CHARACTERIZATION OF CHARGE CARRIER BEHAVIORS IN 1I-VI AND IV-VI
NANOCRYSTAL ASSEMBLIES
Qinghua Zhao
A DISSERTATION
in
Chemistry
Presented to the Faculties of the University of Pennsylvania
in
Partial Fulfillment of the Requirements for the
Degree of Doctor of Philosophy

2021

Supervisor of Dissertation

— &y

Dr. Cherie R. Kagan, Stephen J. Angello Professor

Graduate Group Chairperson

),. nl;/////l)w/d-}{

Dr. Daniel J. Mindiola, Brush Family Professor of Chemistry

Dissertation Committee

Dr. Christopher B. Murray, Richard Perry University Professor
Dr. Abraham Nitzan, Donner Professor of Physical Sciences
Dr. Jessica M. Anna, Professor of Chemistry



CHARACTERIZATION OF CHARGE CARRIER BEHAVIORS IN lI-VI AND IV-VI
NANOCRYSTAL ASSEMBLIES

COPYRIGHT

2021

Qinghua Zhao

This work is licensed under the
Creative Commons Attribution-
NonCommercial-ShareAlike 4.0

License

To view a copy of this license, visit

https://creativecommons.org/licenses/bgc-sa/4.0/us/



https://creativecommons.org/licenses/by-nc-sa/4.0/us/

To my family



ACKNOWLEDGMENT

The past five dnstudyhasbden aynmeaningfubjoufndy to me, a
journey that | can not finish without the kind help and support from people around me.

First and foremost, | would like to sincerely thank my advisor, Prof. Cherie
Kagan, for her kindness, patience, and encouragement. She is always willing to discuss
with me, and provide suggestions, and support me in every frustrating and exciting
moment in my research. | could have never finished even half of the journey without her
guidance. | would also like to thank Prof. Chris Murray, Prof. Abraham Nitzan, and Prof.
Jessica Anna. It is an honor and pleasure to have them on my committee. | appreciate
the good questions and advice in my annual committee meetings. | would like to give my
special thanks to Prof. Chris Murray for providing lab space to me during the time our lab
was under construction.

| thank the Department of Energy for support of the research in Chapter 2 and
the Office of Naval Research Multidisciplinary University Research Initiative for support
of the research in Chapters 37 5. | also thank the Vagelos Institute for Energy Science
and Technology for awarding me a one-year graduate student fellowship.

I am grateful to all my colleagues in Kagan group: Mingliang Zhang, Nuri Oh,
Chenijie Zeng, Hak-Jong Choi, Yiyu Cai, Ed Goodwin, Nicholas Greybush, Wenxiang
Chen, F. Scott Stinner, Eric Wong, Daniel Straus, Tianshuo Zhao, Han Wang, Jiacen
Guo, Steven Neuhaus, Austin Keller, Henry Shulevitz, Sarah Thompson, Jaeyoung Lee,
Chavez Lawrence, Shobhita Kramadhati, Yun Chang Choi, Jonah Ng, Martin Sarott,
Chenyang Qian, Jun Xu, and my collaborators in Murray group: Yaoting Wu, Guillaume
Gouget, Shengsong Yang. Thanks for the collaboration, suggestions, and the happy-

hours. Many ideas and solutions came up during the discussions with them and



absolutely none of the work can be done without their help in research or with lab
maintenance.

Finally, I would like to express my thanks and love to my family. Thank my
parents for the endless support, understanding, and love. Thank my wonderful husband,
Yifan Deng, for always standing by me, encouraging me with his passion for science,

and especially, driving me to work every day.



ABSTRACT

CHARACTERIZATION OF CHARGE CARRIER BEHAVIORS IN II-VI AND IV-VI
NANOCRYSTAL ASSEMBLIES
Qinghua Zhao

Cherie R. Kagan

Nanostructures (NSs), including nanocrystals (NCs), hanowires (NWSs), and
nanosheets, are composed of inorganic cores with size <100 nm in at least one
dimension. Their electronic structure and properties can be tailored by size and shape.
NSs can serve as building blocks to create functional NS assemblies, with coupling from
weak to strong by controlling the interparticle distance. In strongly coupled NC
assemblies, properties emerge from collective interactions and offer great opportunities
fordesigningmat er i al s with properties inaForcessi bl e i
semiconductors NSs with applications in electronics and optoelectronics, it is important
to understand the behavior of carrier statistics and transport.

In this thesis, we first use NWSs, rather than NCs, to avoid inter-NC barriers and
investigate the efficiency of doping and thus charge carrier statistics in NSs through
measurements of charge transport in the platform of the field-effect transistors (FET).
We show the doping efficiency of n- or p-doped PbSe NWs is increased as the
permittivity of the surrounding environment increases and develop a theoretical model
that agrees with our experimental data for both NW array and single NW devices. Then
we investigate carrier transport in epitaxially-fused, CdSe NC arrays with wide necks
between neighboring NCs synthesized by a cation exchange (CE) reaction from PbSe
NCs through an intermediate. Time-resolved microwave conductivity measurements

Vi



probe carrier transport at nanometer length scales and show a photoconductance of
0.28 cm? V1 s, the highest among CdSe NC solids reported with little or no necking.
FET measurements probe carrier transport at micron length scales and realize a high
electron mobility of 35(3) cm? Vs with on-off ratios of 10° after doping. Last, we show
that residual Pb impurities from CE reactions have detrimental effects on device turn-on,
hysteresis, electrical stability, and carrier transport of CE-obtained CdSe NC films. The
selection and surface functionalization of the gate oxide layer and low-temperature
atomic-layer deposition encapsulation can suppress these detrimental effects. By
converting the NC thin films layer-upon-layer, impurities are driven away from the gate-

oxide interface and mobilities increase by 10 times.
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CHAPTER 1 Introduction

1.1. Nanoscale semiconductors

Semiconductors have energy gaps between occupied and unoccupied states in a
typical range of 0.1 1 4 eV and conductivities intermediate between those of metals and
insulators. The charge carriers in semiconductors are named electrons and holes.
Adding dopants T donors or acceptors of electrons T is used to alter the population of
charge carriers and shift the Fermi level towards the conduction band or the valance

band, respectively.?

Quantum physics provides powerful toolkits to understand semiconductors.
Based on the Schr°dinger 6s -elegttoadystemmandthée an appr

Bloch theorem, the energy-momentum (E-k) relationship for carriers of a crystalline
semiconductor follows O©Q  +2—, where 2 is the reduced Planck constant and & * is
the effective mass of the carrier. The allowed momentums TQQ hp are —, wherenis

mh ph ¢ and Q is the length in a given dimension. Whereas ‘Q is infinite in an
infinite crystal and thus Qtakes a continuum of values, Q becomes discrete when the
crystal is confined in a given dimension.? Depending upon the number of dimensions in
which charge carriers are confined, nanoscale semiconductors are categorized as 0D,
1D, and 2D. The density of states describes the allowed states at each energy and
Figure 1.1 depicts the functional form for each degree of confinement.® As a result of the
spatial confinement, the band structure of a nanoscale semiconductor depends on the
length in the confined dimensions, granting tunable excitonic and electronic properties

by size and shape.
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Figure 1.1 Density of states in 3D, 2D, 1D, 0D semiconductors® [Adapted from reference

3]

Colloidal low-dimensional materials include OD nanocrystals (NCs), 1D
nanowires (NWs), and 2D nanosheets and can be described as having inorganic cores
covered by ligand shells. Ligands can be large and fatty, such as oleic acids or
oleylamine, for steric stabilization or can be charged, such as cetyltrimethylammonium
bromide, to allow electrostatic stabilization. In this thesis, binary metal chalcogenide NCs

and NWs are studied.

Thanks to the large surface to volume ratio in nanoscale semiconductors, their
electronic structures and thus electronic properties are sensitive to surface treatments
such as modifying the surface atoms and, in colloidal nanostructures, the ligands.* Take
colloidal 0D PbSe NCs and 1D NWs for example, remote doping has been employed to
realize n- and p-type NC thin films and NWs, by exposing the NCs or NWs to hydrazine

or oxygen, or by tuning their stoichiometry by adding atoms or ions to their surfaces



[Figure 1.2].5'° The tunable electronic structures of nanoscale semiconductors makes

them potential building blocks in device engineering.®

A) Excess Pb % B) "
deposition_ o
L w00 | CB
- A - E
Pb rich n-type device F
- Ei
R
deposition VB
%3 X N
Se rich p-type device pb O NSe

Figure 1.2 N-doping or p-doping of PbSe nanocrystal by tuning the stoichiometry’

[Adapted from reference 7]

1.2.  Nanocrystal assemblies
1.1.1 Self-assembled superlattices and epitaxially-fused superlattices

Akin to atoms comprising atomistic solids, NCs are the building blocks of NC
solids. By slowly evaporating the solvent of a NC dispersion, ordered NC assemblies,
namel y Tfissoperclaant thiec ep r e3ARYrAkimto dtomistig carystalling. .
solids, NC solids can be single crystalline, polycrystalline with observable grain
boundaries,*? polymorphic,*® and doped superlattices.* In single component
superlattices, composed of a single type of NC, the structure of assemblies can be
adjusted, for example, to form rods, honeycomb sheets, or square sheets, by controlling
the assembling conditions, such as temperature, noncoordinating solvent, and ligand.*®
In multicomponent superlattices formed by two or more types of NCs of different

3



shape,® size,"*8 or composition [Figure 1.3B],*"*° the crystal structure can be affected

by the charge as well as the relative size and concentration of the constituent NCs.®

e .uvos.
.o um.,‘.."‘,
i*#'e g.‘ﬁ,

s“. x

Figure 1.3 (A) Single-component superlattice.** [Adapted from reference 11] (B) Binary

and ternary NC superlattices.'® [Adapted from reference 19]

Long ligands are typically used in assembly processes to sterically stabilize the
NCs in solvents and control superlattice structure.?® Though long ligands in NC
superlattices allow for collective effects based on weak dipolar interaction (i.e.
electrostatic? or magnetic dipole-dipole interactions??), electronic communication
between neighboring NCs is poor for reasons to be explained in Section 1.2.2.2® Long
ligands can be replaced with short ligands or removed in NC assemblies to improve
electronic communication in single-component systems, although often at the cost of

4



sacrificing the film continuity and at the risk of introducing disorder.24?> Ph-chalcogenide
NCs have the advantage of forming epitaxially-fused superlattices spontaneously, where
neighboring NCs are connected with atomically matched interfaces, believed to form
from dipole-dipole interactions between neighboring NCs.?2” PbSe NC superlattices can
form square-packed structures with NCs oriented along the <100> direction [Figure 1.4]
and silicene-like honeycomb structures with NCs oriented along <100>, <110>, or <111>
directions® [Figure 1.5]. Square and honeycomb structures coexist in some cases and
the proportion of honeycomb structures increases up to 70% by slowing NC assembly in
a saturated vapor of the solvent (toluene) used to disperse the NCs.?° Studies have
proposed that the phase diagram of honeycomb and square PbSe NC superlattices is
governed by competition among NC-NC attraction between neighboring {100} facets
where ligands are the most likely to desorb, NC-solvent interaction, and fluid-fluid
interfacial forces.® The computational results have shown that the energy barrier of the
transformation between two structures is small, that strong NC-solvent interaction favors
the honeycomb structure, and that large NC-NC interaction yields a square structure and

accordingly suggests the use of large particles for preparation of square structures.*



Trigonal G Tetrahedral Qctahedral\

{110} facets {111} facets /B {100} facets

Figure 1.5 Honeycomb structured PbSe NC superlattice?® [Adapted from reference 28]



In epitaxially-fused superlattices, structural disordercanbec | assi f4 ed

pl aneo -afipd amewt di-ploamed .difdor der s iatthel ude

interface between two attached NCs?!, and misaligned facets, in which case the central
axes parallel to the substrate of two attached NCs are different or not aligned.*? fOut-of-
pl aneo descsbesthkaxs of a NC normal to the substrate and misalignment that

is different from one NCs to its neighboring NCs.3?

1.1.2 Electronic structures of semiconductor NC assemblies

In an ideal semiconductor NC array, with uniform size and no disorder, the
potential energy diagram in real space is a series of identical potential wells [Figure

1.6A]. The potential has been well described by the Woods-Saxon model [Figure 1.6B]

for hard-sphere like NCs®, 7Y ———, where Y is the depth of a potential in

vacuum, a is the NC radius, and parameter _ is on the order of the interatomic distance.
The depth of the potential well becomes smaller than Y when the inter-NC distance is
less than ¢ _ 8The potential becomes more complex in soft-sphere like particles
where short-range repulsive potentials are not negligible.®* Electrons with energy higher
than "Y are nearly free electrons moving through a continuous band® and lower energy

states form narrow bands as shown by discrete shaded stripes in Figure 1.6A.

In an ideal semiconductor NC array with an inter-NC distance Q ¢ the
dispersive relation (E-k) of the lowest energy band, formed by the lowest energy states
of NCs, is theoretically calculatedas' Qg O 30 ¢ Y B AT @&, where O is

the ground-state energy, ®is the inter-NC distance, 3O is the energy band shift

proportional to due to wavefunction overlapping between the nearest neighbors,

as Ni

atom



andT is the overlapping parameter proportional to —. The corresponding bandwidth is

p €Y7 for a NC array with a simple cubic structure and p ¢¥[ with a fcc or hcp close-
packed structure. Pictorially, ground-state electrons are localized at’ O when ®| ¢dand
the ground-state extends to form a band as wapproaches ¢®[Figure 1.6C]. The
parameter| is inversely dependent on & ° in the NC and therefore the bandwidth is
wider for a lighter carrier and normally the bandwidth of the conduction band is larger
than that of the valence band except for semiconductors like the Pb-chalcogenides
where @ ° of electrons and holes are comparable.®® Experimentally, it has been
demonstrated in PbSe NC solids that as the length of ligands and thus the inter-NC
distance are reduced, the carrier mobility * and the strength of electronic coupling 23 in

a NC array is enhanced, where 3 is the hopping rate between two NCs [Figure 1.6D].%¢

The hopping rate is calculated by the Einstein-Smoluchowski equationa ——.

(A) © GEEE GEEE ) ocr . . — g

2a = - =~ .
¥ 00600 geee CEee N 3 v %
B conduction band @Q‘Q‘@ Q‘ @ ”Q‘ = 067+ L & :2' 110' §
; LA E&EE&EE ECEE&EE 2 ¥ 5 {w’ :;:
e e i il |
valence band = | g - & : :CZ;E?‘:: } . :A
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2 | 3 — u . 1% 5
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S | = @ 110[ ﬁ
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Nominal Ligand Length (A)

X Interdot separation

Figure 1.6 (A) Schematic of a 3D ideal NC solid and an energy diagram of a periodic

array. (B) Scattering function and the confined Woods-Saxon potential.>® [Adapted from
reference 33]. (C) Energy diagram as a function of the inter-NC distance in an ideal NC
array.?® [Adapted from reference 23] (D) Carrier mobility and the coupling strength as a

function of the ligand length.*¢ [Adapted from reference 36]
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In an ideal epitaxially-fused NC superlattice, the dispersion relation depends on

the interfacesd width between attached
dispersive, and the electronic coupling is stronger with a wider neck width. Figure 1.7
shows the results of a theoretical study on square-packed NC arrays with one layer of
zinc-blende-CdSe epitaxially fused along <100>. The bandwidth of the lowest
conduction band (1S) and the highest valence band increases with the neck width. In the
extreme case where the neck width is equal to the size along the <100>, the superlattice
become an 2D CdSe film. 3" As the neck widens, the carrier mobility increases. In a

model described by Shklovskii, ¢ is proportional to & 7¢where dis the neck width.3®

T T " ommm]  Boosf —+—2.43nm ]
—+—3.65nm = —+*—3.65nm
— OS5 —+—4.86 nm o —+—4.86 nm
2 —+—6.08 nm £ 0.06[ —+—6.08 nm
= 04f —+—=7.30nm 4 o ] —+—=7.30nm
B 3
il ©
2 03} - 5 0.04
g rd o ;
8 02 - > /
) S % 0.02 H e
A ~ [
0.1f . —_— e = //‘ B
Y, T r/.//*—__
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Nat Nat

Figure 1.7 The bandwidth of (A) the lowest conduction band (1S) and (B) the highest
valence band (VB) as a function of the number of atoms in the neck (Nat) in a square-
packed, epitaxially-fused CdSe NC array. The legend lists the diameter of NC.*’

[Modified from reference 37]

In real semiconductor NC assemblies, nonidealities including structural disorder,
size distribution, and differences in surface atoms and ligands result in inhomogeneities

in the energy of NC electronic states, smaller bandwidths, and shallow trap states that



extend from the band edge or deep trap states in the mid-gap as shown in Figure 1.8.
The strength of electronic coupling and carrier behaviors are governed by the interplay
between the inter-NC distance and nonidealities. Reducing the inter-NC distance
improves electronic coupling and favors carrier delocalization, whereas nonidealities
reduce the coupling strength and increase carrier localization. For example, in real NC
assemblies with a small number of trap states, an extended electronic state can form as
the inter-NC distance becomes small enough that the delocalization term wins over the

localization term.23

. Real

Energy

l
|

Density of states

Figure 1.8 Comparison of schematic energy band diagrams and density of states of

strongly-coupled ideal and real NC solids cases.?® [Adapted from reference 23]
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1.2.3 Carrier transport in nanocrystal assemblies

In a semiconductor NC assembly with extended electronic states and trap states

in the band gap, charge carrier transport occurs in extended states with bandlike
transport behavior, described by — 11, when the Fermi level is close to the

conduction/valence band and trap states are filled. Bandlike carrier transport has been
observed in CdSe NC solids,**4° Ph-chalcogenide NC solids,”* and HgTe NC solids*?
after ligand exchange. Band transport behavior is also expected in NC superlattices,*

but has not been realized yet, ascribed to structural disorder.**

In other cases where the bandwidth of electronic state is too narrow to support
band-like transport behavior or there is a minimal number of carriers in the extended
states because carriers are trapped in localized states within the band gap, carrier
transport in NC assemblies occurs by thermally activated hopping. Depending upon the
density of states, the occupation of transport sites, and the temperature, the temperature
dependence of the hopping rate can be described by variable range hopping (VRH)*®
and nearest-neighbor hopping models. VRH can be further described by either the Mott

model or the Efro-Shklovskiimodel.| n Mot t 6s model , the temperatu

conductanceis| 1€ Y™, where "Ois the conductance and ‘O is the dimensionality.*®

In the Efros-Shklovskii model, the temperature dependence is dimensionless,

A

I 19 "Y ™. variable range hopping has been showntoev ol ve from Mottés VR
Efros-Shklovskii(ES) VRH as temperature drops.*® Nearest-neighbor hopping requires
Q'Y 30 , where 330 describes the bandwidth of the NC energy distribution caused
by predominantly the size distribution or differences in surface composition. Therefore,
nearest-neighbor hopping occurs at higher temperatures than VRH in a given system.

11



Nearest-neighbor hopping follows the Ar r h e ni u slél ®Ye laral thé roobiljty is

8

described as * - Agb A @B —— , where & is the average delocalization

length of carriers.%®

1.3. Field-effect transistor

1.3.1 Measuring mobility, threshold voltage and subthreshold slope

Field-effect transistors (FETS) can be used as a platform to probe charge
transport and thus collect information about the electronic structure in NC assembilies.
FETs are composed of drain and source electrodes, a semiconductor, an insulator, and
a gate electrode [Figure 1.9]. NC thin-film FETs can be fabricated by coating a thin film
of NCs, to form the semiconductor channel, on a stack of an insulator and a metal or a
heavily-doped semiconductor, that serves as the gate insulator and electrode,
respectively. FET behavior is characterized by the drain-source current as a function of
gate voltage ('O @ curve) or as a function of drain-source voltage at various gate
voltages ('O w curves). The characteristics of NC thin-film FETs are well described
by the equations developed for metal-oxide-semiconductor FETs (MOSFETS), ‘O

® ® — inthelinearregime(®w ® ho ® )and©O

® ® inthesaturationregime (@ ® ho @ ,where' is the
field-effect mobility, 6 is the capacitance of the gate oxide, w is the width of the
channel, 0 is the length of the channel, and & is the threshold voltage, or more

appropriately in thin-film FETs, the turn-on voltage. By fitting O @ curves, * and

w can be extracted.

12
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Figure 1.9 A representative O w curve of CdSe nanocrystal FETs. The inset depicts

the FET structure.® [Adapted from reference 39]

Ohmic contacts are required in FETs to extract * L can be gate-voltage
dependent because of traps being filled electrostatically when the Fermi level in the
channel is shifted by the applied gate voltage.*® In some cases, is distinguished
from intrinsic * of carriers at the band edge because it has contributions from both

trapped and free carriers.*°

@ is the minimum « that is required to create a conducting path between the

source and drain electrodes. In nonideal cases, threshold voltage is & o %-

[ — —,where & isthe ideal threshold voltage, %~ captures the workfunction

difference between metal and semiconductor, 0 is the charge of mobile ions in the NC
thin films,  depends on the distance of the mobile ions to the NC-oxide interface, and
0 is the charge trapped by interfacial trap states at the semiconductor-oxide interface
under an applied gate voltage of & & .! With other parameters fixed, o is larger
(smaller) when negative (positive) charges are trapped at the interface at @@ & .

When all the nonidealities are the same, 3¢* is equal to 3> and can be used to
13



measure charge carrier concentration difference between two systems with the

difference of the threshold voltage.%°

By fitting] T CO @ curves in the subthreshold regime (® @ , subthreshold

is related to the

slope (S?) can be extracted.! The subthreshold slope Y

interface trap densityby Y 1 p == p —0 , Where 0 is the trap density per

area per volt. Considering subthreshold regime data is used to extract 0, it only

describes the interface trap density below the Fermi level, below threshold.
1.3.2 Capacitance-voltage measurements in FET structures

Capacitance-voltage measurements can be conducted in FET structures where
the drain and source electrodes are grounded.>! A DC bias voltage is applied across the
capacitor while probing the capacitance with an AC signal and usually sweeps from
negative (positive) to positive (negative) to drive a p-type (n-type) semiconductor from

depletion to accumulation. The capacitance is 0 in accumulation and is

in depletion, where] is the vacuum permittivity,]  is the dielectric constant of the gate
oxide, | is the dielectric constant of the semiconductor, 0 is the thickness of the gate

oxide, w is the depletion width in semiconductor, and 0 is the area. Dopant
concentration can be determined from the slope of — win depletion. Nonidealities can

arise from leakage or parasitic components in the system, contacts, and series
resistance and inductance. When the equivalent resistance parallel to the capacitor is
too small, the signal to noise ratio becomes low due to the large leakage current. The
integration of the capacitance over the voltage gives the amount of charge involved in
the process [Figure 1.10B]. 13
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Figure 1.10 (A) Schematic of MOS®2 [Modified from reference 52] (B) Capacitance and

gate voltage measurements in FET structures®® [Modified from reference 39]
1.4. Time-resolved microwave conductivity

Contactless carrier transport measurements include terahertz (THz) conductivity
measurements and time-solved microwave conductivity (TRMC) measurements where
no electrodes are required and the conductance of photogenerated carriers is probed
with electromagnetic fields at THz or GHz frequencies. In contrast to channel lengths up

to micrometer scales in FETs, THz and TRMC probe the AC mobility and length scales
(O in tens of nanometers, estimated by 0 —1 —,where] isthe

oscillation frequency of the electromagnetic field. AC mobility can be much larger than

DC mobility in NC solids because of fewer hopping steps, ——, in smaller regions.*?

Our group has a home built TRMC spectrometer. An HP 8671B Synthesized CW
generator is used to create microwaves (~9 GHz). A Quantel Ultra Nd:YAG laser is used
to generate 5 ns FWHM, 532 nm laser pulses. The diameter of the laser spot at the

sample is 9 mm. Microwave power is converted to voltage through a Herotek

15



DTM180AA Schottky diode and digitalized on a Keysight DSO-S 054A oscilloscope.

Power is converted by a Schottky diode: 0 ® [ p& pwhen the change is small,
— ——. When measuring photoinduced microwave transients, the detected voltage is

amplified 10x by a HP 462A pulse amplifier.

TRMC measures transient photoconductance (3°Q by probing the interaction of
microwave and photogenerated carriers, 30  ——where 'O ¢ is a correction for

partial illumination of the sample by the 9-mm laser spot and the sensitivity factor K is
obtained through numerical simulations of the microwave cavity loaded with a glass

substrate using CST Microwave Studio. The product of the carrier yield and the sum of

the carrier mobilities %0 ‘is equal to , Where is the aspect ratio of the waveguide,

and ‘O0 s the number of absorbed photons.>*

Real %4¢ tis needed to take the instrumental response time (IRF) into
consideration. The measured spectra are fit to the convolution of "O'Y &0d exponential
functions to extract %o ‘and lifetime, "Y'Q"Q& &4y 3030 An exponentially modified

Gaussian function is adapted to represent instrumental response function, ‘'O'Y "O

—QOmd? — Qi Qéga z —— .5 The temporal profile of the

laser is Gaussian and ,, is found to be 2.144(2) ns [Figure 1.11A]. * and 0 are

found from a fit of the cavity response curve, which can be written as 'Y "Q

a4 'Q & where t p¥Qand 0 — [Figure 1.11B].54%°
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Figure 1.11 (A) Laser pulse (blue) and the fitted curve (orange) (B) Normalized
microwave power reflected from a cavity loaded with a representative sample (blue). The

orange line represents the fitted curve.

1.5. Thesis overview

This thesis investigates elements fundamentally critical to the performance of
optoelectronic and electronic devices built from semiconductor NCs and NWs: a) carrier

statistics, b) carrier transport pathways, and c) impurities.

Chapter 2 introduces a new method to investigate the doping efficiency in the
platform of FETs. PbSe NWs are n-doped with elemental Pb or In or p-doped with
elemental Se by thermal evaporation. Polymeric and oxide materials of varying dielectric
constant (f) are subsequently deposited to control the dielectric environment
surrounding the NWs. The doping efficiency in each case is estimated by analyzing the
FET characteristics and is shown to increase as the ¥ of the surrounding medium
increases. A theoretical model is built to describe the doping efficiency in PbSe NWs
embedded in different dielectric environments, which agrees with our experimental data

for both NW array and single NW devices.

Chapter 3 investigates carrier transport in epitaxially-fused, CdSe NC arrays with

wide necks between neighboring NCs using TRMC and FET measurements. The CdSe
17



NC arrays are prepared by cation exchange reactions using PbSe NC epitaxially-fused
arrays as the starting materials and Cu.Se NC arrays as the intermediates. TRMC
measurements probe carrier transport at nanometer length scales and show a
photoconductance of 0.28 cm? V! st in such epitaxially-fused CdSe NC arrays, the
highest among CdSe NC solids reported with little or no necking. We fabricate field-
effect transistors to study carrier transport at micron length scales and realize a high

electron mobility of 35(3) cm?V-1s? with on-off ratios of 10° after doping.

Chapter 4 studies how residual Pb impurities in cation-exchange obtained CdSe
NC films affect charge transport and thus the device performance including device turn-
on, hysteresis, electrical stability, and the activation energy for carrier transport. The
selection and surface functionalization of the gate oxide layer and low-temperature
atomic-layer deposition encapsulation can suppress these detrimental effects. By
converting the NC thin films layer-upon-layer, impurities are driven away from the gate-

oxide interface and mobilities increase by 10 times.

Chapter 5 presents preliminary results of preparing other epitaxially-fused, metal
chalcogenide NC assemblies and propose future studies. Cation exchange reactions in
PbTe NC solids and replacing Cu* with other cations (Ge?*, Sn?*#*, Ag*, and Zn?*) in
Cu,Se NC solids are explored. We show preliminary results of fabricating epitaxially-
fused NC arrays in honeycomb- and stripe-like structures with the size of ordered
regimes in * m. This chapter also includes the TRMC results of InP and persoskite in a

collaborative project. The last section of Chapter 5 concludes the thesis.

1.6. References

(1) Sze, S. M.; Ng, K.iysics of Semiconductor Devj&s ed.; Wileyinterscience:
Hoboken, N.J, 2007.
18



(@)

3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

CohenTannoudiji, C.; Diu, B.; Laloeaantum Mechanics,olume I Wiley, 1991.

Alivisatos, A. P. Semiconductor Clusters, Nanocrystals, and Quantuns€letse 996
271(5251), 938937. https://doi.org/10.1126/science.271.5251.933.

Boles, M. A,; Ling, D.; Hyeon, T.; Talapin, D. V. The Surface 8tManecrystalsNat
Mater 2016 15(2), 14X153. https://doi.org/10.1038/nmat4526.

Talapin, D. V. PbSe Nanocrystal Solids fanN pChannel Thin Film Fiekeffect
TransistorsScienc005 310, 86¢89. https://doi.org/10.1126/science.1116703.

Leschkies, K. S.; Kang, M. S.; Aydil, E. S.; Norris, D. J. Influence of Atmospheric Gases on
the Electrical Properties of PbSe Quanthot FilmsJ. Phys. Chem.201Q 114(21),
9988;9996. https://doi.org/10.1021/jp101695s.

Oh, S. J.; Berry, N. E.; Chal.J Gaulding, E. A.; Paik, T.; Hondd.SMurray, C. B.;

Kagan, C. R. Stoichiometric Control of Lead Chalcogenide Nanocrystal Solids to Enhance
Their Electronic and Optoelectronic Device PerformaA€eS Nang2013 7 (3), 2413;

2421. https://doi.org/10.1021/nn3057356.

Kim, D. K.; Vemulkar, T. R.; Oh, S. J.; KeK,;Wlurray, C. B.; Kagan, C. R. Ambipolar and
Unipolar PbSe Nanowire Figidfect TransistorsACS Nan@011 5 (4), 323@3236.
https://doi.org/10.1021/nn20348p.

Oh, S. J.; Uswachoke, C.; Zhao, T.; Chdi, Diroll, B. T.; Murray, C. B.; Kagan, C. R.
Selective Pand nDoping of Colloidal PbSe Nanowires To Construct Electronic and
Optoelectronic DeviceACS Nan@015 9 (7), 753&7544.
https://doi.org/10.1021/acsnano.5b02734.

Kagan, C. R.; Lifshitz, E.; Sargent, E. H.; Talapin, D. V. Building Devices from Colloidal
Quantum DotsScienc016 353(6302), aac5523.
https://doi.org/10.1126/science.aac5523.

Murray, C. B.; Kagan, C. R.; BadieM. G. Synthesis and Characterization of
Monodisperse Nanocrystals and Cld3acked Nanocrystal Assembliésinual Review of
Materials Scienc2000, 30(1), 54%610.
https://doi.org/10.1146/annurev.matsci.30.1.545.

Diroll, B. T.; Doahlguyen, V. VT.; Cargnello, M.; Gaulding, E. A.; Kagan, C. R.; Murray, C.
B. XRay Mapping of Nanoparticle Superlattice Thin FIR@&S NAN@014 8 (12),
12843;12850. https://doi.org/10.1021/nn5062832.

19



(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

Whitham, K.; Hanrath, T. Formation of Epitaxially Conmk@Qeantum Dot Solids:
Nucleation and Coherent Phase TransitidrPhys. Chem. Le2017, 8 (12), 26282628.
https://doi.org/10.1021/acs.jpclett.7b00846.

Cargnello, M.; JohnsteReck, A. C.; Diroll, B. T.; Wong, E.; Datta, B.; Damodhar, D-; Doan
Ngwen, V. V. T.; Herzing, A. A.; Kagan, C. R.; Murray, C. B. Substitutional Doping in
Nanocrystal SuperlatticeBlature2015 524 (7566), 45Q453.
https://doi.org/10.1038/nature14872.

Evers, W. H.; Goris, B.; Bals, S.; Casavola, M.; de Graaf, &ij,y&n Bijkstra, M.;
Vanmaekelbergh, D. Leldimensional Semiconductor Superlattices Formed by
Geometric Control over Nanocrystal Attachmeano Lett2013 13(6), 231%2323.
https://doi.org/10.1021/n1303322k.

Paik, T.; Diroll, B. T.; Kagan, CMRirray, C. B. Binary and Ternary Superlattices Self
Assembled from Colloidal Nanodisks and Nanordddm. Chem. S&015 137(20),
6662,6669. https://doi.org/10.1021/jacs.5b03234.

Dong, A.; Chen, J.; Vora, P. M.; Kikkawa, J. M.; MurrayB@aB; Nanocrystal
Superlattice Membranes Sellssembled at the Liquidhir Interface Nature201Q 466
(7305), 474477. https://doi.org/10.1038/nature09188.

Wu, Y.; Li, S.; Gogotsi, N.; Zhao, T.; Fleury, B.; Kagan, C. R.; Murray, C. B.; Baxter, J. B.
Directional Carrier Transfer in Strongly Coupled Binary Nanocrystal Superlattice Films
Formed by Assembly and in Situ Ligand Exchange at adAquidterface.J. Phys. Chem.
C2017,121(8), 414684157. https://doi.org/10.1021/acs.jpcc.6b12327.

Dorg, A.; Ye, X.; Chen, J.; Murray, C. B-Dinwnsional Binary and Ternary Nanocrystal
Superlattices: The Case of Monolayers and Bilajdaso Lett2011, 11 (4), 18041809.
https://doi.org/10.1021/n1200468p.

Oh, S. J.; Wang, Z.; Berry, N. E.; QHdi; Zhao, T.; Gaulding, E. A.; Paik, T.; Lai, Y.;
Murray, C. B.; Kagan, C. R. Engineering Charge Injection and Charge Transport for High
Performance PbSe Nanocrystal Thin Film Devices and CiNanis.Lett2014 14 (11),
621(;6216. https://doi.org/101021/n1502491d.

Cargnello, M,; Diroll, B. T.; Gaulding, E. A.; Murray, C. B. Enhanced Energy Transfer in
QuasiQuaternary Nanocrystal Superlatticéglv. Mater.2014, 26 (15), 24192423.
https://doi.org/10.1002/adma.201304136.

20



(22) Chen, J.; Dond\.; Cai, J.; Ye, X.; Kang, Y.; Kikkawa, J. M.; Murray, C. B. Collective Dipolar
Interactions in SelAssembled Magnetic Binary Nanocrystal Superlattice Membranes.
Nano Lett201Q 10(12), 51085108. https://doi.org/10.1021/n1103568q.

(23) Kagan, C. R.; Murray, C. B. Charge Transport in Strongly Coupled Quantum Dot Solids.
Nature Nanotechnolog2015 10(12), 10181026.
https://doi.org/10.1038/nnano.2015.247.

(24) Dong, A.; Jiao, ;Wiilliron, D. J. Electronically Coupled Nanocrystal Superlattice Films by
SituLigand Exchange at the Ligg#dr Interface ACS Nan@013 7 (12), 1097810984.
https://doi.org/10.1021/nn404566b.

(25) Diroll, B. T.; Ma, X.; Wu, Y.; Murray, C. B. Ampat Cracking of Nanocrystal
SuperlatticesNano Lett2017 17 (10), 650%6506.
https://doi.org/10.1021/acs.nanolett.7b03123.

(26) Wang, Y.; Peng, X.; Abelson, A.; Xiao, P.; Qian, C.; Yu, L.; Ophus, C.; Ercius, P.; Wang, L.
W.; Law, M.; Zheng, H. Dynanideformability of Individual PbSe Nanocrystals during
Superlattice Phase Transitior&ci. Adv2019, 5 (6), eaaw5623.
https://doi.org/10.1126/sciadv.aaw5623.

(27) Cho, KS.; Talapin, D. V.; Gaschler, W.; Murray, C. B. Designing PbSe Nanowires and
Nanoiings through Oriented Attachment of Nanoparticl@sAm. Chem. S&005 127
(19), 714@7147. https://doi.org/10.1021/ja050107s.

(28) Boneschanscher, M. P.; Evers, W. H.; Geuchies, J. J.; Altantzis, T.; Goris, B.; Rabouw, F. T;
Rossum, S. A. P. vanngZad. S. J. van der; Siebbeles, L. D. A.; Tendeloo, G. V.; Swatrt, |.;
Hilhorst, J.; Petukhov, A. V.; Bals, S.; Vanmaekelbergh, DRbhogg Orientation and
Atomic Attachment of Nanocrystals in 2D Honeycomb SuperlatiBmenc®014, 344
(6190), 13721380. https://doi.org/10.1126/science.1252642.

(29) Peters, J. L.; Altantzis, T.; Lobato, I.; Jazi, M. A.; van Overbeek, C.; Bals, S.;
Vanmaekelbergh, D.; Sinai, S. B. Maartd Multilayer Silicendype Honeycomb Lattices
by Oriented Attachment of PbSe Namgstals: Synthesis, Structural Characterization, and
Analysis of the Disorde€hem. Mater2018 30(14), 483%4837.
https://doi.org/10.1021/acs.chemmater.8b02178.

(30) Soligno, G.; Vanmaekelbergh, D. Phase Diagrams of Honeycomb and Square Nanocrystal
SzZLISNI F GGAOSa FTNRY (KS bl y2 ONE Aiilhtérfacg). { dzNF | O S
Chem. Phy2019 151(23), 234702. https://doi.org/10.1063/1.5128122.

21



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

Ondry, J. C.; Philbin, J. P.; Lostica, M.; Rabani, E.; Alivisatos, A. P. Resiliegs Bathwa
Atomic Attachment of Quantum Dot Dimers and Artificial Solids from Faceted CdSe
Quantum Dot Building Block&CS Nang019
https://doi.org/10.1021/acsnano.9b03052.

McCray, A. R. C.; Savitzky, B. H.; Whitham, K.; Hanrath, T.; Kourkou@sjdnt&tional
Disorder in Epitaxially Connected Quantum Dot SoA@S Nan2019 13(10), 1146Q
11468. https://doi.org/10.1021/acsnano.9b04951.

Shabaev, A.; Efros, A. L.; Efros, A. L. Dark and-Bbattuctivity in Ordered Array of
NanocrystalsNano Letter2013 13(11), 54545461.
https://doi.org/10.1021/nl403033f.

Bruna, M.; Chapman, S. J.; Robinson, M. Diffusion of Particles withF&ragée
Interactions.arXiv:1703.09768 [conthat, physics:physic&D17.

Yang, J.; Wise, F. W. Electronic States of-Ba#tdNanosheets he Journal of Physical
Chemistry @015 119(48), 2680926816. https://doi.org/10.1021/acs.jpcc.5b08207.

Liu, Y.; Gibbs, M.; Puthussery, J.; Gaik, S.; lhly, R.; Hillhouse, H. \W.; Dapendence
of Carrier Mobility on Nanocrystal Size and Ligand Length in PbSe Nanocrystal Solids.
Nano Lett201Q 10(5), 196@1969. https://doi.org/10.1021/nl101284k.

Kalesaki, E.; Evers, W. H.; Allan, G.; Vanmaekelbergh, D.; Delerue, Qii&strtroture
of Atomically Coherent Square Semiconductor Superlattices with Dimensionality below
Two.Phys. Rev. 8013 88(11), 115431. https://doi.org/10.1103/PhysRevB.88.115431.

Chen, T.; Reich, K. V.; Kramer, N. J.; Fu, H.; Kortshagen, hilawsks, B. |. Metal
Insulator Transition in Films of Doped Semiconductor NanocrybtatdMater2016 15
(3), 299303. https://doi.org/10.1038/nmat4486.

Choi, JH.; Fafarman, A. T.; Oh, S. J.; Ké&K.PKim, D. K.; Diroll, B. T.; Muramoto, S.;

Gillen, J. G.; Murray, C. B.; Kagan, C. R. Bandlike Transport in Strongly Coupled and Doped
Quantum Dot Solids: A Route to Highrformance Thifrilm ElectronicdNano Lett.

2012 12(5), 263%2638. https://doi.org/10.1021/n1301104z.

Dolzhnikov, D. S.; Zhang, H.; Jang, J.; Son, J. S.; Panthani, M. G.; Shibata, T.;

Chattopadhyay, S.; Talapin, D. V. Composidni OKSR a2f SOdzf  NJ a{ 2t RS
SemiconductorsScence2015 347(6220), 42§428.

https://doi.org/10.1126/science.1260501.

22



(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

Talgorn, E.; Gao, Y.; Aerts, M.; Kunneman, L. T.; Schins, J. M.; Savenije, T. J.; van Huis, M.
A.; van der Zant, H. S. J.; Houtepen, A. J.; Siebbeles, L. D. A. Unity Quddtafm Yie
Photogenerated Charges and Bdil@ Transport in Quanturdot SolidsNature
Nanotechnology011, 6 (11), 738739. https://doi.org/10.1038/nnan0.2011.159.

Lan, X.; Chen, M.; Hudson, M. H.; Kamysbayev, V.; Wang, Y -Sguyaist, P.; Talapin,
D. V. Quantum Dot Solids Showing SfResolved Bantlke TransportNature Materials
2020 19(3), 32%329. https://doi.org/10.1038/s4156819-05822.

Alimoradi Jazi, M.; Janssen, V. A. E. C.; Evers, W. H.; Tadjine, A.; Delerue, C.; Siebbeles, L.
D.A.; van der Zant, H. S. J.; Houtepen, A. J.; Vanmaekelbergh, D. Transport Properties of a
Twao-Dimensional PbSe Square Superstructure in an ElectrGlgted TransistoNano

Lett.2017, 17 (9), 52385243. https://doi.org/10.1021/acs.nanolett.7b01348.

Whitham, K.; Yang, J.; Savitzky, B. H.; Kourkoultis, L. F.; Wise, F.; Hanrath, T. Charge
Transport and Localization in Atomically Coherent Quantum Dot SNkdiste Materials
2016 15(5), 557. https://doi.org/10.1038/nmat4576.

Turk, M. E.; Choi,-Bl.; Oh, S. J.; Fafarman, A. T.; Diroll, B. T.; Murray, C. B.; Kagan, C. R.;
Kikkawa, J. M. Gateduced Carrier Delocalization in Quantum Dot Field Effect
TransistorsNano Lett2014, 14 (10), 59485952. https://doi.org/10.1021/nl5029655.

Mott, N. F. Conduction in Glasses Containing Transition Metal Joasnal of Non
Crystalline Solids968 1 (1), Ic17. https://doi.org/10.1016/00223093(68)90002L.

Efros, A. L.; Shklovskii, B. I. Coulomb Gap and Low Temperature Conductivity of
DisorderedSystemsJ. Phys. C: Solid State PU@s5 8 (4), L4@L51.
https://doi.org/10.1088/00223719/8/4/003.

Saudari, S. R.; Kagan, C. R. Electron and Hole Transport in Ambipolar, Thin Film Pentacene
TransistorsJournal of Applied Physi2815 117 (3),035501.
https://doi.org/10.1063/1.4906145.

Yazdani, N.; Bozyigit, D.; Yarema, O.; Yarema, M.; Wood, V. Hole Mobility in Nanocrystal
Solids as a Function of Constituent Nanocrystal $izhys. Chem. Le2014 5 (20),
3522;3527. https://doi.org/101021/jz5015086.

Zhao, Q.; Zhao, T.; Guo, J.; Chen, W.; Zhang, M.; Kagan, C. R. The Effect of Dielectric
Environment on Doping Efficiency in Colloidal PbSe NanostrucA@&Nang018 12
(2), 13181320. https://doi.org/10.1021/acsnano.7b07602.

23



(59

(52)

(53)

(54)

(55)

Nicollian, E. H.; Brews. MOS (Metal Oxide Semiconductor) Physics and Technology |
Wiley https://www.wiley.com/en
us/MOS+%28Metal+Oxide+Semiconductor%29+Physics+and+Techmology
9780471430797 (accessed Jan 4, 2021).

Stauffer, L.; Instruments, K.faamentals of Semiconductor\CMeasurements. 4.

Evers, W. H.; Schins, J. M.; Aerts, M.; Kulkarni, A.; Capiod, P.; Berthe, M.; Grandidier, B.;
Delerue, C.; van der Zant, H. S. J.; van Overbeek, C.; Peters, J. L.; Vanmaekelbergh, D.;
Siebbeles, L. A. High Charge Mobility in TWwRimensional Percolative Networks of PbSe
Quantum Dots Connected by Atomic Bondature Communication015 6, 8195.
https://doi.org/10.1038/ncomms9195.

Savenije, T. J.; Ferguson, A. J.; Kopidakis, N.; Rumbles, &ingekie Dynamics of
Charge Carriers in Polymer:Fullerene Blends Using PhotoinducedR€snér/ed
Microwave Conductivityd. Phys. Chem.2013 117 (46), 2408§24103.
https://doi.org/10.1021/jp406706u.

Straus, D. B.; Goodwin, E. D.; Gaulding,;Béamoto, S.; Murray, C. B.; Kagan, C. R.
Increased Carrier Mobility and Lifetime in CdSe Quantum Dot Thin Films through Surface
Trap Passivation and Dopiriche Journal of Physical Chemistry Let2&5 6 (22),

4605¢4609. https://doi.org/10.1021/acs.jpclett.5b02251.

24



CHAPTER 2 The Effect of Dielectric Environment on Doping Efficiency in

Colloidal PbSe Nanostructures

This work has been published in ACS Nano by Zhao, Q.,* Zhao, T.,* Guo, J., Chen, W.,
Zhang, M. and Kagan, C. R. fiThe Effect of Di el e
Colloidal PbSe Nanostructures. ACS Nano, 2018,12(2), pp.1313-1 3 2 Bequal

contribution

2.1. Introduction

Colloidal lead chalcogenide nanostructures, including nanocrystals (NCs) and
nanowires (NWs), are promising building blocks for solution-based deposition of high
mobility and narrow bandgap semiconductor devices, such as electronic transistors and
circuits, infrared photodetectors and photovoltaics, and thermoelectrics.'® The design
and operation of such devices require control over the free carrier type and
concentration in assemblies of the nanostructures.® The electron and hole
concentrations in lead chalcogenide NC and NW assemblies have been manipulated
t hrough #r e ma,tbyethe@ddifon of gtonts, ions, or ligands at the surface of
the nanostructures,® 111¢ or from adjacent molecules.!” Although different methods have
been developed to dope lead chalcogenide nanostructures, the doping efficiency is
extremely low, such that only approximately 1% of dopants yield carriers.'1'8 Therefore
high concentrations of dopants have been required to reach high conductances, at the
anticipated expense of increasing carrier scattering, and hence reducing achievable

carrier mobilities.

The low doping efficiency in these nanostructures can be attributed to dopants that

are ineffectively bound,''® and/or consumed by surface redox reactions, unidentified
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traps,© or self-compensation®2%2! and/or effectively bound but not ionized.'® The
concentration of inactive dopants may be increased in nanostructures, compared to their
bulk analogues, as the dopant ionization energy can be enhanced by quantum and/or
dielectric confinement effects.?? 24 For a given size nanostructure, where quantum
confinement effects are fixed, theoretical and experimental studies of silicon hanowires
(SiNWSs) have shown that the ionization energy of dopants increases as the dielectric
mismatch between the NW and its surrounding increases.?>?® Lead chalcogenides have
larger Bohr radii for electrons and holes and a higher dielectric constant than Si,
suggesting that lead chalcogenide nanostructures should experience more significant

dielectric confinement effects that act to increase dopant ionization energies.

Here we study the doping efficiency in PbSe nanostructures and show that by
tailoring the surrounding dielectric environment we can greatly increase doping
efficiency. We choose to probe the doping efficiency of both NW arrays and single NWs
integrated in the device platform of the field effect transistor (FET), as the wires span
device electrodes and thus provide a simplified picture of carrier transport, in comparison
to that for NC arrays, where there are a large number of interfaces created by
intervening ligands at the NC surface in the transport pathway. The NW channel in the
FET platform is also accessible, allowing us to modify the NW doping and dielectric
environment of completed devices. Dopant atoms (Pb, In, Se) are introduced to remotely
dope PbSe NW devices and different dielectric constant polymeric and oxide materials
are deposited to encapsulate the FET devices. We measure the device characteristics to
probe the majority carrier type and concentration in the NWs and to calculate the doping

efficiency and ionization energy of dopants. As the dielectric constant of the surrounding
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medium increases, the doping efficiency increases significantly by 5-10 fold and the

ionization energy approaches 0 eV, consistent with the theoretical prediction.

2.2. Experimental section

Materials: Lead acetate trihydrate is purchased from Fisher Scientific Co., Tri-n-
octylphosphine (TOP, 90%), oleic acid (OA, 90%), diphenyl ether (99%), lead chloride
(PbClz, 99%), amorphous selenium pellets (99.999%), (3-
Mercaptopropyl)trimethoxysilane (MPTS ) (95%), anhydrous isopropyl alcohol,
anhydrous acetonitrile, anhydrous hexane, anhydrous chloroform, and anhydrous
toluene are bought from Aldrich. N-tetradecylphosphonic acid (TDPA, 97%) is purchased

from Strem.

Methods: PbSe NW synthesis. Co |l | oi dal PbSe NWs15 nm in
are synthesized a following established method.?” By using standard Schlenk line
techniques, 0.76 g of lead acetate trihydrate is dissolved in 2 mL of oleic acid and 10 mL
of diphenyl ether at 150 °C for 30 min under nitrogen flow. Then the solution is cooled
down to 60 °C and 4 mL of 0.167 M TOPSeisslowl v added to form
later NW growth. Meanwhile, a solution of 0.2 g of TDPA and 15 mL diphenyl ether is
heated at 255 °C. The seed solution is swiftly injected causing the temperature to drop to
190-210 °C. After 60 s of growth, the reaction is quenched with a water bath. NWs are
precipitated by centrifuging the crude dispersion at 4000 rpm for 5 min inside a

glovebox, washed with hexane, then with chloroform and finally re-dispersed in 5 mL

chloroform.

PbSe NW array FET fabrication. The fabrication of PbSe NW array FETs is

reported previously.?” Briefly, source and drain electrodes (2 nm Cr/18 nm Au) are
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defined by photolithography on top of n* silicon wafers with a 250 nm-thick silicon oxide
layertofom FET channels 10 em in | ength and 150 &em i
treated by MPTS before use. The NW dispersion is further diluted in octane to a

concentration of 100 g/mL and dropped onto the substrate while a dc electric field of 10°

V/cm is applied between source and drain electrodes for ~30 s, creating NW arrays

aligned across the channel. NW array devices are immersed in a 10 mg/mL NH4SCN

solution in acetone for 30 s to carry out ligand exchange.?® The device is rinsed with

acetone and chloroform to remove excess ligands and organics.

PbSe single NW FET fabrication. The fabrication of PbSe single NW FET is
similar to the literature reports.?® Large metal contact pads (5 nm Cr/ 135 nm Au) are
defined by photolithography and thermal evaporation on n*-Si wafers with 250-nm SiO.
The substrate is cleaned and treated by 1% MPTS of toluene. 100 g/mL NW dispersion
in octane is dropcast between the contact pads and the same NH4SCN ligand exchange
process is performed as described above for the array devices. PMMA e-beam resist is
spincast on the sample and the location of single wires within the contact pairs is
recorded by an optical microscope. E-beam lithography is used to define source and
drain electrodes (2 nm Pb/18 nm Au) and are customized for each single NW to connect
them with the pre-patterned, large contact pads. The channel dimensions are designed

as 1 em: 4 egm (W L) .

Doping of PbSe NW FETs. Using NW and NC doping methods previously
developed by our group, we evaporate metal on top of the NWs to tune NW surface
stoichiometry or introduce impurities. 11123% Thermally depositing elemental Pb or In is
used to n-dope NWs and elemental Se to p-dope NWs. The thermal depaosition of In is

followed by a 5-minute annealing at250°C t o facti vateod the dopant
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Dielectric encapsulation of PbSe NW devices. NW Devices are coated by three
different dielectric media. The procedure for encapsulating NW array and single NW
devices is identical. Commercial PMMA (495K, 2% in anisole) and PVDF (10% in
dimethylformamide) is spincast onto devices and annealed at 200 °C for 2 min to
achieve thickness of 180 nm and 2000 nm, respectively. 50-nm HfO. layer is grown by

atomic layer deposition at 200 °C for 3 hours.

Characterization: FET characterization. The cross-section sample is prepared by
focused-ion beam lithography (FIB, FET Strata DB235) and imaged by a high-resolution
SEM (JEOL 7500F). FET measurements are conduct at room temperature with a Karl
Suss PM5 probe station mounted in glovebox or at variable temperature (230 i 320 K)
with a Lakeshore Cryotronics vacuum probe station. Both probe stations are equipped
with model 4156C semiconductor parameter analyzers. Capacitance is measured by an

HP 4276A LCZ meter.

2.3.  N-type and p-type PbSe NW FETs

Figure 2.4 Top-view SEM image of a NW array FET and inset, schematic of the device

geometry.

Highly n-doped, oxidized Si wafers are patterned with Au electrodes to serve as

the gate electrode, gate oxide, and source and drain electrodes of the FET platform. All
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following fabrication steps are carried out inside a nitrogen filled glovebox, unless
otherwise noted. To fabricate PbSe NW array FETs, 15 nm diameter, colloidal PbSe
NWs capped with oleate and tri-n-octylphosphine are synthesized and dispersed in
octane. A drop of the NW dispersion is deposited and the NWs are directed to align
across the 10 um channel of bottom-contact FETs by applying a DC electric field
between the pre-fabricated Au source and drain electrodes, as shown in Figure 2.1.% To
remove the long organic ligands at the surface of as-aligned NWs and better passivate
the NWs and improve their contact to devices electrodes, device substrates are
immersed in a 10% NH.SCN solution in acetone for 30 s.2”-3° NW devices are annealed
at 180 °C for 20-40 s to desorb surface-bound oxygen and water, which are known to act
to p-dope PbSe NWs, 3 following procedures previously developed by our group.?” After
annealing, the SCN-capped NW FETs show ambipolar behavior [black curves in Figure
2.2]. Devices are doped remotely by modifying the NW stoichiometry via thermal
evaporation of Pb (n-type)orSe(p-t ype) on the surface of NWs, f
previous work on lead chalcogenide NCs and NWs.1112:32 We also provide an example
of n-type impurity doping by thermally evaporating In onto the PbSe NWs, consistent
with reports of In serving as a donor in bulk PbSe.®! A film of Pb, In or Se, varying from 3
A to 15 A is evaporated onto the NWs array channel [Figure 2.2 and Figure 2.3]. Pb- and
Se- doped NW devices are used as is, however, In-doped NW devices are annealed at

250°C f or approximately 5 mn to factivateo the
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Figure 2.2 Representative 'O @ characteristics of PbSe NW array FETs doped by
various amount of Pb deposited by thermal evaporation in the saturation regime (w

¢ ™) (A) and in linear regime (w0  T& wv) (B) and by various amount of In in the linear
regime. Inset: Calculated change in carrier concentration as a function of the amount of
thermally-deposited Pb or In. Colors represent 0 A (black), 3 A (red), 6 A (green), 10 A
(blue), and 15 A (cyan) of thermally-deposited Pb or In. In (B), solid lines represent
scans from w LV TWO € v Tand dashed lines are scans from w L TWO €

U TO.

Representative source-drain current gate voltage O w characteristics for
Pb-doped PbSe NW array FETs are shown in the and saturation [Figure 2.2A] and linear
[Figure 2.2B] regimes. All the O « measurements are carried out by sweeping
forward from @ v 6 to U 16 and backward from @ vT6to U T6. Aswe
increase the number of Pb atoms deposited on the channel, the device behavior
changes from ambipolar to increasingly n-type and to eventually heavily n-type.
Correspondingly, the threshold voltage (w ) shifts in the negative direction and the on-

state electron currents first increase and then decrease. From the shifts in the device
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threshold voltage (qw ) of the linear characteristics, we calculate the concentrations of

excess carriers (w § provided by added donors or acceptors as,

(1)

where @ is the volume of the active channel and 6 is the unit capacitance of the
gate oxide. The linear regime characteristics (0  T® 6) are used in calculations to
avoid the non-uniform distribution of charges across the channel at high @ in the
saturation regime. The thin-film model is appliedto findadé ofp d A [ in array
FETs. We note that the NWs do not completely cover the channel area defined by the
source and drain electrodes (i.e., the NWs occupy ~10% of the area, as seen in Figure
2.1), therefore simply treating the NW arrays as thin films may give rise to an
underestimation of w & A comparison between the thin film and cylinder-on-a-plate
models is discussed below. The capacitance and the change of carrier concentration

calculated by thin-film model is,

6 & e I @)

by the cylinder-on-plate is,3*

5 — @ L ©)

where 6 j and 6 f are the gate oxide capacitance by thin-film model and cylinder-on-
plate model, respectively,T j is the dielectric constant of the gate oxide, 0 is the area,

0 is the channel length, 'Y is the radius of NW, and ¢ s the thickness of the gate oxide

layer. To compare the two models, the ratio of 3¢ to 3¢ is calculated, —

I T— — 18t @If NWs sparsely span the channel such that there is no coupling
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between any two of the NWs, as is the case for the single NW FET, the cylinder-on-plate
model is suitable. However, if the channel is entirely filled by NWs with interactions
among them, then the thin-film model is more appropriate. Our NW array FETs are in
between the two cases, as they are not dense films, but they are also not arrays of
isolated NWs. We choose the thin-film model to capture the presence of bundles and
overlap of NWs across the channel. We use this model consistently for NW array FETs
to make comparisons in E £ as a function of doping and as a function of dielectric

environment.

For Pb-doped NW array channels, as the amount of Pb increases upon
evaporation of 3 A to 10 A thick films, the carrier concentration change calculated from
the linear (w d regime characteristics increases fromp m A  too pm A [inset of
Figure 2.2B]. At higher doping levels of 15 A of deposited Pb, w éreachesx p 11 A
and the gate modulation of the current is weak.2 Given thex p 1t A intrinsic carrier
concentration of PbSe NWs with a 0.4 eV bandgap is negligible!? compared to w &

(>p t A ), the free electron concentration (£) is approximately equal to w &

Similar behavior is also observed in In-doped devices [Figure 2.2C]. @ shifts in
the negative direction, consistent with ¢ increasing fromp m A to¢c® pm A as
the amount of In increases upon evaporation of 3 A to 10 A films. We also demonstrate
an example of p-type doping on PbSe NWs by evaporating 10 A of Se. The resulting &
of the 'O w curve shifts positively and the hole concentration increasesby x p Tt

cm [Figure 2.3].
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Figure 2.3."0 w characteristics of PbSe NW array FETs as made (black), doped by

10 A of Se (red), and encapsulated by PMMA (blue) at ¢ ¢ T16.

2.4. Dielectric encapsulation of PbSe NW FETs

We investigate the effect of dielectric environment on the doping efficiency of PbSe
NWs. Doping efficiency is defined as the percentage of ionized impurities, 6 70 or
0O 70 ,where0 or0 isthe concentration of ionized donors or acceptors and 0 or
0 is the concentration of total impurities. Unencapsulated PbSe NW array FETSs are first
doped with Pb, In, or Se and then are coated with either Poly(methyl methacrylate)
(PMMA), Polyvinylidene fluoride (PVDF), or HfO; [Figure 2.4]. 180 nm PMMA or 2 pm
PVDEF is spin-cast on top of the Pb- or In-doped devices and annealed at 200 °C for 2
min to evaporate the solvent. For Se-doped samples, evacuation at -0.1 MPa is used to
remove residual solvent to avoid possible Se loss during annealing. 50 nm HfO3 is
deposited on top of NW array FETSs via atomic layer deposition (ALD) at 200 °C for 3

hours. The relative dielectric constants D for PMMA, PVDF and HfO. insulators are
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found to be 3, 9, and 20, respectively, by fabricating and characterizing their

metal/insulator/metal capacitors [Table 2.1].

Pt(fib)
HfO,

v
NW

Si0,

n*-Si

200 nm

Figure 2.4 Cross-sectional SEM image of a NW array FET encapsulated by HfO; at low

and (inset) high magnification.

Table 2.1. Measured relative dielectric constants at 15 kHz

X PMMA PVDF HfO,
Reference 2. 7Ref104 8.2-10.5Ref 105 20-30Ref-106
Measured 2. 9ITR d 15 PX T

For example, Figure 2.5A shows the 'O w characteristics of unencapsulated,
PbSe NW array FETs before (black) and after (red) n-doping by 3 A of Pb, to yield
& p 1t Al ,asdescribed above. The FET is then coated with PVDF (blue).
Embedding the NW array channel in the highf PVDF matrix increases the source-drain
current and shifts @ to more negative voltages, consistent with an increase in the
accumulated electron concentration at the same gate voltage. As w shifts to more

negative voltages with an increase in NW carrier concentration, the 'O @ curves of the
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covered NW array FETs show lower gate modulation in the scanned voltage range.
Likewise shown in Figure 2.5A and Figure 2.5C, both the PMMA and HfO, coatings
enhance the current and negatively shift the @ , suggesting more electrons are
introduced from the 3 A of Pb deposited. It is worth mentioning that the n-type NW array
device covered with 50 nm of HfO, maintains its 'O @ characteristics after being

exposed to air for 24 hours with only a small change of its performance [Figure 2.5C].

PbSe NW array FETs n-doped by 5 A of In deposited show similar effects of
PMMA [Figure 2.5D], PVDF [Figure 2.5E] and HfO; [Figure 2.5F] encapsulation on the
device characteristics, as described above for Pb doping, leading to an increase in
current and a negative shift of & . PbSe NW array FETs p-doped by evaporation of 10 A
Se, show a positive shift of @ after PMMA coating [Figure 2.3]. The doping efficiency for

both n-and p-type dopants increases for NW arrays embedded in highd media.

PMMA encapsulated PVDF encapsulated HfO, encapsulated
PbSe NW FETs 10° PbSe NW FETs PbSe NW FETs
(A) (B) (o]
10° 10%
10
Pb-doped < < < 107
PbSe NW FETs — 7 = -
10°
10k
10-5 i i i i i i i
60 40 20 0 20 40 60 50 -25 0 25 50 60 40 20 0 20 40 60
Ve(V) V (V) V (V)

(D) (E) (F) /

10° 07

In-doped .
PbSe NW FETs < <0l
107
10°
60 40 20 0 20 40 60 E0 9E N 9B & -60 40 20 0 20 40 60
V) 50 -256 0 25 50 o)
Ve (V) e
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Figure 2.5. Representative O @ characteristics of n-type PbSe NW array FETs as
aligned (black), with 3 A of Pb or with 5 A of In deposited (red), and further covered by
dielectric materials(blue). In (B) and (E), solid lines represent scans from 6

v 16 O1 v 16 and dashed lines represent scans from 6 v 0T v T16.In(C),
pink curves represent HfO,-encapsulated NW FETs after air exposure overnight

(magenta).

We calculate the w &in the n-type NW array devices before and after
encapsulation of the Pb- and In-doped devices by PMMA, PVDF, and HfO, media. ¢ €is
equal to the free electron concentration (¢), as discussed above. The initial doping state
of the NWs varies, as NW synthesis yields Pb-rich unintentionally n-doped NWs, and
trace (<1 ppm) amounts of oxygen in the nitrogen glovebox p-dope the NWs. Therefore,
we collect data from 3 different samples for each type of dopant and encapsulating layer.
For devices doped by 3A of Pb, the average ¢ increases by 3.3, 9.4, and 11 fold with
PMMA, PVDF, and HfO; coating, respectively [Figure 2.6, black]. In-doped devices show
a similar trend [Figure 2.6, purple] as the average ¢ increases by 1.9 fold after PMMA
coating, but saturates at ~8 fold for PVDF and HfO, encapsulation. In the case of Se-
doped p-type devices, the hole concentration increases by 3 fold for NWs embedded in

a PMMA matrix.
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Figure 2.6 Change in carrier concentration « & in the NW arrays created by either 3 A

of Pb (black) or 5 A of In (purple) before (—  p) and after encapsulation by PMMA

(— o),PVDF(— ) and HfO, (— ¢ It, respectively.

2.5. A theoretical model of the dielectric confinement effect in PbSe NWs

In n-type semiconductors, the free electron concentration equals the ionized donor
concentration 0 ,i.e.,&¢ 0 .However, for the same concentration of donors 0
introduced by Pb- or In-deposition, ¢ 0 increases as the dielectric constant of the
surrounding environment increases. In other words, the same amount of thermal energy
can promote more electrons into the conduction band from the same concentration of
donor states, suggesting the ionization energy ‘O for donors decreases when NWs are
encapsulated in a higherq matrix [Figure 2.7A]. The stronger screening effect of charge
in the NWs embedded in a higher-Denvironment results in a weaker Coulomb interaction

between free carriers and ionized impurities [Figure 2.7B]. %
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Theoretically, doping efficiency can be derived from the ionization energy and
density of states.?®% The calculation details are presented below for the theoretical
model we build to describe doping efficiency in terms of the enhanced ionization energy
as a function of environment dielectric constant for PbSe NWs.I n Del er ue 6s
semianalytical effective mass model for self-energy correction, an isotropic effective

mass approximation is used. For <111>-oriented Si nanowires, 3

bsod 2~ g =
s 9 — - T

where s self-energy correction, ¢ is the corresponding wavefunctions for which an

effective mass ansatz is used,| and] are the dielectric constants of the NW and its
surrounding environment respectively, 'O — is a positive numerical function of —

for silicon. The electron effective mass of <111>-oriented Si hanowire is 0.40 mo.
Because O 'O ¢ for a free-standing silicon NW (SiNW), the ionization energy

enhancement of a donor is,

where O 'O “Y'Qire the ionization energies of the impurities in the NWs referenced to

that for bulk Si. The bulk value O "Y'(s used as the referencebecause i n Delerue
work the diameters of SINWs are large enough to neglect quantum confinement effects.

However, 15 nm diameter PbSe NWs are smaller than the 23 nm Bohr radius for

electrons and holes and quantum confinement effects are not negligible. Therefore, in

our studies O is referenced to the ionization energy without dielectric confinement

'O 0 A 3. ki this model, the dispersion of the impurity band is below 0.1 meV and there

is one dopant per supercell.
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The ionization energy enhancement in PbSe NW is derived by modifying eq. 4
for SINWSs to account for the increase in the electron Bohr radius (equivalently the
reduction in the electron effective mass) for PbSe, since an effective mass model is

applied to calculate the electron wavefunction, such that

0O O 0A3A @- - 0—" G 0 A8 7
TN - S 3E. 7

where O O is the difference in the ionization energies of the donor in the NWs with

and without dielectric confinement effects, respectively, & s the effective

electron Bohr radius, | is a scaling factor to capture the broader extension of the

electron Bohr radius of PbSe (w ) relative to that for Si (&0 ). In a 1D system, |

- 45~ 0.3"38 The electron effective mass of the <100>-oriented PbhSe NW is

0.124 mo.%3° The 'O for most of the donors are less than 50 meV.

Using ‘O and the density of states, the probability of ionization (doping efficiency),
and the Fermi level can be estimated at 300 K. A supercell with a length twice larger
than the Bohr radius depusgd tonomeei ofhenedlkioh
In addition, the band structure (and density of states) can be different when the free
electron concentration is above the Mott criterion. Above the Mott criterion, the NW is
metallic and the doping efficiency can be treated as a unity. Here we only calculate the
doping efficiency and Fermi level when the free electron concentration is below the Mott

criterion. The Fermi energy and doping efficiency can be determined from38

40



... . O ©
QO ® ——e P

’F‘QuY
o AoBLT o v

€ ‘N0"Q0 Q0 Q0

N0 —

o

where Np is the concentration of dopants, "QO is the Fermi-Dirac distribution of
electrons, Er is the Fermi energy, Ec is the conduction band edge, g(E) is the one
dimensional density of states. Calculated ionization energy enhancements as a function
of medium dielectric constant are listed in Table 2.2. The ionization energy decreases as
T increases, and approaches a constant value O whenT is higher than 20 (closer
to or higher thanT * ¢ & There is predicted to be a polaron shift of ~10 meV in HfO,-
coated NWs due to the response of the ions in HfO,. ° Ignoring the polaronic effect
introduces a 3-10% error in calculating doping efficiency. Given the relative variations in
the doping efficiency for experimental HfO,-coated NWs are ~20%, the polaronic effect

is not significant enough to be observed.

Table 2.2. Theoretical Prediction of lonization Energy Enhancement

X 1 3 6 9 15 20
% % (eV) 024 | 0.105 | 0.054 0.033 0.012 0.004

To make a clear comparison between our theoretical model and experimental
results, the calculated doping efficiencies for each O (O from 0.01 to 0.07 eV) are
normalized by its value atf ¢ tfFigure 2.7C, yellow]. The experimental € of NW
array FETs before encapsulation and after encapsulation by PMMA and PVDF are
normalized by ¢ for the device covered by HfO,, for each of the 3 devices [Figure 2.7C,

black and green]. Normalization also cancels out variations in  £(or £) from device-to-
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device differences in channel coverage and in the number of unbound dopants
introduced in the fabrication process. As shown in Figure 2.7C, the carrier concentration
increases in both Pb- and In-doped PbSe NWs asT increases, indicating the doping
efficiency is improved by reducing the dielectric mismatch between the NWs and their

surroundings. The experimental results lie in the range of our theoretical prediction.

(A) e | 2>

-y

ED--'.'--'

O 5 10 15 20

Sout/SO

Figure 2.7. (A) Schematics showing the larger ionization energy (O O 'O ) and
therefore lower probability of promoting electrons from the donor state to conduction
band at room temperature (low doping efficiency) in a low (red) dielectric constant
medium in comparison to that for a high (blue) dielectric medium. (B) Coulomb
interactions, depicted by the density of electric field lines, are not as readily screened
between the ionized dopant and free electrons in a low, relative to a highf medium. (C)
Theoretical doping efficiency (yellow) and measured doping efficiency (normalized w § of
Pb (black squares) or In (green circles) in PbSe NWs as a function of the dielectric
constant of the surrounding medium. From bright yellow to light yellow, the O used in
theoretical calculation change from 0.01 to 0.07 eV.
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2.6. The effects of dielectric coatings on mobility, interface trap density, and

doptant ioniziation energy

The study of doping efficiency in NW arrays is instructive for device engineering and
the bottom-contact device geometry allows us to explore dielectric confinement effects
on different dopants in PbSe nanostructures. However, the number and orientation of
NWs that span the channel cannot be precisely controlled or counted. Therefore, we
fabricate and measure single PbSe NW FETs with Pb as the dopant to gain a more on
carrier concentration and transport. A dilute NW dispersion is drop cast on heavily n-
doped, oxidized Si wafers, with the same thickness as array FETS, and e-beam
lithography is used to write electrodes to the ends of the NWs. Different from the bottom
contacts used in array FETs, 2 nm of Pb along with 18 nm of Au is evaporated onto the
e-beam defined electrodes to form source and drain top contacts. Here the layer of Pb at
the contact area is introduced to compensate for unintentional oxygen p-doping that is
inevitable during the e-beam lithography process, and yield devices displaying ambipolar
behavior [Figure 2.8A, black line]. SEM images are taken to confirm single NW channel

FETSs [Figure 2.8A, inset].

We deposit Pb on the single NW channel. O ® characteristics at @ ¢ 6 in the
linear regime are collected for PbSe ingle NW FETSs as a function of the amount of
thermally-deposited, elemental Pb [Figure 2.8A]. Unsurprisingly, the evolution of 'O
@ characteristics observed for single NW FETSs is similar to that for NW array FETs. The
'O w characteristic of the single NW FET doped by 1 A of elemental Pb is still
ambipolar, but with a more negative & . The characteristics become increasingly n-type

with @ monotonically shifting to negative voltages as more than 2 A of elemental Pb is
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added. The cylinder-on-a-plate model, rather than thin-film model, is applied to find the

gate capacitance when deriving w ¢ as discussed in Section 2.3.
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Figure 2.8. (A) Representative 'O w characteristics of a single PbSe NW FET as
made (black) and with 1 A (red), 2 A (green), and 3 A (blue) of evaporated Pb. (B)
Representative 'O w characteristics of a single PbSe NW FET as made (black), with 5
A of Pb (red), and PVDF encapsulation (blue). Inset: normalized doping efficiency and
electron concentration change calculated based on theoretical model (dash line) and

single PbSe NW FET data (dots).

Pb-doped single NW FETSs are then coated by PMMA, PVDF, and HfO, and
tested similarly as the array devices described above. Figure 2.8B shows representative
‘O w characteristics of a PbSe single NW FET as made (black), doped by 5 A of Pb

(red) and covered by PVDF (blue). The high4 surrounding PVDF increases the on-state
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electron currents and shifts the @ negatively, consistent with the trends exhibited by the
NW array examples. As shown in Figure 2.9, PMMA and HfO. coating both enhance the
current and negatively shift the @ , yielding more electrons in the channel. Based on eq.
1 and 2, the ¢ introduced upon doping with Pb and coating with PMMA are

¢& pmAi ande pm A |, doping with Pb and coating with PVDF are

¢® pmAIl andp® p 1 Al ,anddoping with Pb and coating with HfO, are

o pmA andp& pm Al .Akinto the behavior of array devices, in increasingly
highd¥ media, the number of electrons generated by a given amount of Pb increases and
gradually saturates, suggesting the O in single NWs approaches O [Figure 2.8B inset].
When ¢ of single NW FETSs in different dielectric surroundings are normalized by the & of
the HfO,-covered FET, they match well with the normalized theoretical doping efficiency
for O of 0.03 eV. Considering the closed-packed structure of Pb, thermally-deposited, 5
A films of Pb introduce 1§ p 1 0 AA O T #A © to the NW. Therefore, on average, the
doping efficiency of Pb is 6% in uncoated single NWs, 13% in PMMA-coated single
NWs, 23% in PVDF-coated single NWs and 25% in HfO,-coated single NWs,
respectively. While the doping efficiency of the NWs increases in high§ environments, it
is well-below 100% as would be expected for the low ionization energy. We attribute the

loss in doping efficiency to ineffectively bound Pb atoms as discussed above.

Figure 2.9 shows the device characteristics of 9 individual Pb-doped single NW
FETs before and after encapsulation by different dielectric media. After coating the NW
channel with dielectric layers, the device hysteresis is reduced, while the current on-off
ratio is improved. More specifically, for PMMA-covered FETSs, the on-currents only
slightly increase, but off-currents dropped from ~10° A to ~107 A. We also extract

electron mobilities from the slope of 'O @ curves in the high gate voltage region to
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minimize contact resistance effects. For the set of samples we measure, electron
mobilities of single PbSe NW FETs after being coated by PMMA and PVDF mostly
decrease, while the mobility for all FETs encapsulated by HfO- increases. However, the
variation in mobilities among individual single NW samples [Figure 2.10], as well as in

NW array devices, is too large and we are unable to draw a conclusion regarding the

effect of dielectric media on carrier mobilities in the PbSe NW devices.
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Figure 2.9."0  characteristics of individual PbSe single NW FETs as made (black),

doped by 3 A of Pb (red), and embedded in (A)-(C) PMMA, (D)-(F) PVDF, and (G) i (I)

HfO: (blue).
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Figure 2.10. (A) Electron mobility extracted from PbSe single NW FETs in Figure S4 as
made (black), with 3 A of Pb (red), and embedded in left: PMMA, middle: PVDF, right:
HfO, (blue). (B) Mobility enhancement of samples in (a) after doped by Pb (red) and

encapsulated by the corresponding dielectric matrix (blue).

From the subthreshold slopes of the 'O & characteristics in Figure 2.9, we also
calculate the interface trap density of single NW FET devices with different dielectric

environments to exclude any effects of surface traps on calculated doping
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concentrations. The subthreshold slope “Y

is related to the interface trap

density by,

Y iprp —0 (10)

where the 6 is the gate oxide capacitance and 0 is the trap density per area per

unit energy. As the NW is only 15-nm thick and fully depleted, "Ymeasures all the traps

at the NW surface, not only at the gate-NW interface. The calculated trap densities
—hwhere d is the NW diameter) are listed in Table 2.3. Within the error of the
measurement, there is no significant change in trap density upon encapsulating the NW

devices in polymer or HfO, matrices.

Table 2.3. Trap Densities in PbSe NWs

cm3Vv1 PMMA PVDF HfO,
Before encapsulation @ ¢ pTt t p pm X ¢ pTt
After encapsulation X T pT t ¢ pm T ¢ pT

The relative air-stability of HfO,-coated n-type NW devices provides us with a
platform to quantitatively study the ionization energy of Pb in PbSe NWs and investigate
the electron barrier at the metal-NW contact. Representative temperature-dependent
'O w characteristics between 230 and 320 K for Pb-doped-single NW FETs with HfO,

encapsulation are shown in Figure 2.11A. The Schottky barrier for electrons at the
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metal-NW contact is extracted from temperature-dependent O & characteristics as

0.196 eV [Figure 2.11B], using the thermionic emission equation:=8

0 YA QDD (11)

Whered’i' s the effective ®iich aBrod staznmbasn Bedontlsetoanrstt ,a n t

8
SB height, and Ois the electric field at metal semiconductor interface. ———

describes the image-force lowering effect and is proportional to & T
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Figure 2.11 (A) 'O @ characteristics of a HfO,-covered, 5 A Pb-doped single NW FET

atw ¢ 6 attemperatures from 230 Kto 320 K. (B) 1 TO  p m i#"Mplots at different
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¢ and the electron barrier at metal-semiconductor interface as a function of ¢ * . %o

8

represents . The extrapolation of the inset plot gives the SB height (0.196

eV). (C) Calculated free electron concentration (black symbols) as a function of

temperature (T) and (red line) fitto 1 1& versus T.

As the barrier height is about half of the bandgap energy of PbSe NW despite its
n-type doping, it suggests the Fermi level at the NW/metal contact interface is largely
pinned, consistent wi t h®Thaelectrgnrconuept@tons@tr evi ous r
various temperatures are extracted from w and plotted in Figure 2.11C. The electron
concentration (€) is exponentially proportional to the ionization energy of donors (O) and

temperature (T) according to the following relation:2>38

0 QMmH — (12)

Thus, the ionization energy of Pb atoms in HfO.-covered PbSe NWs is extracted by
fitting In(n) against 1/T and found to be T8t 1 1@t PA 6consistent with our theoretical
calculation results [Table 2.2]. The 'O @ characteristics of two more HfO,-covered
single PbSe NW devices are measured between 80 K and 300 K and give O of ¢ 1

ol A gFigure 2.12A]and o 1t p 1t A @espectively, which are slightly smaller values
than the measured O (1 1t p 1t A 6for temperatures between 230-320 K. As shown in
Figure 2.12B, the temperature dependence of the carrier concentration is different
between the higher and the lower temperature ranges. Given the positive temperature-
dependent coefficient of the bandgap for lead chalcogenides (i.e., the bandgap is

smaller at lower temperatures) and the dominance of the Schottky barrier at lower
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temperatures (as evidenced by the dramatic shift in Vt and lower currents) the lower and
change in ‘O found including a lower temperature range is not surprising. We
hypothesize that this slightly smaller O is due to the temperature-dependent band
structure of PbSe NWs and the dominance of the Schottky barrier at lower temperatures.
Nevertheless, we observe a shallow ionization energy of Pb for HfO>-coated NWs, which
can be attributed to the considerable reduction in dielectric mismatch. Given the
ionization energy of impurities in bulk lead chalcogenides is less than 0.01 eV,*
guantum confinement effects are anticipated to cause a further increase in ‘O of around

30 meV in our 15 nm-diameter NW system.
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Figure 2.12. (A) O & characteristics of a HfO,-covered, 5 A Pb-doped single NW FET
at w ¢ w at temperatures between 80 K to 300 K. (B) Calculated free electron
concentration (black symbols) as a function of temperature (T) and fits to In(n) versus T
over a lower T range (801 240 K, purple), a higher T range (155 -300 K, pink), and over
the whole range (80-300 K, dashed grey line). The ‘O calculated from fitted slopes are
labeled with corresponding colors. The errors in the electron concentration and O are

from fitting.
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2.7. Conclusion and perspectives

This study showcases a strategy to study the ionization energy and efficiency of
doping fundamentally and provides a simple approach technologically to enhance
doping efficiency in nanostructures. We find both experimentally and theoretically that as
the dielectric constant of the surrounding medium increases, the proportion of ionized

dopants in PbSe NWs increases, both for n-type (Pb/In) and p-type (Se) dopants, which

agrees with Lawbs observation of a hAL®her

coating of PbSe NC solids.*> More generally, the dielectric environment influences
excitonic**'4¢ and impurity states in other low dimensional materials, such as zero-
dimensional Si nanocrystals?® and two-dimensional graphene.?* Engineering the
dielectric environment of low-dimensional materials integrated in the platform of the FET,
as shown here, may provide a route to study dielectric confinement effects on the
electronic properties in a broader range of low dimensional material systems, such as
nanocrystals, 2D perovskites and 2D semiconducting transition-metal

dichalcogenides.*4®
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CHAPTER 3 Enhanced Carrier Transport in Strongly-coupled, Epitaxially-fused
CdSe Nanocrystal Solids
This work has been prepared icarriememspogior i pt, ent
strongly-coupled, epitaxially-f used CdSe nanocrystal solidsodo by
Guillaume Gouget, Jiacen Guo, Shengsong Yang, Tianshuo Zhao, Daniel B. Straus,

Chengyang Qian, Nuri Oh, Han Wang, Christopher B. Murray, Cherie R. Kagan.
3.1. Introduction

Colloidal nanocrystals (NCs) are promising solution-processable materials for
electronic and optoelectronic devices.! High carrier mobility arising from strong coupling
between NCs is essential to numerous applications such as high-speed circuits, high-
bandwidth photodetectors, and high-efficiency photovoltaic devices.?? Electronic coupling
is enhanced exponentially as the distance between NCs is reduced* and is strongest for
the direct fusion of NCs. The strength of interdot coupling and thus carrier transport
depend on the degree of fusion including the width,>® number,”® and atomic perfection®!
of necking formed between adjacent NCs. For example, missing necks are one of the
barriers preventing carrier delocalization in two-dimensional PbSe NC superlattices where
terahertz mobilities probing distances of 30-40 nm exceed 100 cm? V!s?, but carrier
transport at longer length scales of 500 nm i 200 um, typical in devices such as diodes
and field-effect transistors (FETS), remains less extraordinary.”"%'2 Post-assembly
treatments like successive ionic layer absorption and reaction (SILAR) have been applied
to increase neck width and film conductance.® However, films after SILAR treatments are
highly conductive and exhibit no gate modulation, likely due to over-doping. Loss of gate
modulation prevents extensive applications of these materials as semiconductors in

devices. It is important to fundamentally understand the impact of neck formation to
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achieve high mobility carrier transport and provide guidance in engineering NC materials

for electronic and optoelectronic devices.

Compared to lead chalcogenides, which possess narrow bandgaps and thus
undesirably high off currents in device measurements, CdSe has a larger bandgap and
can offer a high current modulation ('O 7O ) for studies of charge transport and
ultimately for application in electronics and optoelectronics. Here we take advantage of
easily realized, epitaxially-fused structures in PbSe NC thin films and develop a two-step
cation exchange (CE) method to create Cu,Se thin-film intermediates to ultimately form
zinc blende, epitaxially-fused CdSe NC films [Scheme 3.1]. The epitaxial necking
considerably improves electronic communication and contributes to enhanced transient
photoconductivity in the connected CdSe NC films by 10-200 fold compared to those
reported in the literature for CdSe NC films with little or no measurable necking between
NCs.420 A thin layer of Al,Og3 is deposited by atomic layer deposition (ALD) to infiltrate
the connected NC films and prevent the formation of a polycrystalline thin film during
subsequent annealing at 200 °C. ALD encapsulation further increases the transient
photoconductivity to 1.71 cm? V1 st and the diffusion length O for electrons to ~760 nm.
We then use the platform of field-effect transistors (FETS) to study carrier transport at
longer length scales of 100-2 4 0 ¢ m. T h efusedpALD-eagpedaFETSs gxhibit on-

off ratios of 10° and electron mobilities of 35(3) cm?V1s? after doping.

PbSe Cu,Se Cu,,Se

:[Cu(CH CN)4]PF6 NaZSe -
80 °C ' .

Gate Oxide | Gate Oxide | Gate Oxide

Scheme 3.1. Cation exchange method
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3.2. Experimental section

Materials: 1-octadecene (90%), oleic acid (90%), lead oxide (99.999%), trioctylphosphine
(TOP, 90%), selenium pellets (99.999%), diphenylphosphine (98%), (3-mercaptopropyl)
trimethoxysilane (MPTS, 95%), 1l-mercaptoundecyltrimethoxysilane (MDPA, 95%),
anhydrous iso-propanol (IPA), chloroform, hexane, methanol, toluene, dimethylformamide

and acetonitrile are purchased from Sigma-Aldrich.

Substrate preparations: When using MDPA to form a self-assembly monolayer, substrates
are immersed in 3 mM MDPA solutions in anhydrous IPA overnight inside glovebox after
30-min UV-ozone treatments. Then the substrates are rinsed with IPA 3 times, sonicated
in ethanol for 5 min, blown dry with N>, and then baked at 140 °C for 2 min inside a N»-

filled glovebox.

Cation exchange reactions: PbSe NCs with diameters from 5.5-7.5 nm are synthesized at
various conditions following reported recipes.?* Cation exchange reactions are performed
in an Nz-filled glovebox. In the first step, PbSe NC films with a thickness of 5-20 nm are
obtained by spin-coating 5-20 mg mL* PbSe NC dispersions in toluene at 800 rpm for 20
s and 2000 rpm for 5 s. The films are then treated by 10 mg mL* NH,SCN solutions in
methanol for 60 s and rinsed with methanol 3 times to replace oleate ligands. In the second
step, PbSe NC films are then soaked at 80 °C in cation reaction solutions of 0.03 mg mL"
1 [Cu(CHsCN)4]PFe in DMF with 1 %v/v methanol. Then films are rinsed three times with
acetonitrile and blown dry by N.. In the third step, the Cu,Se thin films are treated with 1M
Na,Se solutions in methanol for 10 min to make nonstoichiometric Cu,xSe thin films,
followed by three times rinsing with methanol and by blowing dry with N». In the fourth

step, Cu.xSe NC films are then soaked in a mixture of toluene, TOP, and methanol with
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50-100 eq. of Cdl; at 80 °C overnight. CdSe NC films are then rinsed by methanol three

times and blown dry by Na.

Characterizations: Room temperature FET measurements are conducted with a Karl
Suss PM5 probe station mounted in glovebox, equipped with an Agilent model 4156C
semiconductor parameter analyzer. Transistor and time-resolved microwave conductivity
(TRMC) measurements are performed on NCs with a diameter of 6 nm in N»-filled
environments. TEM images are taken by a JEOL F200 scanning/transmission electron

microscopy equipped with a cold field emission source operating at 200 kV.

Details of TRMC measurements: OQur gr o u p 6 supiddR MxDatesl e t
version of the one reported in previous work.?? In the current setup, an HP 8671B
Synthesized CW generator is used to generate X-band (~9 GHz) microwaves. The

microwave signal is converted to voltage by a Herotek DTM180AA Schottky diode and

then digitalized on a Keysight DSO-S 054A oscilloscope. The conversion follows —

¢ —h¢ p& pwhen the change of voltage is small. The detected voltage is amplified by
a CLC100 amplifier and a HP 462A pulse amplifier. A Quantel Ultra Nd:YAG laser is
used to generate ~5 ns, 532nm laser pulses, which are then focused through an
aperture into the resonant cavity. The expanded laser spot at samples has a diameter of

9 mm. To prevent oxidation, samples are loaded into the resonant cavity in the nitrogen-
filled glovebox. The change in conductance 3'Oequals to —, where the sensitivity
factor K is -34000(1000) and the correction factor "Ois 2 for the illuminating spot of 9 mm

in diameter. Quantum yield-mobility product can be calculated from the change of

conductance,

1% 3OF {00
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where the aspect ratio of the wave guide! is T®J¥T@&, ‘00 is absorbed photons per pulse
per area. "O is measured by an integrating sphere. The experimental signal is a
convolution of an instrumental response function (‘OY)"@&nd exponential decays,

"Y'Q'QE @Y 303°0%

OYO—Qumdz = 0 o Qi "9§r2 Z ® 0
T T T pg p T »

where ,, is 2.144(2) ns for the Gaussian beams and the cavity response time 1 is 18-

19 ns in this work.

3.3.  Sequential cation exchange in epitaxially-fused NC solids

3.3.1 TEM characterization of PbSe, Cu,Se, and CdSe epitaxially-fused NC solids

Oleic acid capped, PbSe NC dispersions, tailored in diameter from 5.5 nm to 7.8
nm, are deposited via spin-coating to form thin films and subsequently treated by
NH4SCN ligand exchange to realize epitaxially-fused NC structures.?* Quasi-square
packing of the PbSe NCs with predominate fusion along the <100> atomic lattice is
confirmed by high-resolution transmission electron microscopy (HRTEM) lattice imaging
and fast Fourier transforms (FFTs) of the lattice orientation [Figure 3.1A]. In assemblies
of Pb- and Cd-chalcogenide NCs, {100} attachment is more favorable to achieve strong
electronic coupling than other attachment orientations considering the higher proportion
of defect-free necks?*2?® and theoretically stronger wavefunction overlap.?® The angles of
intersection between spots in the FFTs [insets of Figure 3.1A, D] show the angle

between the <100> and <010> NC lattice slightly deviates from 90°.2
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Figure 3.5. (A)-(C) High resolution and (D)-(F) low-resolution TEM images of a PbSe NC
(black, (A) and (D)), a Cu.Se NC (green, (B) and (E)), and a CdSe NC (red, (C) and (F))
film. Schematics in (A)-(C) show epitaxially connected NCs along <100> atomic lattices
with a diameter Qand a necking width & Insets in (A)-(C) show corresponding FFT of the
atomic lattice images with representative high-resolution reflections labeled. Insets in (D)-
(F) show FFT of NC lattices imaged in highlighted regions (red ellipses). Scale bars are

(A)-(C) 2 nm and (D)-(F) 100 nm.

Out-of-plane misalignment due to orientational mismatch is observed and leads
to narrower necks, as shown in Figure 3.2 where a {100} facet contacts a {110} facet.?*
{100} facets can fuse with adjacent {100} facets, rotating n/4 “ along the symmetric axis
through atomic matching. In most cases, n is even and the orthogonal facet in plane is a
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{100} facet, for instance the connection between NC a with NC b or NC ¢ Figure 3.2.
When n is odd, the orthogonal facet in plane is {110} instead of {100}, for example the
connection between NC b and NC d, and orientational mismatch and a narrower neck is

observed.

Figure 3.2. High resolution TEM of four connected PbSe NCs, fast Fourier transform
(FFT) patterns of the assembly (up) and of each NC (sides) with lattice fringes labeled.
On the right FFTs, common (020) orientation of NC b and NC d is highlighted with dashed

circles.

Table 3.1. PbSe NC diameter and neck widths reported in the literature

Diameter (nm) | Neck width (nm) | I/d
573 25 0.44
7.8% 3.5 0.45
6.2%3 3.1 0.50
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Consistent with literature values [Table 3.1],1328130 the average necking width to
NC diameter ratio fQis 0.49(7) [histograms in Figure 3.3A] and shows little dependence

on the size of the NCs for diameters ranging from 5.5 nm to 7.8 nm [Figure 3.3B, C].
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Figure 3.3. Histograms of IQin PbSe NC films with diameters from 5.5 nm to 7.8 nm (A),
a diameter of 7 nm (B), and 5.5 nm (C). The bin is 0.05, approximately equal to half of the
ratio between lattice constant and diameter. (D) HRTEM images of epitaxially connected

PbSe NC films with a diameter of 5.5 nm.

64



Lateral grains are observed within which NCs are aligned like in superlattices
[Figure 3.1D].*? The size of epitaxially-connected, ordered NC grain is measured on
Image J. The number of particles per grain is obtained by calculating the ratio between
grain surface area and the surface area of the crystal motif. The histograms are shown
in Figure 3.4. Grain sizes are averaged on at least 50 grains. On average, there are
0 T T ¢ T particles per grain in PbSe NC films. 98% of lateral grains contain 100 NCs or
more, 10 times smaller than that for PbSe NC superlattices assembled at the liquid-air

interface, but the corresponding domain size is over 50 nm and is thus larger than

reported coherence lengths in such superlattices.”?°
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Figure 3.4 Histograms of the number of particles per grain in PbSe NC films

To avoid high reaction temperatures exceeding 170 °C*¥3® as required in direct
Pb?*-to-Cd?* exchange which can degrade connected films, Cu.Se nanocrystals (NCs)
with a binding energy between PbSe and CdSe are sought as intermediates to lower the

thermodynamic barrier (PbSe: 302.9 kJ/mol, Cu,Se: 255.2 kJ/mol, CdSe: 127.6 kJ/mol)
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to CE. PbSe NC films are soaked in solutions of 0.03 mg mL™? [Cu(CH3zCN)4]PFs in
dimethylformamide (DMF) with 1 %v/v methanol at 80 C. Methanol binds more strongly
to the binary cation Pb?" and thus promotes the replacement. The solvent DMF is
chosen for its high polarity and its boiling point which exceeds the CE temperature. In
comparison, film delamination is observed when using toluene or oleylamine as the
solvent and CE is extremely slow in octadecene because of the low Cu-precursor
solubility in nonpolar solvents. The Cu-precursor concentration of 0.03 mg mL? is
optimized to yield the best film quality, with minimal film delamination and no observation
of precipitated copper. The Se lattices, the neck width, and the assembly structure

remain unchanged after CE to form the Cu>Se NC intermediates [Figure 3.1B, E and

Figure 3.5A].
Cu,Se
(A) 0.4, (B) 0.4,
X0.3- =0.3
5 5
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3 =
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o o
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Figure 3.5. Histograms of the ratio between neck width and NC diameter &fQin Cu,Se
(A), and CdSe (B) NC films. The bin is 0.05, approximately equal to half of the ratio

between lattice constant and diameter.
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Next, Cu*-to-Cd?* reactions are adapted from literature methods for 6"Q ©

0'Q . TOP is necessary to bind Cu* and facilitate CE, but can strip surface Se atoms.*’
To offset the loss of Se, Cu.Se NC films are treated by Na.Se before the second CE.
Non-stoichiometric Cu.xSe NCs are confirmed by energy-dispersive X-ray spectroscopy
(EDX). CuzxSe NC films are then soaked in a mixture of toluene, TOP, and methanol
with 50 to 100 eq. of Cdl; at 80 °C overnight. The quasi-square connected structure is
well preserved [Figure 3.1B, F] throughout the CE method. The neck GfQgrows from
~0.5 to 0.71(8), further improving connectivity between NCs. The increased neck width is
likely attributed to the methanolic Na,Se treatments of Cu.Se NC films. Chalcogenide
treatments alone have been shown to facilitate fusion.®® In addition to CE, treatment in

Se? and Cd?* solutions completes one SILAR cycle.'?

Figure 3.6A shows that there are p @ W w ¢particles pergrainandp ¢ p @ x
particles per grain in CdSe NC films, giving average grain sizes larger than 50 nm for
NCs with 6 nm in diameter. Figure 3.6B gives an example of CdSe NC films where
multiple grains can be seen in TEM images. Note that film delamination is more severe
on TEM grids, which causes material loss and a reduction in the number of NCs in the
grains. The glass substrates and SiO./Si wafers used for carrier transport measurements
are treated with self-assemble molecules as adhesives and thus no film delamination is

observed.
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Figure 3.6. (A) Histograms of the number of particles per grain. (B) Low-resolution TEM
images of CdSe NC films and corresponding FFT patterns highlighting random orientation

of the grains.

3.3.2 Absorption and X-ray diffraction measurements of PbSe, Cu.Se, and CdSe NC

films

The first exciton peak of PbSe NC films broadens and redshifts after fusing but is
still confined as PbSe has a large Bohr radius [Figure 3.7A, black and blue curves].
Green curves in Figure 3.7A show the broadband infrared optical absorption of Cu.Se
NC films after Na,Se treatments indicative of the Cu deficiency and high p-doping.3® The
absorption spectrum of CdSe NC films has one broad shoulder at ~670 nm, approaching
the bulk CdSe band edge, indicating excitons are at best weakly confined in such

epitaxially-fused CdSe NC films [Figure 3.7A, red curves].
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X-ray diffraction (XRD) measurements are performed on drop cast samples with
a film thickness of ~ 100 nm to obtain a sufficient signal-to-noise ratio and plotted in
Figure 3.7B. Peak positions and lattice constants are labeled in Table 3.2. As shown by
XRD, the crystal structure is rock-salt for PbSe NCs, berzelianite for Cu,Se NCs, and

zinc-blende for CdSe NCs is rock-salt.
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Figure 3.7. (A) Absorption spectra of a PbSe NC film before (blue) and after (black)
NH4SCN treatment, a CuzxSe NC film (green), and a CdSe NC film (red) across broad
and narrow spectral ranges to highlight excitonic and band edge features. (B) XRD of

PbSe, Cu,Se and CdSe NC films. *Si



Table 3.2. Peak positions of {111} facets and corresponding lattice constants

Sample | P | e ld) |+ 4 A)
PbSe | 25.14 6.13 6.121

CuxSe | 27.08 | 5.70 5.694

CdSe | 25.42 | 6.06 6.077
ICSD: Inorganic Crystal Structure Database. Cif file collection codes 63097 (PbSe),

41140 (Cu,Se) and 41528 (CdSe).

3.4. Partial cation exchange of PbSe NC films

10 20 30
NC film thickness (nm)

Figure 3.8. HRTEM images of NCs after 30 s (A)-(C) and 60 s (D) of the Pb?*-to-Cu’*
cation exchange reaction. Scale bars in (B)-(D) are 2 nm. (E) Percentage of residual Pb
atoms in Cu.Se NC films with different film thickness after CE at 80 °C for 4 h (dark grey)

and 12 h (light grey).
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As a nature of solid-state CE, reaction kinetics rely on film thickness. We monitor
the progress of Pb?*-to-Cu* CE over time for both monolayers and multiple layers of
NCs. The amount of Pb in selected areas is measured by EDX analysis in the TEM for
NC monolayers. In a monolayer of NCs after 30 s CE, lattice fringes of the parent PbSe
NCs are still observed and are unevenly distributed in the film, in contrast to
homogenous products found in solution CE [Figure 3.8A]. As indicated by TEM images
of partially exchanged particles [Figure 3.8B, C], the two phases, PbSe and Cu,Se, are
immiscible and the replacement of Pb?* by Cu* starts from more than one site,
otherwise, alloy or Janus structures would form.*® After 60 s CE at 80 °C, HRTEM shows
the entire NC has the crystal structure of Cu,Se [Figure 3.8D] and the amount of residual
Pb in the NCs falls to the level of background noise. In NC multiple layers, EDX in the
SEM instrument is used to qualitatively compare the amount of Pb and the elemental
composition is determined by inductively coupled plasma - optical emission spectrometry
(ICP-OES) after digestion. The reaction is slowed as film thickness increases [ICP
results in Figure 3.8E]. The amount of Pb quickly drops in the first 2 h of the Cu™ CE
reaction, but then slowly plateaus in the next 4 hours as the concentration of Cu*
precursor drops to levels too low to continue to drive the reaction [EDX results in Figure
3.9]. The Pb to Cu ratio is obtained by ICP-OES and is 0.054 for a 10-nm-thick film,
0.081 for a 20-nm-thick film, and 0.139 for a 30-nm-thick film after 4 h CE. Adding 1%v/v
of 3 mg mL* [Cu(CHsCN).4]PFg in methanol can further push the equilibrium forward and
reduce the Pb to Cu ratio. The Pb to Cu ratio is 0.021 for a 10-nm-thick film and plateaus
to ~0.057 for thicker films after 12 h CE. In transport studies, we spin coat 20-nm-thick
films with 6 nm PbSe NC in diameter and run Pb?*-to-Cu* CE for 12 h. Then following
procedures mentioned above, CE-obtained CdSe NC films have negligible Cu, <3% Pb,

and Cd to Se ratio is 1.26, confirmed by ICP-OES and EDX.
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Figure 3.9. The amount of Pb measured by energy-dispersive X-ray spectroscopy in a

20-nm-thick NC film as a function of time.

3.5.  TRMC measurements of charge carrier transport in CE-obtained CdSe NC

films

O® g oy
cmem et o

L4~760 nm

: -2
C\I> 10 Ly~370nm

0 500 1000 1500
t (ns)

Figure 3.10. (A) TRMC transients of CdSe NC films after CE (black solid line), ALD-
capped NC films after 200 °C annealing for 10 min (blue solid line), and NC films after
300 °C annealing for 10 min (red solid line) and then after ALD encapsulation (red
dashed line). (B) TEM of a 300 °C annealed film. The scale bar is 20 nm. (C) TEM of an

ALD-capped NC film after 200 °C annealing for 10 min. The scale bar is 10 nm.
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The time-resolved microwave conductivity (TRMC) technique? is applied to
probe carrier transport locally (100-500 nm) and the photoexcited carrier lifetime in
epitaxially-fused CdSe NC films. Representative photoconductance transients are

plotted in Figure 3.10A. The product of the carrier yield and the sum of the carrier

mobilities %o ‘is equal to , Where o "@s the change in film conductivity,T is the

aspect ratio of the waveguide, and ‘00 is the number of absorbed photons. The
measured spectra are fit to the convolution of the instrumental response function and an

exponential decay to extract %o ‘and lifetime 1, as described in Section 3.2.

In pristine connected CdSe NC films, the %# tis 0.28(1) cm?V1st under a
photoexcitation of 10%° photons/pulse/cm? at 532 nm, the lowest photoexcitation density
that generates signal above the instrumental detection limit. The %# tis > 10 times
higher than that of wurtzite or zinc-blende CdSe NC films with limited epitaxial necking
between NCs reported in the literature [Table 3.3].14'1® We attribute the enhanced carrier
transport to the epitaxially-fused structure. The photoconductance %¢* is lower than FET
mobilities because samples are measured without an external gate bias. Lifetimes 1 of
the bi-exponential decay are found from fits to be 2-16 ns and 130-170 ns [Figure
3.11A], similar to reported values in spin-cast wurtzite CdSe NC films.*8 The diffusion
length (0 ) is calculated as:

E 4

, $zC L 1)

where 'O is the Boltzmann constant, “Yis the temperature, 1] is the elementary charge, D

is the diffusivity equalto——a ccor di ng t o Ei n"istheseddgstatee| at i on
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population fraction of the decay. Assuming %.is 1, 0 is ~35 nm in as-made NC films,

which is comparable to the connected NC grain size.

Table 3.3. Summary of TRMC literature values

CdSe NC films * H(cm2vis?t W (ns) W (ns)
Refl41517: Ligand capped CdSe 0.001-0.005 3-10 N/A
Refl®18: Anneal 0.004-0.02 40 N/A
Ref®: In doping and anneal 0.021(4) 90 N/A
No ALD ALD encapsulation
20,015 (A) ?0_6 (B)
> >
«_0.010} o
Connected © g 04
NC films 50'005 I 50'2
= = . -
0 200 400 0 500 1000 1500
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Figure 3.11. Representative TRMC transients of (A) as-made 20-nm-thick CdSe NC

films, (B) ALD-encapsulated NC films, (C) NC films after 300 °C annealing for 10 min,

and (D) 300 °C annealed films after ALD encapsulation. Solid lines represent

experimental signals and dashed lines represent the fit.

Annealing is known to further improve fusion and carrier transport.16:2541

Annealing the epitaxially-connected NCs at 300 °C leads to the formation of
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polycrystalline thin films with voids [Figure 3.10B]. In films annealed 300 °C for 10 min,
%8 is measured to be 1.42(7) cm?V-1stin thin films and 0 is ~370 nm [Figure 3.10A
and Figure 3.11C]. Lifetimes T of the bi-exponential decay is 13 ns and 130 ns. To
prevent grain growth to form polycrystalline thin films [Figure 3.12], 1-3 nm Al,Os is
deposited to infiltrate the epitaxially-connected NC films via ALD at 80 °C before
annealing at 200 °C for 10 min [Figure 3.10C]. A tri-exponential decay is used in fitting
the measured spectra since a bi-exponential decay fails to fit the data within 10% error.
In ALD-capped NC films, % is 1.71(5) cm?V?1stand 0 is ~760 nm, making the
structure promising for optoelectronic devices. Lifetimes 1 of the tri-exponential decay
are 16 ns, 155 ns, and 1.58 us. The improvement of transient photoconductivity and
electron lifetime time benefits from both the strongly coupled structure and ALD
encapsulation. Previous studies have suggested that ALD encapsulation can lower the
tunnel barrier to carrier transport and passivate traps in NC films.#243 ALD encapsulation,
following these same deposition conditions, for 300 °C annealed polycrystalline thin films
also beneficially increases the transient photoconductivity to 2.43(7) cm?Vtstand 0 to
~720 nm. Lifetimes t of the tri-exponential decay are 10 ns, 97 ns, and 720 ns.
Increased carrier lifetime after ALD encapsulation is consistent with reports that

improved optoelectronic performance in PbSe NCs* and Si nanowires.*

75



Figure 3.12. Low resolution TEM of CdSe NC films, (A) annealed at 80 °C for 10 min,
(B) annealed at 100 °C for 10 min, (C) annealed at 200 °C for 10 min, and (D) annealed
at 300 °C for 10 min. Low resolution TEM of an ALD-capped CdSe NC film, (E) annealed
at 80 °C for 10 min, (F) annealed at 100 °C for 10 min, (G) annealed at 200 °C for 10

min, and (H) annealed at 300 °C for 10 min. ALD Al.Osis 1-3 nm thick.

3.6. FET measurements of charge carrier transport in CE-obtained CdSe NC

films

(A) (B)

€)5000
4000
3000
20000 .
1000 .

—

R (ohm-m)

Ob-—o-- M- - ----@-----B--
50 0 50 100 150 200 250
L (um)

76



Figure 3.13. (A) A schematic of the FET structure. (B) Representative ‘0« curves at
¢ L T of as-made CdSe NC FETs with Au contacts (black), ALD-capped CdSe NC
FETs with Au contacts (blue), CdSe NC FETs with In/Au contacts after ALD
encapsulation (green), TOP-InCl; doped CdSe NC FETs with Au contacts after ALD
encapsulation (orange), and TOP-InCl; doped CdSe NC FETs with In/Au contacts after
ALD encapsulation (cyan). (C) Transmission line measurements of contact resistance for
as-made CdSe NC FETs with Au contacts (black) and CdSe NC FETs with In/Au

contacts after ALD encapsulation (green) at &> U T.

Back-gate, top-contact field-effect transistors (FETS) are fabricated to explore
carrier transport at longer length scales up to 240 um [Figure 3.13A]. 20 nm Al,Os is
deposited by ALD on n*-Si wafers with 300 nm thermally-grown SiO; and treated with
MDPA. NCs are spincast on top of the Al,O3/SiO./Si stack. 40 nm Au is deposited onto
NC films as electrodes by thermal evaporation unless otherwise indicated. The as-
exchanged zinc-blende CdSe NC films have n-type behavior as shown by the black ™
& curve in Figure 3.13B. Devices shown in Figure 3.13B have a fixed channel width to
length ratio of 15 for comparison. On-currents at @@ v Tware below 100 nA. The
extracted linear and saturation mobilities are * & p cm?Vistiforae ¢ wand
‘ ¢& ¢ cm?Vistatw v T respectively. Thelower*  than® s
due to a large Au/CdSe NC contact resistance 'Y , which is found by the transmission
l i ne met hod-matw v T[FiGute 3.Y3C]. NC films are then encapsulated
by 50 nm ALD Al>Os. The first 10 nm is deposited at 80 °C and then an additional 40 nm

is deposited at 200 °C. On-currents increase by 10* and off-currents stay below 1 nA

after ALD encapsulation [blue curve in Figure 3.13A]. Consistent with TRMC results,
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ALD encapsulation benefits carrier transport such that*  ate ¢ wis 0.82(9) cm?

Vils'and®  risesto 8(2) cm*V'is®t

We then dope the NC films to reduce the contact resistance. We adapt the
thermal-diffusion In doping method previously reported by our group.*® 120 nm In/ 70 nm
Au electrodes are deposited. Then the NC film is encapsulated by 50 nm ALD Al>03, 10
nm at 80 °C firstand 40 nm at 200°C.Y i s r educ-mdte v T@[Fiyure
3.13B]. FET mobilities improve and show negligible > dependence, consistent with the
small contact resistance, as *  is23(3) cm?Vistand* = is 24(2) cm*Vis®t
Off-currents remain at ~100 pA and ™ 7™ increases to ~10’. Additional doping of the
NC channel by depositing 1 nm In across before ALD encapsulation, with the same
In/Au contacts, does not change *  , 21(1) cm?V's™ but reduces "0 7™ to ~10° as
the NC films more conductive. Considering In diffusion is thermally-driven by the
increased temperatures during the ALD process,* the In doping process can be
hindered by the growth of Al,Os. To more efficiently dope the NC channels, we perform a
solution doping process following an unpublished method in our group using TOP-InCls
as the source of dopants and the doped CdSe forms Ohmic contacts with Au electrodes.
The efficient doping of TOP-InCl; is confirmed by the smaller threshold voltage («* ) of
6(1) V, compared to 19(3) V in films with 120 nm In at contacts and 18(1) V in films with
120 nm In at contacts and 1 nm In across the channel. For TOP-InCls treated NC
channels and with Au contacts, the FETs have higher *  of o 10 cm?V's™ with
on/off ratio of 108 [orange curve in Figure 3.13A]. The mobility is the highest among
CdSe NC films with comparable on-off ratios, which can be attributed to the epitaxially-

fused structure.*>*¢ Depositing In in the contacts and treating the channel with TOP-InCls
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[cyan curve in Figure 3.13A] increases the on-currents at @ v Tto 10 mA, but the

NC films lose the gate modulation because of the heavily doping.

3.7. Conclusion and perspectives

In conclusion, we combine the advantages of the easily-obtained, epitaxially-fused
structure in PbSe NC films and the wide bandgap in CdSe NC through a sequential CE

process and demonstrate a notable, structure-induced enhancement in charge transport

both at the length scales of 30-800 nmand at 100-2 0 0 & m. Thefsed@pe t axi al

NC thin films possess a diffusion length of 760 nm and a high FET electron mobility of 35
cm? V1 st with off-currents below 10 nA, allowing for applications in high-speed circuits
and efficient optoelectronic devices. As the intermediates-Cu.Se nanocrystals-have been
widely explored as starting materials for CE, the sequential solid-state CE can be
employed to expand the library of epitaxially-fused nanostructures and study their

collective properties.
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CHAPTER 4 Impurities in Nanocrystal Thin-film Transistors Fabricated by Cation

Exchange
This work is under preparation for manwuscriopt,
film Transistors Fabricated by Cation Exchange

Christopher B. Murray, and Cherie R. Kagan*
4.1. Introduction

Cation exchange (CE) is a powerful tool in preparing nanostructured materials, in
which parent cations are replaced with guest cations while maintaining the anion
framework and shape of the starting materials. Cations can be exchanged completely,
opening up access to a wider composition range of size- and shape- engineered
nanostructures,® or partially, enabling the preparation of nanostructures hard to access
via direct syntheses, such as core-shell structures,? heterostructures,®* and alloys.® CE-
obtained nanostructures show great potential in catalytic,® photonic,>”® and electronic
applications.® However, residual parent cations in the product material can limit the
performance of CE-obtained materials in devices. Studies show that the luminescence
guantum yield is lower for nanocrystals (NCs) obtained by CE than by direct synthesis.*®
Yet, few studies have explored the effects of inherited chemical impurities on electronic

device performance.

In this work, we report the effects of residual cation impurities in CE-nanostructures
on the device performance of back-gate, top-contact, thin-film transistors (TFTs) [Figure
4.1A].1° CdSe NC thin films are synthesized from epitaxially-fused PbSe NC films via a
sequential CE process. Residual Pb impurities impede the TFT turn-on, as measured by
an increase in subthreshold swing “Y“Yincrease TFT hysteresis, quantified by the

difference in the sweep direction threshold voltage Y& ; and increase bias stress
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effects, measured by the decline in the on-state, drain-source current G; . By
modifying the gate oxide composition and surface chemistry and by ALD encapsulation,
the detrimental effects of Pb impurities are reduced. Temperature-dependent TFT
measurements show residual Pb increases the band tail and thus the activation energy
for carrier transport from 35 meV to 62 meV, as the amount of Pb impurities increases
from 2% to 7%. Finally, we find the effect of impurities depends on the impurity
distribution vertically away from the semiconductor/oxide interface and is reduced as the

impurities are removed from the interface, increasing TFT electron mobilities by 10x

4.2. Experimental section

Materials: 1-octadecene (90%), oleic acid (90%), lead oxide (99.999%), trioctylphosphine
(TOP, 90%), selenium pellets (99.999%), diphenylphosphine (98%), (3-mercaptopropyl)
trimethoxysilane (MPTS, 95%), l1l-mercaptoundecyltrimethoxysilane (MDPA, 95%),

anhydrous solvents are purchased from Sigma-Aldrich.

Substrate preparations: substrates are immersed in 3 mM MDPA solutions or 5% MPTS
in anhydrous IPA overnight after 30-min UV-ozone treatments. The substrates are rinsed

3 times with IPA, sonicated for 5 min in ethanol, and then blown dry with No.

Characterizations: Room temperature FET measurements are conducted with a Karl Suss
PM5 probe station mounted in glovebox, equipped with an Agilent model 4156C
semiconductor parameter analyzer. Cryogenic FET measurements are conducted with a
Lakeshore Cryotronics vacuum probe station. The cross-section sample is prepared by
focused-ion beam lithography (TESCAN S8000X FIB/SEM) and imaged by a high-

resolution TEM (JEOL F200).
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Calculation of the interface trap density and hysteresis: SS can be used to find the

interface trap density as:

VY o ,

where Q is the Boltzmann constant, “Yis temperature, O is trap density, and 6 is
the oxide capacitance.!! The additional interface trap density introduced in the devices
with 7% Pb, compared to <2% Pb, is estimated by the difference in their SS (3"Y)YTo
quantitively describe the hysteresis, we calculate the difference between the turn-on
voltage (@ ) extracted from the O @ curve of the forwarding and backward scans

(3w ). 3w is calculated from sweeps at a fixed scan rate of 4 V/s between 50 V and -50
V, noting hysteresis is sensitive to sweep conditions. Hysteresis between the backward

'O  w scans and the forwarding scans.

4.3. TFT performance in CdSe NC films with chemical impurities from cation

exchange

6 nm, oleic-acid capped, PbSe NCs are synthesized, dispersed, spin-cast and
exchanged with thiocyanate ligands to form 10-nm-thick, epitaxially-connected NC films
[Figure 4.1A]. The films are deposited on thermally-oxidized, n*-Si substrates treated
with MPTS unless otherwise stated. Sequential CE of PbSe NC films, first with Cu* and
then with Cd#*, is used to form CdSe NC films [Figure 4.1B]. By controlling the Cu*
reaction time, we prepare CdSe NC films containing 2% and 7% residual Pb, as
measured by inductively coupled plasma mass spectrometry. Au/ln source-drain

electrodes are deposited to complete the TFTs [Figure 4.1C].
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Figure 4.1 Transmission electron microscopy images of (A) a PbSe NC film, (B) a
cation-exchange obtained CdSe NC film. (C) Schematic of the NC thin-film transistor
configuration. (D) Representative O w curvesatw v Twof a CE-obtained CdSe NC
FET with 2% (black) and 7% residual Pb (blue). Comparison to a CE-obtained CdSe NC
FET with 2% residual Pb and 6 A of Pb deposited on the channel (red). Forward scans

from 50 V to -50 V (solid) and reverse scans from -50 V to 50 V (dashed).
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Drain current ("O) versus gate voltage (w ) characteristics of TFTs with thin-film
channels having 2% (black) and 7% (blue) residual Pb are shown in Figure 4.1D. Both
‘O  w curves exhibit n-type behavior with similar off- and on-state "O. However, the 'O

@ characteristics differ in the subthreshold region, where the NC channel is depleted.
The subthreshold swing Y'Y —— s larger in devices having channels with more

residual Pb atoms, i.e., 13(3) V/dec (for 7% residual Pb) versus 6.6(7) V/dec (for 2%
residual Pb). From the difference in "Y Yve calculate the additional interface trap density
introduced by residual Pb, which is ~0.008(4) additional interface traps per Pb
considering a 10-nm thick, square-packed NC channel. Greater residual Pb also creates
a larger hysteresis. 3 is 10(3) V in devices with 7 % Pb, larger than 6(2) V in devices
with 2% Pb for a scan rate of 4 V/s between 50 V and -50 V, noting hysteresis is
sensitive to sweep conditions. 3w approximately linearly decreases with the amount of
residual Pb [Figure 4.2]. When the amount of Pb is ~10%, the films are seen to be
composed of CdSe NCs containing smaller PbSe NCs [Figure 4.2] and 3w varies from

68 V1o 212 V.
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Figure 4.2 Hysteresis (3w ) as a function of the amount of residual Pb atoms in films.
Inset: transmission electron microscopy images of a partially exchanged PbSe NC film

by Cu™.

To compare the effects of residual Pb inherited from the parent NCs and Pb
introduced after CE, control samples are made by thermally depositing 6 A of elemental
Pb onto the surface of NC channels with 2% residual Pb [the red curve in Figure 4.1D].
Assuming cubic close-packing of Pb, 6 APbadds p p 1 cm? atoms, comparable to
the Pb concentration difference in 10-nm thick CE films with 2% and 7% Pb. Thermally-
deposited Pb atoms substantially increase wxo by 307 50 V, but lead to a small rise in
“Y™¥f 1.3(3) V, and thus, in interface traps per Pb of 0.0016(4), considerably lower than
that from residual CE Pb. We hypothesis that the small change in Y™ because of the

lack of interaction between deposit Pb and the gate oxide surface.

4.4. The effects of residual Pb on SS and &/ in TFTs with different interfaces

We modify the interface to understand the correlation between the interface and the
impact of Pb impurities. Two methods are investigated to reduce the interface trap
density, and thus the "Y lFigure 4.3A]. First, we replace the short-chain, MPTS self-
assemble monolayer (SAM) modifying the SiO, gate oxide layer with a long-chain,
MDPAmfunctionalized Al,O3/SiO; stack to reduce the -OH density at the gate oxide
surface, which are a large source of interface electron traps in TFTs.121® Untreated Al.O3
is less acidic and has a lower -OH density *'°> compared to SiO, .1®* SAMs are widely
used to passivate gate oxide surfaces. MPTS reacts with silanol groups on SiO; to
partially, but not completely, passivate the surface.!’ Longer-chain SAMs pack more
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densely, better passivating surface -OH and increase the barrier width for charge carrier
tunneling to unreacted -OH.*¥1°® TFTs with MDPA-modified Al,O3/SiO- oxide stacks (in
comparison to MPTS-modified SiO) have a lower "Y"¥f 4.5(4) V/dec in channels with
2% Pb and of 8(1) V/dec in channels with 7% Pb. The additional interface trap density

introduced by Pb is reduced by half to 0.004(1) traps per Pb.

Second, we encapsulate the NC TFT channel by low temperature Al,Oz ALD
encapsulation, first depositing 10 nm at 80 °C, to ensure infiltration, and then an
additional 40 nm at 200 °C, to increase thickness. Note: ALD encapsulation by 50 nm
Al,O3 above 150 °C does not reduce SS [Figure 4.3B]. ALD encapsulation does not
change the "Y"¥n MPTS-modified SiO- significantly, in comparison to the variation
among samples, suggesting the interface traps are dominated by surface -OH. On
MDPA-modified Al,O3, the Y™ reduced to 5.7(5) V/dec in channels with 7% Pb and
4.2(2) VIdec in channels with 2% Pb, and thus the additional interface trap density from
residual Pb is reduced to 0.0019(7) interface traps per Pb. The additional interface traps
introduced by one Pb atom decrease as the total interface trap density is reduced
[Figure 4.3A, inset]. We hypothesize the correlation is due to a weak bond that forms
between Pb and binding sites on the gate oxide, such as -OH, adding to the interface
state density. The impact of Pb impurities on hysteresis and bias stress is reduced after
reducing the interface trap density. 3w displays no difference within variation after
replacing the oxide and/or ALD encapsulation and decreases as the density of -OH

groups decrease [Figure 4.3C].
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Figure 4.3 Subthreshold swing “Y"Y(A) and hysteresis (C) of NC TFTs composed of
channels on MPTS-modified SiO- before (black) and after ALD encapsulation (grey), of
films on MDPA-modified Al,Oz before (blue) and after (green) ALD encapsulation. Solid
bars represent channels with 7% Pb atoms and empty bars represent channels with 2%
Pb atoms. The inset of (A) depicts the additional interface trap density introduced by Pb
as a function of the interface trap density in channels with 2% Pb atoms (0 ). (B) The
difference of subthreshold slope before and after ALD encapsulation (SS). ALD process
is conducted at 250 °C (left panel) and at 80 °C for the first 10 nm and at 200 °C for the

rest (right panel).
4.5. The effect of residual Pb on charge carrier transport

Temperature-dependent TFT measurements are then conducted to investigate the
influence of residual Pb atoms in the electronic structure of the CE-obtained CdSe NC
film. ALD-capped CE-obtained 10-nm-thick CdSe NC films on MDPA-modified Al.Os are
used. Representative transfer curves at temperatures in a range of 1601 300 K are
plotted in Figure 4.4. On-currents increase as temperature increases and are higher in
channels with less Pb impurities at a given temperature. Mobilities * ) are the average
between mobilities calculated from the forwarding and backward sweeps in the linear

regime. More Pb impurities in channels lead to a greater device-to-device variation in *
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At 290 K, © averaged among at least 12 devices is 0.5(4) cm? V! st in channels with 2-

5% Pb atoms and is 0.8(2) cm? V! s in channels with <1% Pb atoms.

* shows a positive dependence on temperature and the temperature-dependence
is altered by residual Pb [Figure 4.4C]. Carrier transport is thermally activated, which is
not supersizing in 10-nm-thick film with *  below 1 cm? V! s, The temperatures
dependence deviates from a simple linear relation betweenl 1 and Y at
temperatures below 240 K. Studies have shown that the carrier transport mechanism is
nearest-neighbor hopping (NNH) with Arrhenius behavior at higher temperatures and
transfers to Mott or Efro-Shklovskii variable range hopping (VRH) at lower temperatures,
depending upon the density of states and the temperature.?’?! However, given the CdSe
NC films are intentionally doped by In in all devices and unintentionally doped by Pb in
films with residual Pb, the ionization process of dopants can alter the proportion of
occupied states in the transport regime and thus the probability of hopping between

states, making it hard to extract the hopping barrier at lower temperatures. Thus, we use

© * A@D— ,where' isaprefactor and O is the activation energy required for

hopping to the activation energy for NNH transport in 240-290 K. ‘O is averaged among
at least 3 devices. O is 35(5) meV in films with <1% Pb atoms and 62(2) meV in films
with 2-5 % Pb at on-states. Higher O suggests that residual Pb increases the density of
localized tail states below the conduction band, pinning the Fermi level at a lower energy
level under a given applied gate bias. The picture of a larger band tail in the presence of
Pb echoes the larger "Y"Mentioned above. Except for Pb?* at the gate oxide surface,
Pb?* in bulk NC films and on the gate oxide surface should also be accused of the larger
band tails, since disorder in semiconductor lattice has shown to generate localized

states.??
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Figure 4.4."0  curves in linear regime (0 ¢ w) at various temperatures in films

with (A) 2% and (B) 7% Pb atoms. (C) Extracted * as a function of temperature.
4.6. Residual Pb and the bias stress effects

The bias-stress effects are more significant in channels with 7% Pb than 2% Pb, as

shown by a larger positive (negative) shift of @ , under a positive (negative) gate bias

[Figure 4.5].
A 5 :Omin:stressed 1 0'5 I, initial scan
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Figure 4.5 Drain-source current and gate voltage (O w)curvesatw v Tof CdSe

NC films with 2% Pb (A) and 7% Pb (B).
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Bias stress effects are further examined by monitoring drain current over time
under a continuous drain and gate bias of TFTs with MDPA-modified Al>Oz [Figure 4.6].
We use the ratio of O; ato o mimoQ; ato T to quantify electrical instabilities.
In channels with 2% Pb atoms, 'G; o mim¥C; mi is 0.5 and rises to 0.9 after ALD
encapsulation, consistent with reported behaviors in as-synthesized CdSe NCs.%
Increasing Pb from 2% to 7% reduces Oy, o mim 70y Tmi by 5 times in uncapped
channels and by 2.3 times with encapsulation, suggesting ALD encapsulation reliefs the

detrimental effects of Pb on electrical instability.

The current decays under bias stressing at temperatures in a range of 280-330 K
are plotted in Figure 4.6B and 4.6C. The bias-stress effect is more significant for devices
operating at higher temperatures. For example, Gy o nim¥'0; mi is 0.69 in

channels with 2% Pb atoms and is 0.17 with 7% Pb atoms at 330 K. The decay can be fit
into a stretched exponential function ) ; O )y mO A@D - |, where tis

relaxation time and f is exponent between 0 and 1. t is plotted and fit against

temperature, The relaxation time extracted from the current decay is fit by t

t A @B— . Frequency prefactor 1 is used to compare the reliability phenomenologically

and lower £ is correlated with higher electrical stability phenomenologically.?*? With Pb
increasing from 2% to 7%, I increases from 10° Hz to 10’ Hz. 'O is 0.49(6) eV with 2%

Pb atoms and is 0.52(2) eV with 7% Pb atoms.

Though the current physical picture of the bias-stress effects and 'O is unclear in
nanocrystal TFTs, here list a few examples of mechanisms in organic FETs: (a) undesired
diffusion of dopants,?® (b) diffusion of H,O or O, into the gate dielectric,?” (c) trapped

charge carriers accumulated at the gate dielectric surface,?® (d) metastable deep traps
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created by gate bias over time,?** and (e) mobile charges tunneling across the interface
into the gate dielectric.332 'O is the average energy required for such processes to occur,
which means the diffusion barrier of carriers in example (a)-(c), the energy for creating the
traps in example (d), and the energy cost for charge tunneling in example (e). In example
(e), experiments show that increasing the energy barrier between the material and the
polymer gate dielectric results in slower charge transfer from the channel to the dielectric
surface under gate bias and a lower activation energy calculated from the temperature

dependent decay.®?
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Figure 4.6. (A) 'OFO as afunction oftmeatw v mandw vwin films with 2% Pb
atoms before (grey) and after (red) ALD encapsulation and in films with 7% Pb atoms
before (black) and after (wine) encapsulation. Current decaysatw U mand w

vw " in films with7% Pb atoms and (C) in films with 2% Pb atoms at temperatures from
330 K (dark red) to 280 K (light pink) with a step of 10 K. Insets: relaxation time as a

function of temperature.

4.7. Reducing the effects of Pb impurities by driving them away from nanocrystal-

gate oxide interfaces

We explore methods to reduce the effect of residual Pb by driving impurities away

from the semiconductor-oxide interface. The films are divided into two layers with a
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thickness of O for the first layer and O for the second layer. We deposit the second layer
of parent NC films after the first layer has been converted and then run the CE reaction
for the same amount of time. Representative transfer and output curves are plotted in
Figure 4.7A and Figure 4.7B for a 40-nm-thick film obtained by converting 20-nm-thick
NC film each time. The CE-obtained CdSe thin film TFTs present a better performance
in all aspects than those of being transformed as a whole [Table 4.1], with * of 32(3)
cm?Vistvs 3(1) cm?2V1ist 3w of 21(2) Vv.s. 50(10) V, SS of 5.4(2) V/dec v.s.
5.6(3) V/dec, and 'O O of 10°10° v.s. 10*. We conduct an elemental mapping of the
cross-section using TEM-EDX of a film with a total thickness of 40nmando 0 (¢ T
nm. As the profile of cation distribution [Figure 4.7C] shown, Cd atoms are evenly
distributed across the layer, while Pb atoms are concentrated on the second layer and
no signal of Pb is detected at the interface. Schematics are drawn in Figure 4.7D to help
explain the phenomena. When the films are converted as a whole, the diffusion pathway
is longer than that for a slice of the film, thus slowing down the CE reaction and leaving
more impurities at the interface. When the transformation is performed in two sections,
the diffusion pathway is shortened for a more effective CE reaction. In the meanwhile,
since the diffusion is driven by the concentration gradient, cations can diffusion into the
first layer such that a week signal from parent cations is found in the first layer near the
interface of two layers. Accordingly, a combinationofd6 p ® dando o ® awill
result in the existence of Pb starting from 10-away from the oxide-semiconductor
interface. The corresponding films have * of 5(1) cm?V1s?, 36 of 29 (V), and "Y"¥f
5.6(3) V/dec. The surge of * when increasing 0 from 10 nm to 20 nm indicates that the
Debye length is in 10-20 nm and in films with 6 ¢ 1® & the impurities in the active

transport region are significantly reduced. Comparable SS between films with 6 of 10
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nm and 20 nm is consistent with results of the control sample described earlier, where

impurities away from the interface do not contribute to the interface trap states.

25

0

50

Gate Oxide Gate Oxide

Figure 4.7. (A) A representative O w curve atw v Twand (B) 'O w curves for @
from 0 to 50 V in steps of 10 V for a 40-nm-thick CdSe NC film TFT channel after ALD
encapsulation. (C) Dark-field TEM and cation distribution profile of the cross-section of a
40-nmthick filmwitho 6 ¢ 1® & (D) Pb? diffusion pathways in a thick NC film during

CE in a multilayer film (left) and layer-by-layer CE of two layers (right).

Table 4.1. TFT metrics

t1+t2 (Nm) 40+0 10+30 20+20

N S 3(1) 5(1) 32(3)
3O 50(10) 29(2) 21(2)

"Y'Y6 A A A 5.2(9) 4.2(3) 4.0(5)
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4.8. Conclusion and perspectives

To summarize, we comprehensively study the influences of residual Pb on transistor
performances and provide methods to reduce the detrimental effects. The interaction
between the interface trap and residual Pb is found to play a key role in the impact of
residual Pb. By reducing the interface trap density by replacing the gate oxide with
MDPA-modified Al.Oz and applying low-temperature ALD encapsulation, Pb induced
interface traps is reduced from T8t T @ to ™8T T pxwcem2 per Pb and Pb induced
hysteresis is eliminated. ALD encapsulation reduces the detrimental impact of Pb on
bias-stress effects. Temperature-dependent studies further show that the mean
activation energy of relevant trapping processes stays unchanged after encapsulation.
The band tail is found to extend deeper into the bandgap in films with residual Pb,
responsible for the poor carrier transport. Since the active region for carrier transport is
close to the NC-oxide interface, the influence of Pb atoms greatly diminishes as Pb
atoms are driven away from the oxide-semiconductor interface after conducting CE layer
upon layer. The results we report in this letter offer general guidelines to optimize
electronic device performance and pave the way for applying numerous CE-obtained

materials as electronic or optoelectronic devices.
4.9. References

(1) Son, D. H.; Hughes, S. M.; Yin, Y.; Alivisatos, A. P. Cation Exchange Reactions in
lonic Nanocrystals. Science 2004, 306 (5698), 10091 1012.
https://doi.org/10.1126/science.1103755.

(2) Diroll, B. T.; Turk, M. E.; Gogotsi, N.; Murray, C. B.; Kikkawa, J. M. Ultrafast
Photoluminescence from the Core and the Shell in CdSe/CdS Dot-in-Rod
Heterostructures. ChemPhysChem 2016, 17 (5), 7591 765.
https://doi.org/10.1002/cphc.201500747.

98



(3)

(4)

()

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

Fenton, J. L.; Steimle, B. C.; Schaak, R. E. Tunable Intraparticle Frameworks for
Creating Complex Heterostructured Nanoparticle Libraries. Science 2018, 360
(6388), 513i 517. https://doi.org/10.1126/science.aar5597.

Steimle, B. C.; Fenton, J. L.; Schaak, R. E. Rational Construction of a Scalable
Heterostructured Nanorod Megalibrary. Science 2020, 367 (6476), 4181 424.
https://doi.org/10.1126/science.aaz1172.

Wang, H.; Butler, D. J.; Straus, D. B.; Oh, N.; Wu, F.; Guo, J.; Xue, K.; Lee, J. D.;
Murray, C. B.; Kagan, C. R. Air-Stable CulnSe2 Nanocrystal Transistors and
Circuits via Post-Deposition Cation Exchange. ACS Nano 2019, 13 (2), 2324i
2333. https://doi.org/10.1021/acsnano.8b09055.

Park, J.; Jin, H.; Lee, J.; Oh, A.; Kim, B.; Kim, J. H.; Baik, H.; Joo, S. H.; Lee, K.
Highly Crystalline Pd13Cu3S7 Nanoplates Prepared via Partial Cation Exchange
of Cul.81S Templates as an Efficient Electrocatalyst for the Hydrogen Evolution
Reaction. Chem. Mater. 2018, 30 (19), 68841 6892.
https://doi.org/10.1021/acs.chemmater.8b03178.

Justo, Y.; Goris, B.; Kamal, J. S.; Geiregat, P.; Bals, S.; Hens, Z. Multiple Dot-in-
Rod PbS/CdS Heterostructures with High Photoluminescence Quantum Yield in
the Near-Infrared. Journal of the American Chemical Society 2012, 134 (12),
5484i 5487. https://doi.org/10.1021/ja300337d.

Berends, A. C.; Mangnus, M. J. J.; Xia, C.; Rabouw, F. T.; de Mello Donega, C.
Optoelectronic Properties of Ternary Ii llli VI2 Semiconductor Nanocrystals: Bright
Prospects with Elusive Origins. J. Phys. Chem. Lett. 2019, 10 (7), 16001 1616.
https://doi.org/10.1021/acs.jpclett.8b03653.

Jain, P. K.; Beberwyck, B. J.; Fong, L.-K.; Polking, M. J.; Alivisatos, A. P. Highly
Luminescent Nanocrystals From Removal of Impurity Atoms Residual From lon-
Exchange Synthesis. Angew. Chem. 2012, 124 (10), 2437i 2440.
https://doi.org/10.1002/ange.201107452.

Choi, J.-H.; Fafarman, A. T.; Oh, S. J.; Ko, D.-K.; Kim, D. K.; Diroll, B. T_;
Muramoto, S.; Gillen, J. G.; Murray, C. B.; Kagan, C. R. Bandlike Transport in
Strongly Coupled and Doped Quantum Dot Solids: A Route to High-Performance
Thin-Film Electronics. Nano Lett. 2012, 12 (5), 26311 2638.
https://doi.org/10.1021/n1301104z.

Sze, S. M.; Ng, K. K. Physics of Semiconductor Devices, 3rd ed.; Wiley-
Interscience: Hoboken, N.J, 2007.

Choi, J.-H.; Oh, S. J.; Lai, Y.; Kim, D. K.; Zhao, T.; Fafarman, A. T.; Diroll, B. T_;
Murray, C. B.; Kagan, C. R. In Situ Repair of High-Performance, Flexible
Nanocrystal Electronics for Large-Area Fabrication and Operation in Air. ACS
Nano 2013, 7 (9), 82751 8283. https://doi.org/10.1021/nn403752d.

Kim, D. K.; Lai, Y.; Vemulkar, T. R.; Kagan, C. R. Flexible, Low-Voltage, and Low-
Hysteresis PbSe Nanowire Field-Effect Transistors. ACS Nano 2011, 5 (12),
100741 10083. https://doi.org/10.1021/nn203948x.

99



(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

Hohl , H. ; St umm, W. | nt er-Al208.iIJaumal af €ollodRdb 2 +

and Interface Science 1976, 55 (2), 2811 288. https://doi.org/10.1016/0021-
9797(76)90035-7.

Laiti, E.; Ohman, L.-O.; Nordin, J.; Sjéberg, S. Acid/Base Properties and
Phenyl phosphonic Aci d CdAR@3Waterdnteifacen a't
Journal of Colloid and Interface Science 1995, 175 (1), 23071 238.
https://doi.org/10.1006/jcis.1995.1451.

Sneh, O.; George, S. M. Thermal Stability of Hydroxyl Groups on a Well-Defined
Silica Surface. J. Phys. Chem. 1995, 99 (13), 46391 4647.
https://doi.org/10.1021/j100013a039.

Gu, G.; Kane, M. G. Moisture Induced Electron Traps and Hysteresis in
Pentacene-Based Organic Thin-Film Transistors. Appl. Phys. Lett. 2008, 92 (5),
053305. https://doi.org/10.1063/1.2841918.

Chua, L.-L. General Observation of N-Type Field-Effect Behaviour in Organic
Semiconductors. Nature 2005, 434, 194i 199.
https://doi.org/10.1038/nature03376.

Jang, S.; Son, D.; Hwang, S.; Kang, M.; Lee, S.-K.; Jeon, D.-Y.; Bae, S.; Lee, S.
H.; Lee, D. S.; Kim, T.-W. Hybrid Dielectrics Composed of Al203 and Phosphonic
Acid Self-Assembled Monolayers for Performance Improvement in Low Voltage
Organic Field Effect Transistors. Nano Converg 2018, 5.
https://doi.org/10.1186/s40580-018-0152-3.

Kang, M. S.; Sahu, A.; Norris, D. J.; Frisbie, C. D. Size- and Temperature-
Dependent Charge Transport in PbSe Nanocrystal Thin Films. Nano Lett. 2011,
11 (9), 38871 3892. https://doi.org/10.1021/nl2020153.

Liu, H.; Pourret, A.; Guyot-Sionnest, P. Mott and Efros-Shklovskii Variable Range
Hopping in CdSe Quantum Dots Films. ACS Nano 2010, 4 (9), 52111 5216.
https://doi.org/10.1021/nn101376u.

Saudari, S. R.; Kagan, C. R. Electron and Hole Transport in Ambipolar, Thin Film
Pentacene Transistors. Journal of Applied Physics 2015, 117 (3), 035501.
https://doi.org/10.1063/1.4906145.

Lai, Y.; Li, H.; Kim, D. K.; Diroll, B. T.; Murray, C. B.; Kagan, C. R. Low-Frequency
(1/f) Noise in Nanocrystal Field-Effect Transistors. ACS Nano 2014, 8 (9), 96641
9672. https://doi.org/10.1021/nn504303b.

Libsch, F. R.; Kanicki, J. BiasAtress4Anduced StretchedZxponential Time
Dependence of Charge Injection and Trapping in Amorphous ThinZilm
Transistors. Appl. Phys. Lett. 1993, 62 (11), 12861 1288.
https://doi.org/10.1063/1.108709.

Mathijssen,S.G.J.; C°Il 1l e, M.,; Gomes, H.; Smits,

t

wi t
he A
E.

Mc Cul | oc h, . Bobbert, P. A. de Leeuw,

Shifts in Organic and Amorphous Silicon Field-Effect Transistors. Advanced
Materials 2007, 19 (19), 27851 2789. https://doi.org/10.1002/adma.200602798.

100



(26)

(27)

(28)

(29)

(30)

(31)

(32)

Lissem, B.; Keum, C.-M.; Kasemann, D.; Naab, B.; Bao, Z.; Leo, K. Doped
Organic Transistors. Chem Rev 2016, 116 (22), 137141 13751.
https://doi.org/10.1021/acs.chemrev.6b00329.

Singh, S.; Mohapatra, Y. N. Bias Stress Effect in Solution-Processed Organic
Thin-Film Transistors: Evidence of Field-Induced Emission from Interfacial lons.
Organic Electronics 2017, 51, 1281 136.
https://doi.org/10.1016/j.orgel.2017.09.007.

Kim, J.; Jang, J.; Kim, K.; Kim, H.; Kim, S. H.; Park, C. E. The Origin of Excellent
Gate-Bias Stress Stability in Organic Field-Effect Transistors Employing
Fluorinated-Polymer Gate Dielectrics. Adv Mater 2014, 26 (42), 72411 7246.
https://doi.org/10.1002/adma.201402363.

Gomes, H. L.; Stallinga, P.; Cdolle, M.; de Leeuw, D. M.; Biscarini, F. Electrical
Instabilities in Organic Semiconductors Caused by Trapped Supercooled Water.
Appl. Phys. Lett. 2006, 88 (8), 082101. https://doi.org/10.1063/1.2178410.

Lang, D. V.; Chi, X.; Siegrist, T.; Sergent, A. M.; Ramirez, A. P. Bias-Dependent
Generation and Quenching of Defects in Pentacene. Phys. Rev. Lett. 2004, 93
(7), 076601. https://doi.org/10.1103/PhysRevLett.93.076601.

Choi, H. H.; Najafov, H.; Kharlamov, N.; Kuznetsov, D. V.; Didenko, S. I.; Cho, K.;
Briseno, A. L.; Podzorov, V. Polarization-Dependent Photoinduced Bias-Stress
Effect in Single-Crystal Organic Field-Effect Transistors. ACS Appl. Mater.
Interfaces 2017, 9 (39), 341531 34161. https://doi.org/10.1021/acsami.7b11134.

Nguyen, K. V.; Payne, M. M.; Anthony, J. E.; Lee, J. H.; Song, E.; Kang, B.; Cho,
K.; Lee, W. H. Grain Boundary Induced Bias Instability in Soluble Acene-Based
Thin-Film Transistors. Scientific Reports 2016, 6 (1), 33224.
https://doi.org/10.1038/srep33224.

101



CHAPTER 5 Future works and conclusions

5.1.  Preparation of metal chalcogenides nanostructures by cation exchange
Over the past 100 years, materials have been evolving much faster than at any time
in human history. The library is quickly expanded by modifications of natural materials,
and mostly, by new materials developed for specific purposes. Yet, materials have been
so far constrained in their properties by the chemistry, abundance, and stability of
elements in the periodic table. Nanocrystals (NCs) with tunable properties can serve as
6artificial at oms @ompanenbNCiadsamblied. In gfrbng ¢oupled NCi p | e
solids, properties emerge from collective interactions within assemblies at the mesoscale
[100 7 1000 nm] and offer great opportunities for designing materials with novel,
orthogonal physical properties .ltienthecefores si bl e i n

helpful to expand the library of strongly-coupled NC assembilies.

Cation exchange (CE) is a powerful post-synthetic method to synthesize desired
nanostructures from an existing nanoscale template. In a CE reaction, parent cations are
fully or partially replaced by guest cations while the anion lattice and the shape remain
unchanged.! Nanostructures not readily accessible through conventional synthetic
methods can be made via CE, such as in metastable phases (e.g. rock-salt CdSe? and
hcp Cu,Se?), heterostructures (e.g. nanorods with up to 8 segments?), or hollow

structures (e.g. Cu.S toroids® and hollow CulnS; nanodisks®).

Thermodynamic and kinetic concepts have been used to predict the feasibility

and outcome of a CE reaction. Take a CE with Cu* for example, written as:
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The CE process can be broken down into 6 steps: 6 ‘O dissociation, 66 ‘Oassociation,

A™ solvation, Cu* desolvation, Cu* diffusion inwards, and A" diffusion outwards.

To forecast if the reaction is thermodynamically allowed, the bulk lattice energy,
widely accessible in literature, is employed to estimate the Gibbs free energy of the
reaction. Based on calculated Gibbs free energies of aqueous reaction. The solvation
process needs a more comprehensive understanding of solution environments to
predict, including hardness, solubility product constant, and affinity to coordinating
solvents.”® For example, CdSe and ZnSe have a higher solubility in polar solvents than
Cu,Se.® Methanol is commonly used to favor the replacement of binary metal cations
with Cu*%or Ag*?! because methanol binds more strongly with multivalent cations than

monovalent cations.

Chapters 3 and 4 have shown the transformations of epitaxially-fused PbSe NC
films to Cu2«Se and CdSe NC films. Here are preliminary results of more CE reactions to

prepare epitaxially-fused metal chalcogenides.

5.1.1 From PbTe NC solids to Cu,Te NC solids

PbTe NCs are synthesized by Dr. Chenjie Zeng following established recipes.®
PbTe NC films are prepared by spin-casting or drop-casting. The films are treated with 1
mg/ml NH4SCN solutions in methanol for 1 min. The films are Te-rich with a Pb to Te
ratio of 1:1.24(2). The films are then soaked in reaction solutions containing 0.06 mg/ml
[Cu(CH3sCN)4]PFs, 2%V methanol and 3%v TOP at 120 °C in N,N-dimethylformamide
overnight. After reacting for 2 hours, the same amount of [Cu(CHsCN)4]PFs and
methanol is added to push the reaction forward. The films are washed with acetonitrile
three times and then with methanol three times. The stoichiometry of the product film is

Cus,Te. The residual Pb is 2.8%.
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5.1.2 Replacing Cu*in Cu,Se NC solids with Ge?*, Sn?*#*, Ag*, and Zn?*

Based on 66 "Y'Q@ 0§ ‘Q™C@ reactions described in Chapter 3 and Chapter 4, four
other cations (Ge, Sn, Ag, and Zn) are employed to test the generality of the approach.
In the reactions, metal halide solutions in methanol are mixed with toluene and
trioctylphosphine (TOP). TOP is used to stabilize Cu* in solution and can potentially be
replaced with tributylphosphine to make the reaction faster.® The reaction temperature
and the concentration of metal halide and TOP are adjusted to control the composition
and morphology of the products. The composition of the product is characterized by
energy-dispersive X-ray spectroscopy (EDX) in the scanning electron microscopy (SEM)

unless stated otherwise. All the reactions are carried in No-filled gloveboxes.

66 0 °O M T™YH

1 mg/ml Gel; solution in toluene with 4% methanol and 3% TOP in volume is
used as the reaction solution. The reaction is run at 80 °C overnight and the films are
then washed with methanol three times. Using a 20-nm-thick film, the product is Ge1.23Se
where Cu is below the detection limit of EDX. Using a 100-nm-thick film, the product is
Cuo.22Ge125Se as shown in Figure 5.1. In the 100-nm-thick film, 9% of Pb is inherited
from the reactants which can be reduced by increasing the concentration of Cu when
preparing Cu,Se NC solids or sequential deposition and CE of multiple, thinner NC
layers as mentioned in Chapter 4. Running the reaction in a 20-nm-thick film at room

temperature yields Cuo.s7GeossSe.
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100K

Element Weight % Atomic % Error %

Gel 32.86 39.51 4.19
Sel 38.45 42.49 7.16
Pb M 22.48 9.47 7.28
CuK 6.21 8.53 18.59

Status: [dle

Figure 5.1 EDX spectrum of NC films with a thickness of 100 nm after exchanging with

Ge?* at 80 °C

Bulk Ge,Sh,Ses with an fcc lattice structure is a phase transition material.*° Two
Sbe* precursors are tried. TOP-SbCl; precursors are prepared by stirring the mixture of
0.5g SbCl; and 2.5 mlI TOP at 751 100 °C for 1 h. TOP-ShCl; is then dissolved in 7.5 ml
octadecene and degassed at 120 °C for 1 hour. GeSe NC films are soaked in Sb**
solution at 125 °C overnight and then rinsed with hexane and methanol, each for three

times. Films are heavily delaminated and only Sb is measured in films by EDX [Figure

5.2].

lsec 1000  5738KCnts 1410 keV Det: Octane Super
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Figure 5.2 The product of reaction with GeSe NC films and TOP-SbhCls

Methanolic solutions of SbCl; are then tested as the precursor. Various
concentrations and reaction temperatures are tested. After soaking GeSe NC films in
100 mM methanolic SbCls solutions at 60 °C for 30 min, the films are examined under
SEM. As Figure 5.3 shown, the film is not uniform. Some parts are coral-like and some
are flat NC islands similar to the starting materials. In Figure 5.3A, the spindle-like part is
purely Sbh,Se; with no Ge, Cu, or Pb signal detected and in the dark parts with small
spheres, suggesting the GeSe NCs in these regions become a Se source to react with
SbCls rather than being cation exchanged. In contrast, the composition is pretty uniform
in areas like Figure 5.3B, Geo27ShossSe. Reducing the concentration of SbCls to 1mM
produces films with uniform composition, GeosSho.sSe [Figure 5.4]. No spindle structure
is observed in these films. Running the reaction at room temperature only adds up to 2%

Sb to the films.
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Figure 5.3 SEM images of different areas in one sample prepared by soaking the GeSe

NC film in 200 mM SbCls solutions of methanol at 60 °C for 30 min.

Figure 5.4 SEM images of different areas in a NCs film prepared by soaking GeSe NC

films in 1 mM SbCls solutions of methanol at 60 °C for 30 min.

06 O™ T
Tin selenides have been explored as semiconductors for photovoltaic devices

and photodetectors.! 0.05 ml of 30 mg/ml methanolic solutions of SnCl, is mixed with

0.15 6 0.3 ml TOP and 5 ml toluene. Cu,Se NC films obtained from CE, details in
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Chapter 2, are treated with Na>Se solutions and then soaked in the Sn(ll) solution
overnight at room temperature (~20 °C). The composition of the product is measured in
20-nm-thick NC films. Increasing the amount of TOP from 0.15 ml to 0.3 ml strips off
more Cu* and changes the composition from Cup 24Sr'; 43Se to Cuo.1sSn's 43Se. It has
been reported that Cu* can be completely replaced by Sn?* in a mixture of SnCly,
oleylamine, and octadecene at 100 °C in 1 min.'? In the future, we can try to gradually
increase the reaction temperature and reduce the reaction time to completely remove

the Cu impurities.

The work of preparing Cu-Sn(IV)-Se NC solids is collaboratively done with a
former master student in Kagan group, Chenyang Qian. The hydrolysis of SnCls is so
severe that it smokes when opening inside an N-filled glovebox. Instead,
Sn(CHsCOO).Cl, is used to prepare an Sn** precursor solution following an established
recipe that has been reported to prepare Cu.Sn"VSes NCs from Cu,xSe NCs in solutions
at 100 °C.*2 60 mg/ml Sn(CH3COO)Cl; is dissolved in octadecene with 1 ml of 1-
dodecanethiol and the mixture is degassed at 120 °C for 30 to 90 min until the solution is
clear and no bubbling is observed. Then the Sn** precursor is dissolved in toluene with
3% by volume of TOP. The reaction is run at various temperatures for 1 hour. The
concentration of Sn** is tested from 0.024 mg/ml to 0.096 mg/ml in steps of 0.024 mg/ml
in reactions at room temperature. As the concentration increases above 0.072 mg/ml,
the signal of Sn in the NCs increases above instrumental noise and a slight increase in
the ratio of Sn to Cu as the concentration increases to 0.096 mg/ml is seen [Table 5.1].
Running the reaction at 60 °C with a 0.048 mg/ml Sn** solutions yields Cu15.Sn"1 36Se,
suffering from a significant loss of Se. In the future, reducing the reaction time and the

concentration of TOP may reduce the loss of Se. Potentially we can adopt the published
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CE reaction at 100 °C without TOP if no film delamination happens.'?

The resistance of the reactant and the products are measured by the four-probe
methods [Table 5.2]. With the amount of Sn in Cu-Sn-Se NC increasing, the resistance

becomes larger.

Table 5.1 The composition of products at room temperature

Sn

0 mg/ml 0.024 mg/ml | 0.048 mg/ml | 0.072 mg/ml 0.096 mg/ml
precursor

CuxSn"VySe | Cu23Sno.23Se* | Cu2.ssSno.2sSe | Cuzs5Sno.21Se | Cuz.83Snos0Se | Cu2.89Sno.ssSe

*The signal of Sn comes from the instrumental noise.

Table 5.2 The resistance of the reactant and products

Sample <R>(n.-

cm)

CuzxSe NC solids 232

After reacting with 0.048mg/ml Sn** solution at room temperature for 1 404
hour

After reacting with 0.072mg/ml Sn** solution at room temperature for 1 1269
hour

After reacting with 0.048mg/ml Sn** solution at 60 °C for 1 hour 2206

00 © 0'Q¢ icE

0.6 mg/ml AgNO:s solutions in toluene with 1% methanol and 3% TOP in volume
is used to react with CuzxSe NC films at room temperature overnight. The product is
Ado.2a@Se. Another treatment by Na.Se solutions in methanol can compensate for the

loss of Se.

0.5 mg/ml ZnCl; solutions in toluene with 1% methanol and 6% TOP in volume is
used to react with Cu,xSe NC films for 12 hours. The reaction is tested at 80 °C and 100

°C.The Zn: Curatiois 2.7 : 1 at 80 °C and 4.4 : 1 at 100 °C, measured by inductively

109



coupled plasma spectroscopy. It has been reported that Cu..x<Se NCs can be completely
exchanged to ZnSe NCs in solutions at 250°C but the reaction temperature is too high to

use in solid-state CE reactions without film delamination.?

5.2.  Epitaxially-fused NC assemblies in silicene-like and stripe-like structures

PbSe NCs with size in 47 9 nm are synthesized at temperatures from 150 i 200 °C
using a hot-injection recipe modified from a reported method [Details of synthesis and
washing steps in Chapter 3].22 To prepare PbSe NCs with an average diameter up to 7
nm and a first excitonic peak (_ ) up to 2040 nm, the molar ratio of oleic acid to Pb
(OA/Pb) is 2:1. Increasing OA/Pb yields larger PbSe NCs [Figure 5.5].1* PbSe NCs with
an average diameter of 7.7 nm and 9 nm are prepared with OA/Pb of 3:1 and 4:1,
respectively, at 180 °C. _ is 2400 nm for NCs in 9 nm and 2170 nm for NCs in 7.7 nm
[Figure 5.5]. NCs are then spincast onto TEM grids and ligand exchanged with NH,SCN
following methods described in Chapter 3. As shown in TEM images [Figure 5.5], larger
NCs with _ 2040 nm only form quasi-square arrays. In arrays formed by NCs with
sizein57 7and_ of 173071 1920 nm, a mixture of square structures and a small
fraction of honeycomb structuresis observed in single-layer regimes. As NCs become

smaller than 5 nm, NCs tend to be less ordered.
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Figure 5.5 PbSe NC films formed by NCs in various sizes.

In washing steps that are used to prepare NCs in Figure 5.5, antisolvents and
sol vents are bot h-ofpadd®&d siontua i tome f@owWt precipita
test a different washing method where only a small amount of hexane (5% in volume) is
added intdpothe S$oluati on. The mixturmeforbs t hen ¢
min. Its precipitate and supernatant are separated into two centrifuge tubes. Isopropanol
(IPA) is added to the supernatant to collect NCs. NCs from the precipitate (NC-p) and
supernatant (NC-s) are redispersed in hexane, following by more washing steps to
adjust the ligand concentration. _ is 1920 nm for NCs-s and 1960 nm for NCs-p of a
reaction at 180 °C for 60 s. The bandwidth of the first excitonic peaks is ~ 150 nm for
both NCs-s and NCs-p. The grain size of the ordered regime in NC-p arrays is larger
than that NCs prepared using common washing steps, as shown by Figure 5.6. In
samples washed by a solvent/antisolvent (hexane/IPA) ratio of 1:5, multiple layers are
silicene-like honeycomb NC-s arrays and in strip-like NC-p arrays. In single-layer
regimes, square structures are observed. The grain size of the square-ordered regime of
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NC-p arrays is larger than NC-s arrays [Figure 5.6A, B]. Compared to square- and
honeycomb- ordered NC arrays,**'€ there is little report about stripe-like NC
superlattices, and more structural analyzations such as high-resolution TEM and XRD
are needed. Presumably, the square, honeycomb, and strip-like structure can be
pictured as a slice of a 3D simple cubic structure as shown by the green, blue, and red
plane in Figure 5.6C, respectively. In this case, NCs are attached through {100} facets in

all three structures.

Figure 5.6 PbSe NC arrays formed by NCs collected from the supernatant (A) and the

precipitate (B). (C) Schematics of NC arrays.’ [Modified from reference 17]

One of the possible reasons for the structural difference is the concentration of
ligands in NC solutions. The thermal-gravimetric analysis shows that the concentration
of organic ligands is 23% in weight in NC-s and 17% in NC-p. As we increase the ratio of

IPA in washing steps and more ligands are washed away, more stripe-like regimes are
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