments, and obviously many

modifications and variations are possible in light of the above teaching. The example

embodiments, as described above, were chosen and described in order to best explain the

principles of the disclosure and its practical application to thereby enable others skilled in the

art to best utilize the disclosure in various embodiments and with various modifications as are

suited to the particular use contemplated. It is intended that the scope of the disclosure be

defined by the claims appended hereto

[0081] Various examples have been described. These and other examples are within

the scope of the following claims.



WHAT IS CLAIMED IS:

1. A method of fabricating a semiconducting material, comprising:

fixing a first substrate to a second substrate via a bonding material

sufficient to form a two-substrate support with a cavity region;

applying an organo-lead halide perovskite precursor solution to the

cavity region of the two-substrate support; and

annealing sufficient to form in the cavity region a semiconducting

material including an organo-lead halide perovskite thin single

crystal.

2. The method of claim 1, wherein the first substrate and the second substrate

include one or more of an inert material, an inert compound, and an inert element.

3. The method of claim 1, wherein the first substrate and the second substrate

includes one or more of a glass slide, a semiconducting substrate, and an electrically

insulating substrate.

4. The method of claim 1, wherein the first substrate and second substrate include

one or more of a glass slide, a silicon substrate, and a silicon oxide substrate.

5. The method of claim 1, wherein the bonding material includes polyethylene

terephthalate.

6. The method of claim 1, wherein the cavity region is vacant.

7. The method of claim 1, wherein the organo-lead perovskite precursor solution

includes one or more of γ -butyrolactone, N,N -dimethylformamide, dimethylsulphoxide,

MAX, and PbX2, wherein MA is C N and X is one or more of CI , Br, and I .

8. The method of claim 1, wherein the organo-lead halide perovskite thin single

crystal is characterized by the formula MAPbX3, where MA is C N and X is one or

more of CI , Br , and I .



9. The method of claim 1, wherein the organo-lead halide perovskite thin single

crystal is one or more of cubic structured and tetragonal structured.

10. The method of claim 1, wherein the organo-lead halide perovskite thin single

crystal is one or more of rectangular and square.

11. The method of claim 1, wherein the organo-lead halide perovskite thin single

crystal is about 5 mm.

12. The method of claim 1, wherein a thickness of the semiconducting material is

tunable and/or controllable by adjusting a height of the cavity region.

13. The method of claim 14, wherein the adjusting the height of the cavity region

includes adjusting a thickness of one or more layers of polyethylene terephthalate.

14. The method of claim 1, wherein a size of the semiconducting material is tunable

by controlling the amount of precursor solution.

15. The method of claim 1, further comprising applying an additional amount of the

organo-lead halide precursor solution to the cavity region of the two-substrate support one or

more times to increase a size of the semiconducting material.

16. A transistor, comprising :

a source terminal;

a drain terminal;

a channel layer extending between the source terminal and the drain

terminal, the channel layer including an organo-lead halide

perovskite thin single crystal;

a gate terminal; and

an insulating layer separating the gate terminal from the source

terminal, drain terminal, and channel layer sufficient to form a

transistor.



17. The transistor of claim 16, wherein the organo-lead halide perovskite thin single

crystal is characterized by the formula MAPbX3, where MA is C N and X is one or

more of CI , Br , and I .

18. The transistor of claim 16, wherein a surface morphology of the organo-lead

halide perovskite thin single crystal is smooth.

19. The transistor of claim 16, wherein the insulating layer includes SiC .

20. The transistor of claim 16, wherein the transistor includes one or more of JFET,

MOSFET, MNOS, DGMOSFET, DEPFET, FREDFET, HIGFET, MODFET, TFET, IGBT,

HEMT, ISFET, BioFET, MESFET, NOMFET, GNRFET, VeSFET, CNTFET, OFET,

DNAFET, and QFET.
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