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Introduction

Chapter 1

Introduction

1.1 Nanoscience and nano semiconductors

The famous physicist Richard Feynman proposed manipulating and controlling
properties on a small scale in his talk in 1959 “There's Plenty of Room at the Bottom:
An Invitation to Enter a New Field of Physics.” Since then especially after 1980, the
field of nanoscience and nanotechnology has emerged as a major scientific field and
continues to grow till today with synthesis of various new nanomaterials with their
applications in the field of nanoparticle based targeted drug delivery, nanomedicine,
optoelectronics and the list goes on. Then, how small is a nanometer? A nanometer

th
(nm) is a one billionth (#) of a meter. To practically understand how small a nm

is, a human hair is about 10° nm thick and red blood cells are about 10* nm.!

At nano-scale, the properties of a material are governed by quantum physics and
are different from their bulk macroscopic counterparts. Among nanomaterials
magnetic nanoparticles are extensively used for magnetic resonance imaging, drug
delivery and multimodal imaging.>* Semiconducting nanomaterials also known as
nanocrystals (NCs) have gained a lot attraction due to their size and shape tunable
electronic and optical properties.’> One such example is shown in Figure 1.1C where
the emission from CdSe quantum dots (QDs, isotropic NCs ) is observed to be size
dependent and the whole visible spectrum is covered by changing the size of QDs.

Semiconductors are a class of solid-state materials with their conductivity in
between that of metals and insulators.* Examples of metals are gold, silver, aluminum
and iron, and examples of insulators are wood and plastic. A good example for a
semiconductor is silicon that is used in solar cells that we see every day. Modern
electronics relies on semiconductors from which smartphones, computers,
televisions, communication systems are built and our life without them would be
unimaginable.

Another way to classify semiconductors is based on their band gap.* The overlap
of electronic wavefunctions of the constituent atoms in a semiconductor crystal form
closely spaced energy levels known as an energy band. In an intrinsic semiconductor,
those energy levels that are filled with electrons form valence bands and unfilled ones
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Chapter 1

form conduction bands.* The difference between the lowest conduction and the
highest valence band is formidable and is referred to as the band gap.* The typical
band gap in semiconductors is 0.7-3.5 eV, and metals do not have a band gap, and
insulators have a band gap greater than 4 ¢V. By absorbing a photon also referred to
as photoexcitation an electron in a valence band can be promoted to a conduction
band leaving behind an empty state called a hole.* The promoted electron is free to
move until it recombines with the hole to emit a photon, or eventually gets trapped
due to imperfections in the crystal.

NCs exhibit properties that are significantly different from their bulk
counterparts as illustrated by the size dependent emission from CdSe QDs.>” A few
other factors that influence the optoelectronic properties of NCs including the size
are: the environment around NCs, and the type of ligands that are protecting the NCs
surface.® ° In addition, quantum confinement in NCs enhances the Coulomb
attraction between electrons and holes to form a neutral bound electron-hole (e-h)
pair known as an exciton.'® Therefore, the physics of nanomaterials is of interest from
a fundamental perspective and also for various applications. Below research
questions are listed, that are important to be addressed in this field:

e How semiconducting NCs are synthesized?

e  What is the relation between the electronic and optical properties of NCs
with their size and dimensionality?

e Does the nano-geometry (square or honeycomb) influence or affect their
electronic structure compared to their analog NCs?

e What is the conduction mechanism in these NCs?

o To what extent does photoexcitation of NCs leads to electrons or holes
that are free to move or do they form Coulombically bound electron-hole
pairs known as excitons?

1.2 Synthesis of nanocrystals

So far NCs have been synthesized by various techniques such as molecular beam
epitaxy, chemical vapor deposition, sol-gel, micro emulsions, hot injection etc.
Among them hot injection, a “bottom-up approach”, has been used extensively to
synthesize NCs.!! Suitable precursors are introduced into a reaction flask with a hot
solvent to form monomers. Nucleation occurs after a certain monomer threshold has
reached and the growth of crystals continues until the reaction has been stopped,
which is usually done by reducing the temperature.'’ ' Figure 1.1 shows the typical
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reaction flask and the transmission electron microscope (TEM) image of a CdSe/CdS
QDs. The surface of a NC is protected by surfactant ligands to prevent agglomeration
and to keep them electrically neutral. The NCs studied in this thesis were synthesized
by hot injection and are semiconducting by their nature.

A B

Nitrogen

Precursor Thermocouple
Q

e
N

Increasing diameter e

HEEEpEE

Figure 1.1. Bottom up approach. (A) Typical synthesis procedure used in hot injection
method for synthesizing nanomaterials. (B) TEM image of CdSe/CdS, core/shell QDs
(adapted from ref '3). (C) Red shift in the emission of CdSe QDs as their diameter increases
(picture credit: prof. dr. A. Houtepen).

1.3 Size dependent electronic properties of nanocrystals

As mentioned above, the electronic and optical properties of NCs differ
significantly from their bulk analogues (see Figure 1.1C). It is evident from the
emission of CdSe QDs as the diameter decreases the emission is shifted towards
shorter wavelength and reaches close to 500 nm for a diameter of 1.3 nm. To
understand the observed trend, it is important to obtain the relation between the band
gap and the size of NCs. At first, we begin with the electronic structure of a bulk
semiconductor. In a bulk semiconductor a delocalized free electron experiences a
periodic potential V(x) caused by its constituent atoms.* Assuming a chain of atoms
along the x-direction, the total energy for this delocalized electron along the one
dimensional chain is given by the time independent Schrodinger equation*
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7 Py (x)

2m, ox’

+Vy () =Ey(x), (1.1

h
with 7= 2— , h 1is the Planck’s constant, m, the electron effective mass, different
T

from the rest mass of an electron in vacuum, and is required to correct for the motion
of the electron in the periodic potential, £ the energy eigen value for the electron,
() the eigen function. F. Bloch has proven that for a periodic potential in crystal

with a lattice constant a, Wgzoch(x) = e”“u(x), with g = 27” the wavevector and a

periodic modulating function u,(x)=u,(x+a).* '* Therefore at x+a, the

wavefunction y,, . (x+a)=e""y,, ,(x), is changed by a phase factor.

T
When the wavelength of the electron A = % , k becomes k = —, the electron is
a

reflected due to the periodic potential. These reflections also known as Bragg

reflections occurring at k =+ —, create standing waves with a significant energy
a

difference between them at the same % value opening up band gaps.*

According to the top-down approach, for a NC, the Bloch wavefunctions of their
analog bulk semiconductor are retained but with a correction for the spatial

confinement of e-h pairs.'"* The corrected wavefunction yw_ (x), is given by the

product of the Bloch wavefunction y,  (x) and an envelope function@, (x) M

Wcor (X) = l//Bloch (x)q)env (X) (12)

The spatial confinement of e-h pairs in a NC is analogous to a particle in a box."

Q.. (x) can be obtained by solving the time independent Schrodinger equation for

a particle in a box.'* For a cubic box of length L, the energy levels of an electron is
given by

2.2
conf — h T
ny.ny 2m L2

e

2 2 2
(nx+ny+nz), (1.3)
where n_,n ,n_ are non-zero integers.
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For a spherical QD, the envelope function is a product of a spherical harmonics
and a radial Bessel function, i.e.

0., (0.0.r)=7"(6.0)R(r). (1.4)

By taking an infinite potential outside the QD with diameter D, and solving the
Schrodinger equation for the eigen function in expression (1.4) yields'*

(1.5)

The values of y  depend on the quantum numbers # and /. '* For n=1, [ can take

values 0, 1, 2,..... which corresponds to energy levels 1S, 1P, 1D.... and continues
further for n=2, 3, .... which corresponds to 2X, 3X... (X=S, P, D...). Due to such
discrete energy levels similar to that of atoms, QDs are referred as artificial atoms.
The band gap of a QD is the sum of electrons and holes confinement energies in
addition to the bulk band gap, yielding'*

E =E 2h2%§l + 2h2%5]
g,0D g, bulk meD2 thz

(1.6)

with m, (mh) the effective mass for electrons (holes). According to expression (1.6),

as the diameter of a QD decreases the band gap E, ,, increases, which is clearly seen

D

from the emission from CdSe QDs shown in Figure 1.1C. Note that this expression
is valid only for the strong confinement regime.

1.4 Excitons

Photoexcitation promotes an electron to the conduction band and leaves behind
a hole in the valence band. The oppositely charged electron and hole can attract each
other to form a neutral bound e-h pair known as an exciton. The binding energy of

an exciton E, in the ground state can be obtained according to, '

E, =R (1.7)
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where y=——"— the reduced mass of the exciton, with m_(m,) the effective mass
m, + m,

of the electron (hole), Ry= 13.6 ¢V the Rydberg constant, &, the dielectric constant
of the material, m_ the rest mass of an electron in vacuum. Qualitatively it can be

understood that the exciton binding energy decreases as the dielectric constant
increases. For example, the dielectric constant for bulk PbSe is 210 which has E, <1

meV. NCs are typically dispersed in a solvent and are protected by ligands. The
dielectric constant of the most commonly used solvents such as hexane, toluene,
tetrachloroethylene is close to 2. Hence the exciton binding energy for NCs dispersed
in these solvents must be higher than their bulk counterparts. A direct comparison
can be made between bulk PbSe and PbSe nanorods dispersed in a solvent. According
to calculations for a PbSe nanowire of radius 1 nm surrounded by a medium of
dielectric constant 2, the exciton binding energy is close to 0.4 eV, ' whereas in bulk
PbSe it is less than 1 meV.

The exciton Bohr radius determines the spatial extent of an exciton according

tolO

a, ="y (1.8)

where a, is the Bohr radius of a hydrogen atom. In bulk PbSe the spatial extent of

an exciton, i.e. the exciton Bohr radius, is 46 nm. This implies that an exciton is
spread over 1.7x10° atoms, since in bulk PbSe the lattice constant is 6.12 Angstrom.
Such spatially extended excitons over many atoms in the lattice are called Wannier-
Mott excitons.

1.4 Anisotropic nanocrystals

The motion of an electron in a QD (0-D) is restricted equally in all three
directions.!” In quasi-one dimensional (1-D) NCs such as nanorod and nanowires, the
motion of an electron is restricted in two directions and the electron is free to move
in the other direction.!” In quasi-two dimensional (2-D) NCs like nanoplatelets and
nanosheets, the motion of an electron is restricted in only one direction and is free to
move in the other two directions.!” The difference between them can be understood
based on the density of states p(E) available to be occupied by electrons in an
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energy interval. Figure 1.2 shows the density of states for bulk (3-D), 2-D, 1-D and
0-D semiconductors.'’

Bulk 2-D 1-D 0-D
p(E) p(E) p(E)\ L'\ p(E)‘ ‘
Energy Energy Energy Energy

Figure 1.2. Density of states versus energy for bulk, two-dimensional, one-dimensional and
zero-dimensional systems.

In addition to these anisotropic structures, square and honeycomb superlattices
were prepared by facet specific oriented attachment of PbSe QDs recently (see Figure
1.3)."%-20 Theoretical calculations have shown the electronic structure of an ideal PbSe
square superlattice to be distinct from the electronic structure of a PbSe two-
dimensional continuous sheet (quantum well). The electronic band width calculated
close to 100 meV for these structures is promising to achieve efficient charge
transport.?'?* Honeycomb structures of PbSe and CdSe were prepared to combine the
electronic properties of graphene with semiconducting properties. Theoretical

calculations on honeycomb structures have shown the presence of Dirac cones at the

K point of the Brillouin zone and hence massless Dirac carriers are expected near the
t.21’ 22

K poin

Figure 1.3. TEM picture of a typical percolative superlattice (left) (adapted from ref.?*) and
TEM image of a typical honeycomb superlattice (right).
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Conductivity experiments performed by Evers et al., on a PbSe percolative
network (non-ideal square superlattices with less than 4 connections per QD) has
shown a charge mobility as high as 260 cm*V-!s™! in a non-contact optical pump-THz
photoconductivity measurement and in a DC measurement a value of 13 cm?*V-'s’!
has been achieved.”> This DC mobility value has been reproduced in a recently
published study on a percolative network prepared by a slightly different method.*
The measured ac charge mobility value of 260 cm?V-'s™! for a percolative network is
much higher than the values found for films of PbSe QDs connected by short organic
linkers, which is typically 1-40 cm*V-'s™'?”- 28 The achieved high mobility offers
prospects in applications such as infra-red photodetectors and ultra-thin solar cells.

1.5 Carrier multiplication in nanostructures

In 2002, Nozik proposed possibilities to achieve higher efficiencies in a single
junction QD solar cell by extracting hot carriers or by creating multiple e-h pairs via
a process called carrier multiplication (CM).?’ CM also known as impact ionization
in bulk semiconductors is a process of generating multiple e-h pairs by absorbing a
single energetic photon. CM leads to an increase in the density of e-h pairs, thereby
enhances the photocurrent leading to an increase in the power conversion efficiency
of a solar cell.**32

In a bulk semiconductor absorption of a photon with energy greater than the band
gap creates a hot electron in the conduction band and a hot hole in the valence band.
The hot e-h pair cools down to the band edge by emitting multiple phonons to reduce
their excess energy which is an energy loss as shown in Figure 1.4A. Thermalization
losses and photons that are not absorbed in a single junction silicon solar cell limit
the efficiency to 31%, which is known as the Shockley-Quiesser limit (shown in
Figure 1.4D).** To avoid this energy loss Nozik proposed QDs based solar cells.” In
QDs energy levels are discrete with the energy difference between the successive
levels is greater than the LO phonon energy.” This makes thermalization in QDs less
efficient than in bulk which reduces the energy loss rate which increases the
probability to create an additional e-h pair.>*

In bulk semiconductors, apart from thermalization losses the momentum
conservation plays a major role. Due to the size of QDs which is typically 1-10 nm,
restrictions imposed due to the momentum conservation are relaxed.** Therefore for
CM to occur in QDs, it is enough if the energy conservation requirements are met. In
addition, the Coulomb coupling between the single exciton states to multiexciton

14
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states is higher in QDs than in bulk which enhances the CM rate.**> According to a
theoretical estimation if CM happens efficiently such that the quantum yield follows
the step-like behavior as shown in Figure 1.4C, the power conversion efficiency can
reach up to 42% which is a significant enhancement compared to the Shockley-
Quiesser limit.?% 3¢

Silicon PbSe QDs

conduction band

A
7\ '?1& }Eloss » .A\ 4 P P
P - .
v »y A\ :> 2 e-h pairs per photon

Eioss -—@
Valence band
o
= D
5 X 50
) = — 3Q limit
= Step-like CM 9 — |deal CM
5 41 —nNocwm 3 40 o
2 £
> 3 w 30
£ c
3 K]
§ 2 $ 20
=) >3
4 5
1 O 104
21;3
g T l T £ 0 T T T
0 1 2 3 4 5 05 1.0 15 20 25
Band gap multiple (hv/E) Band gap (eV)

Figure 1.4. CM and its benefit. (A) Cooling of hot e (blue dots) -h (red dots) pairs in silicon
to the band edge leading to an energy loss. (B) CM in PbSe QDs creates two e-h pairs per a
single absorbed photon. (C) Quantum yield versus band gap multiple for the case when there
is an ideal CM and no CM. (D) Theoretical estimation of the highest achievable power
conversion efficiency due to CM and the Shockley-Quiesser limit.

CM experiments were performed extensively on Pb-chalcogenide QDs due to the
possibility to tune their band gap close to 1eV by changing their size. CM signatures
in PbSe QD dispersions were observed experimentally in various studies with an
onset for CM at 3E,.>37-3 Schaller ef al., rationalized the observation by proposing
a symmetrical excess energy sharing between the electron and hole based on the fact
that the effective masses for electrons and holes are almost the same in bulk PbSe.*

15
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However, to realize solar cells based on QDs, electrons and holes must be
sufficiently mobile to reach electrodes. To achieve this, films of PbSe QDs connected
by short organic linkers have been prepared to prevent Auger recombination of e-h
pairs and to obtain charge transport over a long distance. Charge mobilities in the
range of 1-40 cm*V-'s™! have been obtained in various films of PbSe QDs.?”-*® CM
experiments performed on PbSe QD films have shown efficiencies similar to that of
QD dispersions.* *! To have better performing solar cells the mobility of charges
plays a crucial role. In this context, PbSe percolative networks are more suitable due
to charge mobility close to 260 cm*V-'s”\. Having a material with a high charge
mobility with efficient CM would be ideal for a solar cell. Therefore, the CM
efficiency in PbSe percolative networks are investigated in this thesis and the results
are discussed in chapter 2.

1.6 The nature of electron-hole pairs as a function of density

As discussed earlier, enhanced Coulomb interaction between an electron and a
hole due to quantum confinement and the solvent environment with a low dielectric
constant close to 2, increases the binding energy of excitons in NCs to an extent that
they are stable at room temperature. In anisotropic semiconductors, especially in
transition metal dichalcogenides, CdSe nanoplatelets, and PbSe nanorods the exciton
binding energy reaches a few hundreds of meV.'® %> % Robust excitons at room
temperature are useful to achieve optical gain and lasing. Photoexcitation of these
transition metal dichalcogenides, CdSe nanoplatelets and PbSe nanorods most likely
produces excitons and a few might dissociate into free charges by absorbing energy
from phonons.

According to the Saha model, electrons and holes are in thermal equilibrium with
excitons.** % The Saha equilibrium constant depends on the exciton binding energy
E, and the reduced mass of electrons and holes ;4 and the temperature 7. Based on

the Saha model, exciton formation increases with the photoexcitation density and as
a consequence the quantum yield of charges decreases.* At extremely high densities
beyond this regime, as the average inter-exciton distance becomes less than the
exciton Bohr diameter, a strong screening of the attraction between electrons and
holes can lead to break down of excitons and result in a transition to a conducting e-
h plasma as depicted in Figure 1.5. In this thesis, in-depth study on excitation density
dependent nature of photoexcitations in PbSe nanorods has been performed and the
results are discussed in chapter 3.
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>
Increasing excitation density

@ electron
e hole

Figure 1.5. The nature of electrons and holes illustrated as a function of excitation density for
a nanorod of length L and diameter D.

1.7 Terahertz photoconductivity experiments to probe charge
carriers and excitons

Optical pump-terahertz (THz) probe (OPTP) spectroscopy is a widely used
technique to measure the dynamics and mobility of charge carriers in a non-contact
way. Especially in OPTP technique, charge carriers are probed on a nanometer scale
and are less prone to domain boundaries and defects in the sample.*® Hence the
mobility of charge carriers determined by this way is accurate, and not affected by
imperfections of the sample unlike in DC measurements.*®

A THz electric field oscillates at a frequency of 10'> Hz which corresponds
to 4 meV in energy. In the setup that we used THz pulses were generated in a ZnTe
or a Lithium Niobate crystal via optical rectification of 800 nm pulses of duration 60
fs delivered by a femtosecond mode-locked laser (Mira-Libra, Coherent Inc.).>* %
The generated THz pulse was detected in a ZnTe crystal in a single laser shot by
spatially overlapping with a chirped pulse.?* %> An optical parametric amplifier from
Coherent was used to generated pump pulses in the visible and infrared region. The

differential THz signal AE(z,r) was obtained by the difference of the trasmitted THz

wined(7-1) and absence of optical pump Eo(t) by
24,25

in the presence of optical pump E

placing a chopper in the pump beam. 7 is the time delay between the pump and
probe varied by an automated delay stage and ¢ is the time delay between the THz

generation pulse and detection pulse. The real part of the THz conductivity is due to

17
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the in-phase drift velocity of charge carriers in the probing THz field which reduces
the amplitude of the transmitted THz field.** The imaginary part of the THz
conductivity is due to the out-of phase drift velocity of charges and the polarizability
of excitons which leads to a phase retardation in the transmitted THz field.** %" The

fourier transform of AE(t,r) with respect to ¢ yields AE(7,w), and similarly E,(t)
yields E, (@) . The complex mobility of charges, weighted by their quantum yield
¢ 1, +¢,u, and the polarizability of excitons (¢ related to AE (T ,a)) 2

AE(7,0)
E

o(@)

where ¢ ,¢,, ¢ are the quantum yield of electrons, holes and excitons respectively, e

Ot + By, +¢x%= A (1.9)

the elementary charge, and A is a proportionality constant which depends on the
thickness of the film and the dielectric constant of the sample.*® 4

The transport mechanism of charge carriers can be understood by modelling the
frequency dependent complex mobility. Among them the simplest model, the Drude
model has been able to explain the measured complex conductivity of charges in bulk
GaAes, silicon, and in PbS.*® In the Drude model, the mobility of charge carriers is
affected by scattering by phonons, and charges do not interact with each other and do
not experience any barrier or imperfections in the crystal.*® In nanomaterials and
films of QDs, a behavior opposite to the Drude model has been observed with
negative values for the imaginary part of the conductivity and an increasing real part
of the conductivity with frequency.* > To explain the measured behavior Smith et
al., modified the Drude model and introduced a back-scattering parameter ¢ to
account for elastic collisions of charges.’' This model is able to explain the measured
complex THz conductivity in various nanomaterials and in films of QDs.*"-?

We have used the Drude-Smith model to explain the measured complex THz
mobility of charges in a PbSe honeycomb superstructure with results being explained
in chapter 4.

1.8 Thesis outline

This thesis describes ultrafast spectroscopy studies on low-dimensional
semiconductors. The aim is to determine the nature of photoexcitations and the
efficiency of CM. Measuring the terahertz (THz) conductivity and transient optical
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absorption (TA) as a function of time after the pump pulse allows one to study the
nature and mechanism of photogeneration, and decay of charges carriers and
excitons.

Until now, CM in thin films and solar cells of semiconductor NCs has been found
to begin at photon energies well above the minimum required energy of twice the
band gap. The high threshold of CM strongly limits the benefits for solar cell
applications. We performed THz photoconductivity experiments on a PbSe
percolative network to determine the threshold and efficiency of CM. As discussed
in chapter 2, the threshold for CM in PbSe percolative network is at the minimum
energy of twice the band gap.

In chapter 3, we determine to what extent photoexcitation of PbSe nanorods leads
to free charges or excitons, and we determine the charge carrier mobility and the
exciton polarizability. We combine time-resolved TA spectroscopy with THz
photoconductivity measurements for different photoexcitation densities to
distinguish free charges from excitons.

PbSe honeycomb superlattices have been prepared to combine the electronic
properties of graphene with semiconducting features. In chapter 4, we report the band
occupation and electron transport in PbSe honeycomb superstructures at room
temperature studied by DC transistor type measurements and THz photoconductivity
measurements.

Ultrathin 2-D materials have received much attention in the past years for a wide
variety of photonic applications due to their pronounced room temperature excitonic
features, leading to unique properties in terms of light-matter interaction. In chapter
5, we study on light amplification and the complex photo-physics at high excitation
density in CdSe nanoplatelets by using TA spectroscopy, time-resolved
photoluminescence, and terahertz photoconductivity measurements.
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Chapter 2

2.1 Introduction

Photoexcitation of an electron in a semiconductor produces an electron-hole (e-
h) pair with excess energy equal to the difference of the photon energy and the band
gap. The electron and hole can release their excess energy in the form of heat via
phonon emission. A charge with excess energy greater than the band gap, can also
relax by exciting another electron across the band gap. This process of carrier
multiplication (CM) leads to generation of multiple e-h pairs per absorbed photon.
CM is of great interest to enhance the photocurrent produced in a photovoltaic
device.'® In this context lead chalcogenide nanomaterials have received particular
attention, since their band gap can be tuned to values near 1 eV, which is optimal for
exploitation of CM in solar cells. The occurrence of CM has been observed in lead
chalcogenide quantum dots in dispersion’ and thin film solids,® '*!" nanorods,* '*'*
nanosheets,' and bulk.'®

For device applications the charges produced via CM must be sufficiently mobile
to prevent Auger recombination and to enable their extraction at external electrodes.
Charge mobilities in the range 1 - 40 cm*V-'s™! have been found for thin film solids
of PbSe nanocrystals (NCs) that are connected by short organic ligands.'! 718
Interestingly, a PbSe NC solid with 1,2-ethanediamine ligands has shown a lower
threshold for CM than for the same NCs in dispersion.® ' In this PbSe NC solid the
NCs are to some extent also coupled directly by thin atomic necks.'” Hence,
electronic coupling appears not only to be beneficial to charge mobility, but also to
reduce the threshold energy of CM. The coupling has been further enhanced by facet-
specific oriented attachment of NCs.?*%* In the latter case, further thermal annealing
of the formed superlattice results in the formation of a percolative PbSe network, in
which the NCs are connected via strong crystalline bridges in the in-plane directions.
There are on average less than 4 connections per nanocrystal in this system. The
percolative network can hence be considered as a planar system with a dimensionality
between 2 and 1 with straight segments in orthogonal directions, see Figure 2.1A.
The short-range mobility of charge carriers was found to attain values as high 260
cm?V-Is! for a probing electric field oscillating in the terahertz (THz) frequency
range.”® Note, that the mobility in bulk PbSe is a few times higher than this value.
The low band gap of a bulk PbSe crystal makes it, however, unsuitable for solar cell
applications.>* 16

The aim of the current work is to determine to what extent the enhanced
electronic coupling in percolative PbSe networks affects the CM threshold energy
and efficiency in addition to the beneficial effect on charge mobility already reported
in ref. . We studied the quantum yield for charge carrier photogeneration in
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percolative PbSe networks and a PbSe NC solid, using optical-pump THz-probe
(OPTP) time domain spectroscopy. We found that CM in percolative PbSe networks
has lower threshold energy and is more efficient than in films of PbSe NCs coupled
by organic ligands.'" Interestingly, the CM efficiency follows a step-like dependence
on photon energy and reaches a value of about 1.4 at the minimum required photon
energy of twice the band gap. According to detailed-balance calculations the CM
efficiency realised in the percolative PbSe network would enhance the power
conversion efficiency of a solar cell by ~8% over the Shockley-Queisser limit for a
band gap of 0.7¢V at 1-sun. The results are of great promise for development of
highly efficient third-generation solar cells.

2.1 Materials and methods

Sample preparation. PbSe NCs of diameter 5.8+0.4 nm passivated with oleic acid
surface ligands were synthesized according to the method of Steckel et al..** Two-
dimensional percolative PbSe networks were prepared by oriented attachment of the
PbSe NCs, as described previously.” According to TEM measurements the NCs are
connected by necks of thickness 4.0+0.4 nm with center-to-center distance of 6.4+0.1
nm. The NC density in a network is 2.4x10'> cm™. To enhance the absorbed pump
laser fluence and consequently the signal-to-noise ratio of the THz conductivity
experiments, we stacked six monolayers of percolative PbSe networks on a quartz
substrate, similar to our previous work.” The presence of long oleic acid ligands
prevents electronic coupling between stacked layers. Consequently, charge transport
only occurs within the layers and not from one layer to another. To get insight into
the reproducibility of the experiments we studied two percolative networks that were
both prepared according to the procedure outlined above.

A PbSe NC solid was prepared via layer-by-layer dip coating, using a DC multi-
8 Nima Technology dip-coater.'"" '® At first, a quartz substrate was dipped into a
dispersion of PbSe NCs with oleic acid ligands in hexane for 60 s. Subsequently, the
sample was dipped into a 0.4 M solution of 1,2-ethanediamine ligands in methanol
for 60 s for ligand exchange. Immediately after ligand exchange, the film was washed
with methanol during 60 s. The above procedure was repeated 20 times to prepare a
homogeneous film. The film has a thickness of 55+10 nm, as determined with a
Veeco Dektak 8 step-profilometer.

Terahertz photoconductivity measurements. Charge carriers were produced by
excitation of the samples with optical pump pulses at varying wavelength and the
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resulting photoconductivity was detected by time-domain THz spectroscopy,>2°
analogous to our previous work.”®> Pump pulses were generated starting from a
chirped-pulse amplified laser system (Mira-Libra, Coherent Inc.), which runs at 1.4
kHz and delivers pulses of 60 fs at 800 nm. Pump pulses (<100 fs) in the infrared and
visible were obtained from optical parametric amplification seeded by white light
(Topas-Coherent). A BaB,O4 (BBO) crystal was used to generate pump pulses at 400
nm. Single-cycle THz waveforms were generated by optical rectification in LiNbO3
and detected in a ZnTe crystal by the electro-optic effect. A pinhole of 1.5 mm
diameter was placed on the samples to ensure photoexcitation and probing of the
same sample area during different experiments.

The photogeneration quantum yield of charge carriers, ¢, and decay kinetics of
charge carriers were obtained from the difference, AE (tp,t) = Eexa-ted(tp,t) -
Eo(tp), of the maximum amplitude of the THz electric field at time 7 after the optical
pump pulse, Eeycited (tp, t), and the maximum amplitude of the THz waveform at
time ¢, after generation of the THz waveform, E (tp), in the absence of the pump

pulse. The THz conductivity signal is then obtained according to?” 2

_ =BE(tpt) _ (feOuetfr(O)un
5@ = 5 = o et/ ) Nee. @.1)

In Equation 2.1 the functions f, (t) (f,(t)) are the fractions of electrons (holes)
that have survived form trapping or recombination, N, is the absorbed pump photon
fluence, c is the speed of light, &y is the vacuum permittivity, n.ry is the effective
refractive index in the THz frequency range and e is the elementary charge. The value
of ng s was taken equal to 10.8, as inferred from the data in refs. >**°. The electron
(hole) p, (uy) mobility in Equation 1 is the real component due to the charge velocity

in-phase with the THz field and averaged over the frequencies contained in the THz
waveform (0.2 - 0.7 THz).

In our experiments the THz conductivity signal S(t) was found to reach a
maximum value at a pump probe delay time near 2 ps (see Figure 2.2 A) and to be
merely constant up to 2.5 ps, so that f,(t) and f}, (t) can be considered equal to unity
on this timescale. To reduce the noise level, the quantum yield was obtained from
S(t) averaged over the time interval 2.0 ps - 2.5 ps, which is denoted as the initial
THz conductivity
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So = $AN, , (2.2)

with A = (ue + pp)e/2cegness. According to Equation 2.2 the quantum yield of

charge carriers, ¢, can be obtained from the slope of a plot of S versus N, similar to
previous studies.! !¢ Note, that studies of CM on NCs in suspensions have in some
cases been affected by photocharging effects that could be avoided by stirring.>° Such
effects do not play any role in our measurements, since we determine the CM
efficiency from the THz conductivity due to free mobile charges directly after the
pump laser pulse. Hence, normalization to an optical signal at longer times that may
be too small due to presence of trapped charges (and thus leads to overestimation of
the quantum yield) does not play a role. Our samples were found to be stable during
the THz conductivity measurements and photodegrading did not occur.

2.1 Results and discussion

We studied CM in planar percolative PbSe networks with structure such as
shown in the transmission electron microscope (TEM) image of Figure 2.1A (see
Methods). Such networks have a thickness of 5.8 nm, which is equal to the diameter
of the NCs from which they were prepared.’* > Similar to our previous work, the
center-to-center distance between the NCs in the plane of the network is 6.4+0.1 nm.
The NCs are connected by crystalline necks of thickness 4.0+0.4 nm and an average
of 2.6+0.7 necks per NC.? The entire percolative system thus forms a planar single
rocksalt PbSe crystal with the [100] crystal axes being the principal axes. The
attached NCs form straight segments with average length of about 20 nm. For
comparison we also studied a thin film solid of PbSe NCs connected by 1,2-
ethanediamine ligands with cubic ordering to some extent and relatively thin atomic
necks between part of the NCs (see Methods).!” The NC solid has a thickness of about
55+10 nm corresponding to 10 layers of NCs. Figure 2.1B shows a TEM image of a
NC solid. It exhibits relatively thin necks between part of the NCs and it is more
disordered than the percolative network. More details about the structure of such a
NC solid can be found in refs 18, 19.

Figure 2.1C shows that the optical absorption spectra of the percolative PbSe
network and the NC solid show a broadened peak at around 0.70+£0.01 eV. This peak
is slightly red shifted from the first excitonic transition of PbSe NCs dispersed in
tetrachloroethylene (see Figure 2.1C). This can be attributed to the electronic
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coupling between NCs in the percolative network and the solid.?* Photoluminescence
from the percolative network and the NC solid could not be detected (see Methods),
which implies that electrons and holes recombine predominantly non-radiatively. In
what follows we take the energy of the peak absorption maximum as the band gap of
the material; i.e. E; = 0.70 eV. For the percolative network the tail at the low-energy
side is less broad than for the NC solid. This may be due to the more ordered structure
of the network and the smaller number of connections to other NCs in the two-
dimensional network, as compared to the NC solid (see Figure 2.1A and B).

—— PbSe NC solid

0.20 T eroolative PbSe network /I’
| —— NC dispersion

0.05

Fraction absorbed
(arb. units)
o
=
o

| | | |
0.6 0.8 1.0 1.2 1.4

Photon energy (eV)

0.00

Figure 2.1. Structure and optical absorption. (A) TEM image of a monolayer percolative PbSe
network (scale bar represents 10 nm). (B) TEM image of a NC solid (scale bar represents 10
nm). (C) Optical absorption spectra of a monolayer percolative PbSe network, the PbSe NC
solid and a NC dispersion in tetrachloroethylene.

THz conductivity and quantum yield of charge carrier photogeneration. Figure
2.2 shows THz conductivity signals, S(t), (see Methods) for the percolative PbSe
network and the NC solid after excitation with pump photon energies of 1.08 eV and
0.77 eV, respectively. These photon energies are below twice the band gap so that
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CM cannot occur. According to our previous studies, photoexcitation of these
samples does not lead to a significant yield of neutral excitons and therefore the
quantum yield of charge carriers can be considered equal to one; i.e. ¢ =1, see
Methods Equations 1 and 2.'®?* The THz conductivity signal is directly proportional
to the sum of the time-dependent density of electrons and holes weighted by their
mobility. The ~2 ps rise time of the THz conductivity signals in Figure 2.2 reflects
the duration of the THz waveform. After the initial rise S(t) is merely constant up to
2.5 ps for all pump fluences, so that charge trapping or recombination are
insignificant and the survival fractions of electron and holes are equal to one; i.e.
fe(®) = frn(t) = 1 fort<2.5 ps, see Methods Equation 1. In agreement with this, the
initial THz conductivity signal S, (obtained by averaging S(t) between 2.0 and 2.5
ps, see Methods) increases linearly with pump fluence, see the insets in Figure 2.2A
and 2B. Up to at least 6 ps the decay kinetics of the THz conductivity was found to
be independent of pump photon energy, hv (see Figure A1), from which we infer that
cooling of charge carriers from higher energy to the band edge is so fast that it does
not affect the decay kinetics monitored in this experiment. This agrees with charge
cooling times less than 2 ps reported for PbSe NCs before.*'*? On a longer timescale

of the order of 100 ps the charges decay by trapping or recombination, as discussed
before.”

The sum of the electron and hole mobilities, u, + uy, obtained from the data in
Figure 2.2A for the percolative PbSe network is found to be 270+10 cm?V-'s™!, which
is close to previous results.?® For the PbSe NC solid the sum of the electron and hole
mobilities obtained from the data in Figure 2.2B is 94+4 cm*V-!s™!. This value is
higher than that reported by Guglietta et al.,'” which is due to the fact we used a
higher refractive index for PbSe (see Methods) and could in addition result from
preparing the NC solid via layer-by-layer dip-coating rather than spin-coating. The
larger electronic coupling due to the broad crystalline necks between the NCs in the
percolative PbSe network causes the mobility to be higher than in the NC solid,
despite the smaller dimension of the network, between 2 and 1.
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Figure 2.2. THz conductivity signal for different pump fluences. (A) THz conductivity signal
induced by excitation of the percolative PbSe network at photon energy of 1.08 eV. (B) THz
conductivity signal induced by excitation of the PbSe NC solid at photon energy 0.77 eV.

Determination of carrier multiplication efficiency. The CM efficiency was
determined from measurements of the initial THz conductivity signal S for different
pump photon energies, hv, as a function of pump fluence, N,, analogous to the data
in the insets in Figure 2.2. A similar approach has been used previously to determine
the CM efficiency in PbS nanosheets and in bulk PbS and PbSe.'>'® Figure 2.3A
shows that the slope of S, versus N, for the percolative PbSe network is the same for
photon energies up to 1.30 eV (i.e. below 2E, = 1.40 eV). This is to be expected since
at these energies the quantum yield ¢ = 1. The slope exhibits increased values for
photon energies of 1.55 eV and higher (i.e. above 2E,), which is due to a higher
quantum yield as a result of CM. We determine the slope corresponding with unity
quantum yield by averaging the slopes in plots of S, versus N, for photon energies
less than twice the band gap. The quantum yield at higher photon energies is then
obtained from the relative values of the slopes. The quantum yields for the percolative
PbSe network and the PbSe NC solid were obtained from linear fits to the measured
values of Sy versus N,, shown in Figure A2. In Figure 2.3B we show the quantum
yield as a function of photon energy, hv (top axis), and as a function of photon energy
normalised to the band gap, hv/E, (bottom axis).

Interestingly, Figure 2.3B shows that the onset of CM is near twice the band gap
for both the percolative PbSe network and the PbSe NC solid. In addition, distinct
step-like features appear in the quantum yield for the percolative network with

32



Efficient steplike carrier multiplication in PbSe percolative network

plateaus at photon energies in the range 1.5 eV —2.0 eV (2.1E,—2.9F,) and 2.0 eV —
2.6 eV (2.9E,—3.7E,). At higher energies the CM efficiency increases linearly. These
characteristics of the CM efficiency were reproduced for a second percolative PbSe
network, see Figure A3. The PbSe NC solid exhibits a lower quantum yield with
plateaus in the range 1.5 eV —1.9eV and 2.0 - 2.4 eV.

Photon energy (eV)
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Figure 2.3. Initial THz conductivity and quantum yield for charge carrier photogeneration.
(A) Initial THz conductivity of the percolative PbSe network versus absorbed pump fluence
for photon energies as indicated. (B) Quantum yield as a function of band gap multiple
(hv/Eg4, bottom axis) and as a function of photon energy (hv, top axis) for the percolative

PbSe network and the PbSe NC solid. The standard deviation in the quantum yields, as
obtained from linear fits to experimental data as in Figure 2.3A (and Figure A2), is smaller
than the data points.

Discussion of carrier multiplication efficiency. Ideal stair-case CM with the
quantum yield increasing by one for each band gap multiple of the excess photon
energy has been found for single-walled carbon nanotubes.** Such stair-case behavior
has also been reported for silicon nanocrystals embedded in a silicondioxide matrix.**
However, in the latter case the nanocrystals were not coupled, preventing charge
transport and solar cell applications. The percolative network and the NC solid of the
present study combine step-like CM with onset at twice the band gap with high
charge mobility.

For lead chalcogenide NCs in dispersion the CM onset is at almost three times
the band gap and step-like features have not been reported.” * Interestingly, the CM
onset in lead chalcogenide nanorods is lower than for NCs in dispersion with the
lowest reported threshold energy being 2.23 E, '*'* Our percolative PbSe network is
a planar crystal that can, somehow, be considered as a system of small NC rods of
variable length (on average several PbSe NCs long) oriented and connected in two
orthogonal [100] directions, see Figure 2.1A. This appears to reduce the CM
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threshold energy to the absolute minimum of twice the band gap and lead to step-like
features. CM at twice the band gap implies that the photon energy in excess of the
band gap is fully converted into kinetic energy of one type of carrier only, either the
photoexcited electron or the hole, as shown in the lower panel of Figure 2.4. The
plateaus in the quantum yield versus photon energy in Figure 2.3 can be due to fast
cooling of the electron (or hole) from higher energy in a series of electronic states to
a lower state from which CM takes place prior to further cooling. The fact that the
quantum yield does not increase up to 2.0 (see Figure 2.3) at photon energy of 2E,
can have different origins. First of all, it could be that not all photon absorption
processes result in a fully asymmetric distribution of the photon energy, i.e. donate
the excess energy to one type of charge carrier only. Possibly, part of the photons
distribute their energy in excess of the band gap in a more symmetric way over the
electron and the hole, as indicated in the upper panel of Figure 2.4. Secondly, thermal
decay from the level of the CM precursor state might be at play. Interestingly, for
PbS nanosheets the CM threshold was found to be at much higher band gap multiple'?
than for the percolative PbSe network of the present work. It appears that the
continuous nanosheets behave more like the bulk crystal in which CM has a higher
threshold energy due to restrictions imposed by conservation of crystal momentum
of the electrons involved in CM. The weakening of the rock salt periodicity in three
orthogonal directions in the structure of a percolative network can relax these
restrictions in favor of CM.

Insight into the occurrence of asymmetric electronic excitations, as shown in the
lower panel of Figure 2.4, can be obtained from electronic structure calculations. To
this end we considered a percolative network of 12x12 coupled NCs taken from the
TEM image in Figure 2.1A. Electronic states of this network were calculated using
k - p theory with a basis set corresponding to the two highest valence band states and
the two lowest conduction band states at the L-point in the 1% Brillouin zone of
PbSe.*> % This four band model did not yield a significant amount of asymmetric
electronic excitations. Apparently, the electronic states resulting from mixing of the
four band-edge states in the percolative network are to a large extent still resembling
the almost symmetric energy dispersion of the valence and conduction bands in bulk
PbSe. Hence, the four band-edge states at the L-point are insufficient to describe
asymmetric excitations. A next step would be to include states along the X-path in
the 1% Brillouin zone, or states at higher energy at the L-point.** 37 It thus turns out
that a proper description of CM in the percolative networks requires a more advanced
theoretical approach, such as k- p theory with more electronic bands, or density
functional theory with modern exchange/correlation functionals.

34



Efficient steplike carrier multiplication in PbSe percolative network
E

Cooling
—_—
E, 2B, "NocMm

N

Symmetric excitation

Asymmetric excitation

@ electron

@ hole

Figure 2.4. Photoexcitation and charge relaxation pathways. Upper panel: in a fully
symmetric excitation at photon energy of twice the band gap, the excess energy is initially
equally distributed between the electron (blue dot) and the hole (red dot), which subsequently
relax by cooling to the band edges. Lower panel: in a fully asymmetric excitation the excess
photon energy can be transferred to excite another electron via CM. In the example of this
figure the electron in the second conduction band acquires the excess photon energy and
subsequently relaxes via CM.

Enhancement of the allowable solar cell power conversion efficiency. Using the
measured data in Figure 2.3B for the quantum yield versus band gap multiple, we
calculated the power conversion efficiency (PCE) of a solar cell exposed to an AM
1.5 solar spectrum using the detailied-balance approach.*®* All incident solar light
at photon energy above the band gap was assumed to be absorbed. The results are
shown in Figure 2.5, together with the Shockley-Queisser limit and the ideal stair-
case behaviour of CM. The CM efficiency in the PbSe NC solid does not significantly
enhance the maximum PCE as compared to the Shockley-Queisser limit. However,
the CM efficiency measured for the percolative PbSe network would enhance the
maximum allowable PCE from ~ 33% with no CM to ~37% for the percolative
network, a net increase of 4% (red curve in Figure 2.5). At a fixed band gap the
increase in efficiency is greater. For a band gap of 0.7 eV the PCE increases from
24% without CM to 32% for the measured CM in the percolative network, an increase
of ~8%. Under concentration the PCE of all solar cells increases, however, when CM
is present the increase in PCE is much higher than in the case of no CM.> At a
concentration of 500x the CM, measured in the percolative network, increases the
PCE from 33% to 44% at 0.7 eV band gap.
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Note, that the optical absorption spectrum of the percolative network in Figure
2.1C shows a tail below the band gap. This will reduce the PCE with respect to the
calculated values given above.** To fully exploit CM, the networks should be
improved to achieve a more narrow tail.

70 - Percolative PbSe network
60 - - PbSe NC solid

- |deal stair case CM
50 - - - Shockley-Queisser limit
40

30
20
10

0

Power Conversion Efficiency (%)

0.5 1.0 1.5 2.0 25
Band gap (eV)

Figure 2.5. Simulated power conversion efficiency. Simulated power conversion efficiency
of a solar cell exposed to an AM1.5 solar spectrum versus band gap for the percolative PbSe
network and NC solid, together with the Shockley-Queisser limit and the ideal stair-case
behaviour of CM. In the latter case the quantum yield increases by one each time the photon
energy increases by an amount equal to the band gap.

2.3 Conclusions

In the percolative PbSe network the threshold photon energy for CM to occur
was found to be equal to the minimum value of twice the band gap. At the threshold
the quantum yield of charge carriers was found increase to about 1.4 and to exhibit a
plateau as a function of photon energy. At higher photon energy the quantum yield
exhibits a next step-like feature followed by a linear increase. Qualitatively similar
results were obtained for a NC solid with organic ligands and thin atomic necks
between part of the NCs. The PCE of a solar cell would be enhanced significantly by
the CM efficiency found for the percolative PbSe network.
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Appendix A

1. Normalized THz conductivity at various photon energies.
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Figure A1. THz conductivity at various photon energies. (A) Normalized THz conductivity
decay kinetics obtained by photoexciting the percolative PbSe network at photon energies as
indicated and absorbed fluence near 102 cm2. (B) Analogous results for the PbSe NC solid.

2. Determination of carrier multiplication efficiency.
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Figure A2. Determination of carrier multiplication efficiency. (A) Initial THz conductivity
of the percolative PbSe network versus absorbed pump fluence for photon energies as
indicated. (B) Analogous results for the PbSe QD solid.
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Figure A3. Comparison of quantum yield in percolative PbSe networks. Quantum yield as a
function of photon energy for two percolative PbSe network samples denoted as A and B.
The horizontal bars guide the eye to the plateaus in the quantum yield. The standard deviation
in the quantum yields, as obtained from linear fits to data as in Figure A2, are smaller than

the data points.
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3.1 Introduction.

Nanorods of PbSe are of interest due to the possibility to tune their band gap from
far to near infrared by decrease of their radius. A band gap close to 1eV can be
realized, which is ideal for solar cells, near infrared detectors and lasers.'?
Interestingly, it has been found that a single energetic photon can excite two or more
electrons in PbSe nanorods via a process known as carrier multiplication (CM)."*
The effect of CM in solar cells based on PbSe nanorods was found to lead to an
external quantum efficiency close to 120%.2

For optoelectronic applications as mentioned, above it is important to understand
to what extent photon absorption leads to formation of free electrons and holes, or
mutually bound electrons and holes in the form of neutral excitons. According to the
Saha model the quantum yield of excitons increases at higher total photoexcitation
density.>” At higher photoexcitation density it is more likely that electrons and holes
recombine to form excitons, as described by the Saha equilibrium constant. At very
high density where the distance between excitons becomes comparable to their
diameter, their spatial overlap causes screening of the electron-hole (e-h) Coulomb
attraction, which can lead to dissociation of excitons into free charges forming an e-
h plasma.®® Understanding the nature of photoexcited species as a function of density
is of interest from a fundamental perspective, as well as for optoelectronic
applications of PbSe nanorods.

Theoretical calculations on PbSe nanowires have yielded exciton binding
energies that strongly increase as their radius goes down, with a value as high as 0.4
eV for a radius near 1 nm.? Transient optical absorption (TA) and photoluminescence
measurements do not directly reveal if photoexcitation leads to free charges or neutral
excitons." * 1 However, according to theoretical analysis of the TA decay kinetics
excitons are the dominant species in longer PbSe nanorods.!% !

The aim of the current work is to determine to what extent photoexcitation of
PbSe nanorods leads to free charges or excitons and to determine the charge carrier
mobility and the exciton polarizability. We combine time-resolved TA spectroscopy
with terahertz (THz) photoconductivity measurements for different photoexcitation
densities to distinguish free charges from excitons. From analysis of the TA and THz
photoconductivity data it is inferred that photoexcitation leads predominantly to
formation of excitons with a polarizability of 10735 Cm?V-!. The quantum yield of
photogenerated free charges is rather small. The sum of the mobility of an electron
and hole moving in phase with the THz electric field is as high as 91£13 cm*V-!s!,
For higher photoexcitation density the photoconductivity is strongly affected by
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mutual interactions between charges and excitons, leading to a lower charge mobility
and a reduction of the yield of excitons.

3.2 Materials and methods

Sample preparation. PbSe nanorods were synthesized by following a previously
reported procedure.'?

Transient absorption spectroscopy. The PbSe nanorod dispersion was photoexcited
with 800 nm optical pulses of width 180 fs and the reduced absorption (bleach) near
the band gap due to presence of free electrons, holes and excitons was probed by
broadband optical pulses, generated in a sapphire crystal using the laser system
described in ref. 7. The bleach of the low energy absorption peak (see Figure B1) was
obtained from the transmitted probe light in the presence of pump (I,,) and the

absence of pump pulse (I,f) using the relation'

AOD:log(?ﬁ—((j))J. 3.1)

The measured bleach was averaged in the range of 1100 nm — 1600 nm to cover the
entire bleach spectrum at each pump-probe delay time and to obtain time dependent
traces.

Optical pump-THz probe spectroscopy. The PbSe nanorod dispersion was
photoexcited with 800 nm optical pump pulses of width 60 fs . The photogenerated
free e-h pairs and excitons were probed by single cycle THz pulses. Single-cycle THz
pulses were generated in a non-linear crystal ZnTe via optical rectification of 60 fs
pulses of wavelength 800 nm similar to our previous work.'* !> The THz pulse was
detected in a ZnTe crystal by spatially overlapping it with a chirped optical laser pulse
centered at 800 nm, so that the entire THz waveform is detected by a single laser

shot.'* 15 The differential THz signal A E(a), t) at time ¢ after the pump pulse was
obtained from the Fourier transformed electrical field of the transmitted THz pulse in
the presence and absence E (a)) of optical pumping. The complex THz conductivity,

(AO') is related to the differential THz signal A E(a),t) according to'* 1617
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AE(a),z)_ IAG
E(w) 2n,ce’

3.2)

with L the sample thickness, n = 1.5 the refractive index of the solvent, ¢ the

speed of light in vacuum, &, the vacuum permittivity.
Y g 0 p y

The real part of THz conductivity signal, SR(t) , is related to the quantum yield (i.e.

the number of electron hole pairs per absorbed photon, (p(t), present at time ¢ after

the pump pulse) and the sum of the real component of the electron and hole mobility

M+, = 11, for charge moving along the direction of the nanorod according to'* '°
LAo
Se(t)=0(t)uy=R—%, (3.3)
eN

a

with e the elementary charge and N the number of absorbed photons per unit area

in the nanorod dispersion (the excitation density). The factor R takes effects of the
angle between the polarization direction of the pump laser pulse and the direction of
the THz electric field with respect to the randomly oriented axes of the nanorods into
account. The transition dipole moment for an optical transition is parallel or
perpendicular to the axis of the nanorod, so that the optical absorption cross section
of a nanorod depends on the angle @ of its axis with respect to the pump polarization
direction according to cos’(@) or sin’ (@), respectively. Assuming the THz
conductivity perpendicular to the axis of a nanorod to be negligible, the THz
conductivity of a nanorod at angle Q) with the THz field is proportional to cos*(Q).
Taking this into account the factor R can be determined from the ratio of THz
conductivity measured with the pump laser polarization parallel and perpendicular to
the THz field, respectively. From such measurements it was found that R = 3.3. The

imaginary conductivity signal Sl(t) due to free electrons and holes, as well as the

polarizability of excitons along the direction of the nanorod is given by

s =olm [ 1-0()]22= R, (3.4)

with 41, the sum of the imaginary electron and hole mobility, ¢ the polarizability of
an exciton and @ the radian frequency of the THz field.
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3.3 Results and discussion

PbSe nanorods were synthesized by following a previously reported procedure.'?
According to analysis of the Transmission Electron Microscopy (TEM) image in
Figure 3.1A the nanorods have diameter 4.0 + 0.8 nm and length 51 + 11 nm. The
nanorods were dispersed in tetrachloroethylene for all spectroscopic measurements
discussed below. The optical absorption spectrum of the PbSe nanorod dispersion is
shown in Figure 3.1B. The absorption peak at lowest photon energy is maximum at
1395 nm.

—— PbSe nanorod dispersion
0.8

0.6

0.4 —

Fraction absorbed

0.2

0.0 T T T T T T

400 800 1200 1600
Wavelength (nm)

Figure 3.1. Structural and optical characterization. (A) TEM image of PbSe nanorods (the
scale bar represents 60 nm). (B) Optical absorption spectrum of the PbSe nanorod dispersion
exhibiting a low energy absorption peak at 1395 nm.

Transient optical absorption spectroscopy. Figure 3.2A shows the time-dependent
bleach, AOD, obtained by averaging the measured bleach between 1100 nm and 1600
nm after photoexciting the PbSe nanorod dispersion with 800 nm pump pulses with
duration of 180 fs (see Methods and Figure 3.2A). As expected the initial amplitude
of the bleach increases with the excitation density (defined as the number of absorbed
pump photons per unit area in the nanorod dispersion), while the decay becomes
faster (additional data in Figure B2). For the lowest excitation density the bleach
exhibits no decay on the 2.5 ns timescale considered. This can be understood since a
single free electron-hole (e-h) pair, or a single neutral exciton, decay on a longer
timescale.!''® At higher excitation densities the initial bleach on short time increases,
which reflects the presence of a larger number of free e-h pairs and/or excitons. The
faster decay at higher density is due to Auger recombination, which occurs when
multiple e-h pairs and/or excitons are present in a nanorod.* '%1- 19
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Figure 3.2B shows the bleach normalized to the maximum value in a short time
range of 5-10 ps. The rise of the bleach during time is due to energetic relaxation
(cooling) of the initially hot electrons and holes to the band gap. At the lowest
excitation density this is observed to occur within a ps, similar to previous results.!°
With increasing density cooling appears to be prolonged and takes about 4 ps at the
highest density. This can be understood as follows.?® Cooling of charge carriers
occurs by emission of phonons. At higher charge carrier density, a larger number of
phonons are emitted, and the nuclear lattice heats up more than for low density.
Hence, at higher density reabsorption of phonons by charge carriers is more likely
and the cooling time becomes longer.

The initial average number of free e-h pairs and excitons in semiconductor
nanorods can be determined from the ratio of the maximum bleach amplitude, A, at
short time after photoexcitation and the bleach at long time, B, when Auger
recombination is complete and a single e-h pair or exciton is left in a photoexcited
nanorod.* ! In Figure 3.2C values of A are shown, as obtained by averaging the
bleach over a time range of 5-10 ps, which is sufficiently long after the pump pulse
so that charges have cooled to the band edge. The values of B in Figure 3.2C were
obtained by averaging over 2.0-2.5 ns, during which the bleach in Figure 3.2A can be
attributed to single e-h pairs or excitons, since it exhibits no significant decay. The
values of A first increase linearly with excitation density, reflecting that the number
of e-h pairs and excitons is directly proportional to the excitation density. At higher
excitation density the increase becomes sublinear, which is attributed to decay by
Auger recombination on a timescale shorter than 10 ps. The value of B at first
increases with excitation density due to the fact that more nanorods are photoexcited
and eventually saturates when all nanorods are excited and thus contain one e-h pair
or exciton on longer times.

Figure 3.2D shows the ratio A/B as a function of the incident (bottom-axis) and
absorbed (top-axis) number of photons per unit area. The ratio A/B is equal to the
average initial number, NV, of e-h pairs and excitons per photoexcited nanorod in the
time range 5-10 ps. The value of N; is equal to the average number of absorbed
photons per photoexcited nanorod, Ny, provided the density of e-h pairs and excitons
in the nanorods is sufficiently low so that Auger recombination on times less than 10
ps is insignificant. The number of absorbed photons per nanorod is a Poisson
distribution, so that the average initial number of e-h pairs and excitons per nanorod

is equal to, with j; the number of incident pump photons per unit area and ¢, the

absorption cross section at the pump wavelength of 800 nm. The initial average
number of e-h pairs and excitons per photoexcited nanorod is then equal to
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N, = (1 _J'o:;:;_m) , (3.5)

Fitting equation 3.5 to the ratio A/B for those densities at which A increases
linearly with the excitation density (so that Auger recombination does not affect A)

yields the black curve in Figure 3.2D with ¢ , =(5.0 + 0.4) X 107'* cm’. Athigher

excitation density A/B is smaller than Ny, which is attributed to decay of e-h pairs and
excitons by Auger recombination on a timescale shorter than 10 ps.

For the value of ¢, at 800 nm obtained from the fit, the optical absorption
spectrum in Figure 3.1B yields an absorption cross section at the maximum of the
low energy peak equal to 2 X 10™* ¢m?. Cunningham et al. reported a cross section
of 7.2 x 10715 cm? at the low energy peak for PbSe nanorods with volume 240
nm’."” Taking our value of ¢, at the low energy peak and assuming it to scale
linearly with the nanorod volume (640 nm? for our nanorods),* '’ yields an absorption

cross section of 7.5 X 10715 ¢cm? for nanorods of volume 240 nm?, which agrees with
the value reported by Cunningham et al."”
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Figure 3.2. TA spectroscopy results. (A) AOD obtained by averaging the measured bleach in
the range 1100-1600 nm near the band gap after photoexcitation at 800 nm. (B) The bleach
rises more slowly during time at higher excitation density. (C) Initial bleach signal, A,
obtained by averaging over a time range of 5-10 ps and the long-time bleach, B, obtained by
averaging over 2.0-2.5 ns plotted versus the excitation density. (D) Values of N: =A/B (red
markers plotted against left-axis) and No (black curve plotted against right-axis) as a function
of incident photons per cm?, jo, (bottom-axis) and the excitation density (top-axis).

THz spectroscopy. We conducted THz photoconductivity experiments to determine
to what extent photoexcitation leads to formation of free e-h pairs and neutral
excitons.

Figure 3.3 shows THz photoconductivity data obtained by photoexcitation of the
PbSe nanorods with 800 nm pump pulses of duration 60 fs. The real component of
the THz conductivity is due to motion of charges with velocity in-phase with the THz
field and the imaginary part of the THz conductivity is due to the out-of-phase
velocity resulting from backscattering of charges and the polarizability of excitons
(See Methods).!617-23

Figure 3.3A shows the real (positive) and imaginary (negative) components of

the differential THz signal averaged over frequencies ( f =w/2r ) in the range 0.5-

1.2 THz, as a function of time after the 800 nm pump pulse. The differential THz
signal is directly proportional to the conductivity, or equivalently the density of e-h
pairs and excitons weighted by their mobility and polarizability, respectively (see
Methods). The real component is attributed to the presence of free mobile charge
carriers only. Excitons will not contribute to the real component, since the calculated
exciton binding energy in PbSe nanowires of diameter 4 nm is as high as 0.154 eV
(see ref. ?), and consequently excitation to a higher exciton level will largely exceed
the THz photon energy (1 THz =4 meV). At higher excitation density the imaginary
THz signal decays faster than the real component. This must be due to the fact that
excitons also contribute to the imaginary component. Hence, from the data in Figure
3.3A we can conclude that both e-h pairs and excitons are produced by
photoexcitation.

Figure 3.3B shows the real component of the product of the quantum yield of e-
h pairs, ¢(¢) , and the sum of the mobility of an electron and a hole; i.e. SR(t) =¢(t) L,
. Note, the quantum yield is the number of e-h pairs per absorbed pump photon at
time ¢ after the pump pulse. It can be seen that .S, decays faster at higher excitation

density, which is due to enhanced Auger recombination of charges. The reduction of
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the magnitude of S, with excitation density can result from a decrease of the

quantum yield of charges and/or a reduction of the charge mobility at higher density.
This will be addressed further in the next section. The initial values of the quantum

yield weighted real mobility averaged over ¢ in the interval 5-10 ps, §, -, are shown

in Figure 3.3C as a function of the average initial number of e-h pairs and excitons
per nanorod, M.
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Figure 3.3. THz photoconductivity results. (A) Real (positive) and imaginary (negative)
differential THz signal after photoexcitation at 800 nm for excitation densities as indicated.
(B) Quantum yield weighted real mobility of free charges obtained from the data in Figure
3.3A. (C) Initial quantum yield weighted real mobility of charges, Sk, (red markers) and
product of the quantum yield calculated from the Saha model and the fitted mobility of
charges. (D) Quantum yields of charges and excitons versus N: calculated from the Saha
model.

Quantum yield and mobility of charges and polarizability of excitons. The
thermodynamic equilibrium between e-h pairs and excitons can be described by the
1D Saha model. Focusing on the initial THz conductivity we can relate the density of

free charges in ananorod n =@ N,/ L and excitons n = (1 _¢i) N,/ L by*
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n’ o'k (-E
<L =K= Z exp ; ) (3.6)
n T

with ¢, the quantum yield of e-h pairs averaged over 5-10 ps after the pump pulse,

m =0.112 m,, the reduced effective mass of electrons and holes obtained from the
calculated valence and conduction band dispersion (see Appendix B4) reported in

literature.’ E = 0.154 eV is the calculated exciton binding energy from literature,’

kg is the Boltzmann constant, 7 is the reduced Planck constant and T =293 K. Using

equation 2 the quantum yield of e-h pairs is found to be ¢ = %(1_ 1+ﬂ].

Fitting the product ¢ 41, to the data in Figure 3.3C with K calculated from equation
2 and the mobility of an e-h pair as adjustable parameter yields g, = 91+13 cm?V-
's!. The fit reproduces the experimental values of § r; Up to Ni= 6 and the reduction
of Ay with N; can be attributed to a decrease of the quantum yield of e-h pairs as

described by the Saha model. For higher values of N; the experimental values of S

are lower than those from the fit. This can be due to a decrease of the charge mobility,
since at higher density mutual scattering of charges in a rod of finite length will reduce
their mobility. Figure 3.3D shows the quantum yield of e-h pairs and of excitons. It
is seen that photoexcitation leads mainly to formation of excitons with a quantum
yield exceeding 0.85 even at low N..

The real mobility of charges obtained above can be limited by scattering at the

ends of nanorod. The ac charge carrier mobility ﬂac( f) at THz frequency f on a

nanorod of finite length L can be related to the dc mobility u, of a charge on an

infinitely long nanowire according to*%’

-2

)

-3 e S
‘LtaC(f) ﬂdﬂ; 1_ ikBTllec 2
el’2nf 7

: (3.7)
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with e the elementary charge and szzfz( p+%j. Equation (3.7) yields for the real

and imaginary components:

= C
i (f)=81, 2, L, (3.8)
p=0 kBTludc 4
1+ 5 ,
el2rnf
) kT,
o 2
(s, Y ——E2 (.9

2
r=0 1+ kBTludc C4
el’2nf | 7

Figure 3.4A shows the real and imaginary part ac mobility for f'= 0.8 THz (the
center frequency at which the experimental data in Figures 3.3 and 3.4 were obtained)
calculated from equations 3.8 and 3.9 for a nanorod length L = 51 nm as a function

of pu, . The experimental ac mobility is reproduced for {1, =115 cm*V-'s™ and 1,

= 2265 cm?V-!s’!. The correct value can be determined by also considering the initial
imaginary THz conductivity data in Figure 3.4C, which correspond to

_ oo o o
S 1,i_¢i u 1+[l—¢i]7 with y the sum of the imaginary electron and hole mobility,

« the polarizability of an exciton and @ the radian frequency of the THz field.
Fitting §,  with the quantum yield from the Saha model and y, =25 cm?V-ls! (which
corresponds to 115 ¢m?V-'s™!) yields the drawn curve in Figure 3.4B with a =
(0.940.1) x 1073> Cm?V"'. The fit reproduces the experimental data with the
exception of high densities. By contrast, taking g, = 2265 ¢cm*V''s and the

corresponding p;= 404 cm*V-!s™! fails to reproduce the measured data (See Figure

BS5). Therefore, we conclude that 1, =115 cm’V''s™!, which is close to the measured

real THz mobility. Hence, the effect of scattering of charges at the ends of a nanorod
is very small when probed at a frequency near 0.8 THz. In the analysis described
above it was assumed that either the electron or the hole is mobile, which gives a
lower limit to the exciton polarizability. Since the effective masses of electrons and
holes are almost equal (see SI Section 4), it is reasonable to assume that electrons and
holes have the same mobility (45 cm*V-!s™"). In that case we obtain y; = 12 cm?*V-
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's! and an upper limit to the exciton polarizability equal to o= 1.1 X 1073% Cm?V-

26’
!. The exciton polarizability can be estimated theoretically using o heory = z g ,
1~ 0

where the summation over all higher exciton states is reduced to the first only, the

28

transion dipole moment is taken equal to the calculated exciton Bohr radius a, =2.2
nmand F|-FE| is taken equal to the exciton binding energy for PbSe nanowires with
4 nm diameter, as mentioned above.” This gives o= 1073%> Cm?V"', which is in

close agreement with the experimental result of (0.8-1.1)x 1073%> Cm?V-".

As discussed above, photoexcitation of the PbSe nanorods leads mainly to
excitons (see Figure 3.3D). Hence, the optical bleach at the band gap (AOD in Figures
3.2A, B2) can to a good approximation be taken as a measure of the average number
of excitons per nanorod, which we denote as N. As discussed above, for low
excitation densities N; = Ny < 6 the maximum bleach at short time directly reflects
the average number of photoexcitations per nanorod. For these densities, the
transients in Figure 3.4C and 3.4D were obtained by scaling the measured bleach

(AOD) such that they have magnitude jo = atthe maximum. At higher densities this

b
procedure is not valid, due to Auger recombination of hot charge carriers prior to
having relaxed to the band gap. This causes the maximum bleach on short time to be

smaller than jo, , see Figure 3.2D. Fortunately, at these higher densities all

abs ’

nanorods are photoexcited and the bleach can be scaled such that N=1 at long times.

Taking into account Auger recombination of excitons, the time-dependent
average number of excitons per nanorod is given by

N(t)=iAl.ex p{-i[%(i-l) k;‘ﬂ, (3.10)

i=]

with sz the Auger recombination rate for two excitons in a nanorod. The coefficients

in equation (3.10) are equal to*’

A=N'e "(2r-1) 3 m (3.11)
l ! F<2 it )
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By taking the initial value of the number of excitons in a nanorod equal to

N=7,0, and treating as an adjustable parameter, we could reproduce the measured

optical bleach transients until N = 6 with a value of sz =3x10” g (see Figure 3.4C).

For N > 6 the fitted transients exceed the experimental results shorter times. This is
attributed to Auger recombination of hot e-h pairs before they reach the band edge,
so that the maximum in the measured transent does not represent the initial number
of photoexcitations. Hence, transients at higher density such that N>6 , we take N
as the initial value for N in equation (3.10), yielding the curves shown in Figure 3.4D.

in Fi - ith k;'=3x10 g1 -
The fitted curves in Figure 3.4D obtained with s” agree with the
experimental data. From this we infer that Auger recombination of hot e-h pairs
reduces the initial average number of excitons at the band gap in a nanorod, while
approximately maintaining a Poisson distribution, which is the initial condition for
equation (3.10). Results for other densities are shown in Figure B6. The biexciton
lifetime of 1/A5' =330 ps obtained as described above, is longer than the value of 210

ps reported for shorter nanorods of average length 25 nm and 4 nm diameter.'° This
can be understood, since in longer nanorods the spatial overlap between two excitons
will be smaller than in shorter nanorods, which enhances the lifetime before Auger
recombination.
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Figure 3.4. Theoretical modelling. (A) Calculated real and imaginary components of Mo as

a function of Hac at frequency 0.8 THz for a nanorod of length 51 nm. (B) Experimental S,

values (markers), obtained by averaging over 5-10 ps after the laser pump pulse and fit with
=25 cm?V-!s’! and a as adjustable parameter (drawn curve). (C) Experimental (markers)
and theoretical (drawn black curves) decay of N as a function of time with the initial condition

N=ji0 s in equation (3.10). (D) Decay with N = N as the initial condition in equation
(3.10), for N = 6.

3.4 Conclusions

Photoexcitation of the PbSe nanorods studied leads predominantly to excitons rather
than free e-h pairs. The exciton polarizability of 10 Cm?V"! inferred from the
experiments agrees with that from a theoretical estimate. The sum of the mobility of
an electron and hole moving in phase with the THz electric field is as high as 91£13
cm?V-ls!. For higher photoexcitation density the photoconductivity is strongly
affected by mutual interactions between charges and excitons, leading to a lower
charge mobility. The high quantum yield of excitons makes PbSe nanorods of interest
as a gain material in near infra-red LEDs or lasers. For use of PbSe nanorods in solar
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cells, hetero-junctions must be realized so that excitons can dissociate into free
charges.
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Appendix B

1. Spectral feature at various V;.
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Figure B1. Spectral bleach at various N; obtained from averaging the bleach spectrum over
5-10 ps after photoexcitation.

2. TA spectroscopy data.
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Figure B2. TA spectroscopy results. AOD obtained by averaging the measured bleach in the
range 1100-1600 nm near the band gap after photoexcitation at 800 nm for excitation densities
as indicated.
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2. THz photoconductivity data.
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Figure B3. THz photoconductivity results. (A) Quantum yield weighted real mobility of free
charges obtained for photoexcitation densities as indicated. (B) Quantum yield weighted
imaginary mobility of free charges and the polarizability of exciton obtained for

photoexcitation densities as indicated.

4. Determination of the effective masses of electrons and holes.

The effective masses of electrons 7;" and holes m: for a nanowire of diameter
e
2712

4 nm was determined by fitting the expression E(k_)= Et+—* to the conduction
e(h)

and valence band dispersion taken from published data.'
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Figure B4. Fit to energy dispersion for the valence and conduction band of PbSe nanowires
of diameter 4 nm obtained from ref. 1.

5. Fit to the imaginary component of the THz signal.
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Figure BS. Fit to the initial imaginary component of the quantum yield weighted with
imaginary charge mobility y;= 404 cm?V-'s! and « as adjustable parameter.

6. Simulated decay of optical bleach.
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Figure B6. Simulated decay curves. (A) Experimental (markers) and theoretical (drawn
black curves) decay of N as a function of time with the initial condition N=joOus in

equation (3.10). (B) Decay with N = N; as the initial condition in equation (3.10), for N> 6.
(C) Experimental decay of for N<1 until 400 ps, (D) until 2 ns.
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4.1 Introduction

Quantum dot solids composed of colloidal nanocrystals (NCs) have attracted
strong interest since about two decades. Such solids show opto-electronic properties
that reflect the properties of the individual nanocrystalline quantum dots together
with the dipolar and electronic coupling between them. Since there are many types
of NCs that can be incorporated in a solid and the quantum coupling between the NCs
can be varied by control over the NC surface chemistry, NC solids form a material
platform with considerable tunability and versatility. This platform is of great interest
to address basic scientific questions in quantum transport and shows promises for
future opto-electronics.!"

In this field, solids that are formed by NC assembly followed by oriented
attachment of the NCs constitute a special class, since oriented attachment results in
atomically coherent systems and strong quantum coupling. Over the years, atomically
coherent one-dimensional rods,'> ' two-dimensional quantum wells'®, and nearly
three dimensional'® nanostructured but atomically coherent systems have been
reported. Since, due to the NC/NC epitaxy, the quantum coupling is strong, the
energy level and band structure of these systems is determined by their overall
dimensions. A remarkable class is 2-D superstructures that show a silicene-type
honeycomb structure: these systems retain the semiconductor band gap but the
highest valence and lowest conduction bands show a linear dispersion near the K-
points of the Brillouin zone. This would mean that at sufficiently low temperature
and with precise control of the Fermi level at around the K-points, massless electrons
(holes) may dominate the transport properties, as in graphene.!”

However, before this type of physics can be explored, several challenges must be
addressed: One must be able to prepare sufficiently large domains of honeycomb
superlattices to incorporate them in an electrical device with suitable contacts and to
change the Fermi-level in a controlled way by gating. Control over the band
occupation also means that a decent knowledge on the presence of in-gap states is a
prerequisite. Second, it will be required to cool down the entire transistor system (at
a given position of the Fermi-level), without mechanical or electrical breakage.

Here, we start this endeavor by a room-temperature study of the band occupation
and electron transport in silicene-type honeycomb structures prepared from PbSe
NCs. We used a transistor device allowing to measure the electronic properties under
electronic equilibrium, and terahertz (THz) spectroscopy to measure the transient
behavior of photo-generated electrons and holes. This study is motivated by the fact
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that we recently were able to reproducibly fabricate extended (> 100 pm) domains of
PbSe honeycomb structures by nanocrystal assembly and oriented attachment.'® We
show that we can incorporate wet-chemically prepared superstructures as individual
silicene sheets in an electrolyte gated device. We can change the Fermi level in a
controlled way and occupy the lowest conduction band with up to 4 electrons, without
interference of mid-gap electron traps. By moving the Fermi level to lower energies
towards the valence band, holes are injected. They might either occupy the valence
band or mainly trap states in the gap. The electron mobility measured in the transistor
type device (about 1.5 + 0.5 cm?V-'s™") compares well with that obtained by THz
spectroscopy. The frequency-dependent THz results indicate that the room
temperature electron mobility is not limited by electron scattering on lattice phonons,
but mostly by lattice imperfections.

4.2 Materials and methods

PbSe NCs synthesis. PbSe QDs were synthesized based on the methodology of
Steckel et al. method."® For the lead precursor, a mixture of 4.77 g lead acetate, 10.35
g oleic acid and 39.75 g 1-octadecene was heated at 120°C under vacuum for 5 hours.
For the selenium precursor, a mixture of 3.52 g selenium powder, 46.59 mL
trioctylphosphine and 0.41 mL diphenylphospine were prepared by dissolving
selenium. Subsequently, 10.25 mL of the lead containing solution was heated upto
180°C and 7.5 mL of the selenium precursor was injected. The mixture was kept at
150°C for 70 second and the NC growth was quenched with 30 mL of a
methanol/butanol mixture (1:2). The NC product solution was centrifuged and the
NCs were dissolved in toluene. This concentrated suspension of PbSe NCs was
washed twice more with methanol and the NCs were dissolved in toluene.

The formation of honeycomb superstructure by means of oriented attachment.
Honeycomb superlattices were obtained by the NCs assembly at the toluene-nitrogen
interface followed by oriented attachment. We followed an ultra-slow procedure that
has been developed recently in our group (Figure C1). A small petri dish was filled
with ethylene glycol as a liquid substrate. This dish was placed in a bigger petri dish
that also contained toluene. A certain volume of PbSe NC dispersion in toluene was
drop casted on top of ethylene glycol. A beaker was placed on top of the petri dishes
to slow down the toluene evaporation. The evaporation of the toluene solvent and the
superlattice formation was really slow and took around 16 hours. The honeycomb
monolayer was transferred onto a TEM grid for structural characterization, quartz
substrates for THz measurement and a device with microstructured gold electrodes,
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i.e. source and drain, separated by a gap for electrolyte gating and transport
measurements (details in SI section 3). The formation of PbSe honeycomb
superlattices and their transport to a TEM grid, the quartz substrate and a transport
device were performed in a glove box.

Surface treatment by PbCl.. In an attempt to passivate the surface traps, the surface
of the honeycomb superlattices was treated by PbCl,. For this purpose, a saturated
dilution of PbC/; in methanol was prepared. The substrates with the superlattices
were immersed shortly into the PhCI, dilution and then into methanol, to remove the
residuals.

Electron injection and transport measurement in an electrolyte gated transistor.
Electrochemical gating is a well-stablished method used to investigate the transport
properties of 2-D superlattices. The device used for this measurement consists of
interdigitated source and drain electrodes, on top of a SiO; substrate (details in SI).
In this experiment we used acetonitrile containing a Li* salt as an electrolyte. An Ag
wire and a Pt sheet were inserted into the electrolyte for reference and counter
electrodes, respectively. The Fermi level of the superlattices moved towards the
conduction band (valence band) by applying negative (positive) potential with
respect to the reference electrode by using a potentiostat. To investigate the charge
injection into the honeycomb superlattice, differential capacitance measurements
were performed. By applying the potential in small steps of 55 mV, the current in an
interval time was measured. The integration of the current gave us the total amount
of charge injected to the structure. For measurement of the sample conductance at a
given potential, a small potential was applied between source and drain electrodes
and the source-drain current was measured. As soon as the Fermi level was in the
conduction band, the source-drain resistance was Ohmic. The conductivity was
obtained from the measured conductance the geometry of the electrodes. Eventually,
the electron mobility was obtained from the conductivity and the electron density
(details in SI).

Terahertz conductivity measurements. The honeycomb superlattice was
photoexcited by optical pulses with photon energy 1.55 eV. The photoconductivity
was probed by single-cycle THz pulses analogous to our previous work.'” 2 To
prevent air exposure, we placed the sample in an airtight sample holder during the
photoconductivity measurements. According to the thin film approximation the
complex conductivity (Aa(a), t)) of charges at a pump-probe delay time ¢ averaged
over the sample thickness (L) is related to the differential THz signal (AE (w, t)) via

21,22
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AE(w.t) LAc(w,1)
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The complex conductivity of charges is related to the quantum yield weighted
complex mobility (¢ (t) e + P (t)uy) via 3’8
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with N, the number of absorbed photons per unit area (excitation density).
Substituting equation (2) into (1) and rearranging yields

LAc (w,t)

SO= Qe + Ok, =— > (4.3)

a

which is independent of the sample thickness L.

4.3 Results and discussion.

Formation of 2-D honeycomb superlattices of PbSe. We prepared 2-D honeycomb
superlattices from PbSe NCs (with the size of 6.15 = 0.4 nm) dispersed in toluene
by self-assembly at the toluene-nitrogen interface and oriented attachment as
described in the methods section and appendix C1.%* An atomically coherent silicene-
type honeycomb structure is formed by epitaxial attachment of the PbSe NCs via
three of their 6 facets. A part of such a honeycomb structure is shown in Figure 4.1A.
The Fourier transform of the image in the inset shows that the honeycomb periodicity
holds for the entire image and is thus long ranged. We remark here that, due to the
epitaxial connection, the quantum coupling between the NCs is strong. Atomic tight
binding (TB) calculations have shown that this coupling results in mini-band
formation with a band width in 0.1 eV range.?* This means that, for ideal honeycomb
structures, high mobility values only limited by phonon scattering are expected. On
the other hand, disorder could also limit carrier transport. Several types of disorder
have been observed and detailed in a recent work®: Non-perfect epitaxial
connections between the NCs is probably the most important origin of
crystallographic disorder. In the experiments described here, the PbSe
superstructures also showed slightly more disordered regions between the
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honeycomb domains (Figure 4.1B). Disorder due to the nanocrystal misalignment in
the lattice is obvious from Figure 4.1c.

Light absorption by a PbSe honeycomb monolayer. The optical absorption
spectrum of the NCs dispersed in tetrachloroethylene exhibits a peak at 0.7 eV related
to the first exciton transition (Figure 4.1D). For a single PbSe honeycomb layer, the
first feature is broadened such that it almost looks as a step, and it is also red shifted.
Similar features have been observed for the square superlattices.”> The broadening is
due to quantum coupling between the PbSe NCs, ultimately resulting in band
formation (see also below).* >>2° The red shift has been attributed to the effect of the
dielectric environment.> ** The band structure obtained from a TB calculation is
presented in Figure C2 without inclusion of many-body electron-hole interaction
effects, which are probably weak, due to the large dielectric constant of PbSe. The
calculated band structure yields an effective mass of 0.21 m, for electrons (m, the
free electron mass). We should remark here that models for 2-D quantum wells
predict a value of the absorptance of 2.3 % (related to the fine structure constant) for
a single quantum well. The value that we measure is 1.5 %, about half the predicted
value for a single free standing layer. A similar reduction of absorption of a 2-D
monolayer has been observed previously and was attributed to the presence of the
quartz substrate.?’
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Figure 4.1. Structural properties of the PbSe honeycomb superlattice studied here: (A) TEM
overview of a PbSe superlattice with honeycomb nanogeometry; the inset is the Fourier
transform of the image showing that the honeycomb periodicity is long ranged and holds for
the entire image. (B) TEM image of a superlattice with smaller honeycomb domains
connected by slightly disordered grain boundaries. (C) High resolution HAADF-STEM image
showing several types of NC misalignment in the honeycomb structure. (D) Absorption
spectrum of a single-layer honeycomb superlattice deposited on a quartz substrate compared
to that of dispersed NCs. The first excitonic absorption feature of the PbSe superlattice shows
ared shift and broadening, compared to the NCs in dispersion. For the honeycomb superlattice
monolayer on a quartz substrate, the absorption is 1.5 % at a photon energy of 0.7 eV. The
absorption of NC dispersion is scaled down for comparison to the superlattice.

Transport measurements in an electrolyte-gated transistor. Single sheets of a
honeycomb superlattice were incorporated into a transistor-type device by horizontal
transfer of the structure from the ethylene glycol (EG) surface on which it was formed
(see methods). The surface of the sample is treated by PbC/l; which has been shown
to passivate surface traps and improve electronic transport.?® Using electrochemical
gating; the number of conduction electrons in the honeycomb superlattice can be
controlled. From the source-drain conductance and the electrode-gap geometry, the
electron conductivity and, finally, the electron mobility can be obtained.?

In order to investigate the occupation of the bands with electrons (holes),
differential capacitance measurements were performed (see methods). Figure 4.2A
shows the differential capacitance characterizing the injection of electrons and holes
into the PbSe honeycomb superlattice treated with PbCI. It can be seen that electron
injection sets on at -0.4 V (versus Ag, reference electrode) and increases gradually
up to a sample potential of -1.2 V. The shapes of the forward and backward scans are
similar but not entirely identical. It means that the charge injection is not entirely
electrochemically reversible and some minor side reactions, such as the reduction of
residual molecular oxygen, may be ongoing. At positive potentials, the differential
capacitance rises, showing that positive charge carriers are injected into the PbSe
superstructure.

The total amount of injected charge carriers and the number of carriers per NC
site (=1/2 unit cell) in the forward scan is depicted in Figure 4.2B. The method to
determine this number is outlined in appendix C Section 4. At the most negative
potential (-1.2 V), we observed 4 electrons per NC site, meaning that the 8-fold
degenerate S-type conduction band is, in principle, half occupied. We should mention
here that the uncertainty in the occupation number is relatively large due to the
uncertainty in the effective active area of the device (see details appendix C Section
4). An optical microscope image of the active channel of the device is presented in
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Appendix C4 showing that basically the whole area of the channel is covered by the
superlattice. Also note that at room temperature, electrons can be thermally excited
from the S-type mini-band into the P-type mini-band. Strongly charged PbSe NCs
have also been reported recently.?-*?

At sample potentials more negative than -0.5 V, the source-drain transport
current increased linearly with the source-drain bias (see Figure C6); the slope
provides the conductance of the superlattice. From the conductance and the geometry
of the interdigitated source-drain electrodes and gap, the electronic conductivity was
calculated. We have plotted the conductivity of the sample as a function of the sample
potential on a linear scale (Figure 4.2A) and a logarithmic scale (Figure 4.2D) for
convenience. As can be observed in Figure 4.2C, the conductivity sets on at around -
0.5 V and rises steeply with the electrochemical potential, up to 1100 S/m at the most
negative potential. For positive electrochemical potentials the differential
capacitance increases again, this is accompanied with a small increase of the source-
drain conductance (Figure 4.2D). It appears that the conductivity at positive potential
is much smaller than the electron conductivity. This indicates that the injected
positive charges to the superlattice might either occupy the valence band, or could
occupy localized in-gap states. In the logarithmic scale in Figure 4.2D, the
conductivity shows a step-like peak (not clearly visible on a linear scale) at a potential
of -0.4 V. However, the charge density at this potential has a very small value.
Therefore, we cannot conclude whether this peak is real and related to the band
occupation of the superlattice.

Results obtained with other samples, also a sample that is non-treated with PbCl,
are provided in Appendix C section 6. Similar results are obtained for those samples;
i.e. the onset of the conductivity close to the onset of electron injection, the number
of electrons in the conduction band varying between 4 and 8 per nanocrystal site, and
a smaller conductance at positive potentials at which holes either occupy the valence
band or trap states.

The electron mobility of the sample of Figure 4.2 calculated from the electron
density and conductivity reached a maximum value of 2.3 cm?V-'s! at -1V. We
performed differential capacitance and conductivity measurement on three other
PbSe honeycomb devices. On average, we find an electron mobility of 1.5 + 0.5
cm?V-!s! in the PbSe honeycomb superlattices in the potential window of -1.05 <V
< -0.75. For the sample non-treated with PbCl, the mobility was found to have a
lower value of 0.4 cm?V-'S™! (see Figure C7), which we attribute to the presence of
trapping sites that have a negative effect on electron transport.
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We further note that at the most negative potentials the conductivity is probably
limited somewhat by the contact resistance between the honeycomb superlattice and
the gold source and drain contacts. This may explain why the conductivity levels off
and why the derived value of the mobility even decreases. Hence the values obtained
here are a lower limit to the intrinsic dc mobility.
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Figure 4.2. Electron injection and electron transport characteristics in a passivated PbSe
honeycomb superstructure incorporated in an electrolyte gated transistor: (A) Differential
capacitance of a passivated PbSe honeycomb superlattice measured in forward (from 0.2 to -
1.2 V) and backward scan. (B) The total injected charge and the charge per NC site as
measured in the forward scan. (C) The conductivity (blue) and the electron mobility (green)
of the superlattice obtained from the source-drain conductance (See Figure C5), the geometry
of the source-gap-drain fingers system and the charge density presented as a function of the
electrochemical potential. (D) The conductivity (blue) and the electron mobility (green) of
the superlattice in logarithmic scale.

Terahertz photoconductivity spectroscopy: The THz photoconductivity was
studied by photoexciting PbSe honeycomb superstructures with 50 fs laser pulses at
a photon energy of 1.55 eV. The experimental procedure involves detection of
charges and excitons with a single-cycle THz field and is identical to that described
previously.!®?° In general, photoexcitation of a semiconductor leads to formation of
free mobile charges that can coexist with bound e-h pairs in the form of neutral
excitons.’*¢ Free mobile charges and neutral excitons both contribute to the THz
conductivity to an extent that is different for the real and imaginary parts.’” 3 At
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higher photoexcitation density recombination of free charges into excitons is more
likely and consequently the quantum yield of charges decreases. If excitons co-exist
with free charges in the honeycomb superlattice the relative magnitude of the real
and imaginary THz conductivity should depend on the initial photoexcitation density
and the decay kinetics of the real and imaginary parts should be different. Since the
normalized decay of the real and imaginary parts are identical (see Figure C9) it can
be inferred that the contribution of excitons is negligible and the initial quantum yield
of charges can be taken equal to 1. The real part (positive sign) of the THz
conductivity is due to the in-phase charge velocity in the probing THz field, and the
imaginary part (negative sign) is due to the out-of-phase charge velocity.?">?*3° The
electrolyte gated transistor measurements have shown that holes might mostly
occupy localized in-gap states. Therefore, the mobility of holes can be neglected and
the THz conductivity can be ascribed to electrons only.

Figure 4.3 shows the THz conductivity for a PbSe honeycomb superstructure
treated with PbCl, to passivate surface traps. The product of the time-dependent
quantum yield of electrons and their mobility: defined S(t) = ¢, (t)u, with the
initial quantum yield ¢, (t = 0) = 1, as discussed above is shown for an excitation
density of 2.5 x 103 cm™, which corresponds to 10 electron-hole (e-h) pairs per
nanocrystal (NC) (see methods). The signal S(t) reaches a maximum value of 2.1 +
0.4 cm?V-'s! at a pump-probe delay time of 1.5 ps, which reflects the pulse duration
of the probing single-cycle THz field. This value of S(t) is attributed to relaxed
charge carriers at the band edge, since for a photoexcitation energy of 1.55 eV
initially hot e-h pairs in PbSe NCs cool down to the band edge within a picosecond.*"
! The electrons are seen to decay via trapping or recombination with a lifetime for
half decay of ~10 ps. Similar results were obtained for lower (0.8 X 1013 ¢cm?) and
higher (2.5 x 1013 c¢cm™) excitation densities (see Figure C8), which implies that
higher-order recombination is not important for these densities.

A comparison of S(t) for the PbSe superstructure passivated with PbCl, and a
non-treated superstructure is shown in Figure C11 for similar excitation densities. It
can be clearly seen that surface passivation with PbCl, enhances the mobility by a
factor four, which is in the same direction to that obtained from the DC device
measurements described above. The excitation density of 4.3 X 1013 cm™ needed to
observe the THz conductivity in the non-treated superstructure is higher than that
used for the structure treated with PbCl,. The higher density leads to a faster decay
via recombination and consequently a smaller value of S(t) even on short timescales.
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To understand the charge transport mechanism, we plot in Figure 4.3B the
frequency dependent electron mobility obtained by averaging S(t) over a pump-
probe delay time interval of 2-6 ps. The increase of the mobility in Figure 4.3B with
frequency w and the negative imaginary mobility disagree with the simple Drude
model.* The THz mobility is described by the Drude-Smith model, yielding*?

(o) =[] (44

T (-ion)\  1-ier

with e the elementary charge, 7 the scattering time, m* the effective mass, and ¢ =
(cosB) a persistence of velocity parameter accounting for elastic backscattering with
0 the scattering angle.

Solving for the real and imaginary parts of the Drude-Smith model yields:
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Taking the value of m* = 0.21 mg, from atomistic tight binding (See Figure 4.3),
and fitting expressions (4.5) and (4.6) to the frequency dependent mobility in Figure
43Byields T =5.2 £ 0.6 fsand c = —0.96 % 0.01. At lower excitation densities
we obtain similar values for T and ¢ (see Figure C9), which indicates that for the
densities studied band filling does not affect the THz mobility. The backscattering
parameter ¢ close to -1 implies significant backscattering of the charges, which is
typical for NC solids.** * The DC mobility obtained from the Drude-Smith fit
parameters is 1.7 cm*V-'s™!, which is close to the value of 1.5+ 0.5 cm*V-'s™! obtained
from the transistor measurements described above. Hence, although the coupling
between the NCs in the honeycomb structure is considerable, the electron mobility is
strongly limited by scattering at imperfections.

The Drude-Smith fit reproduces the measured real part of the THz mobility,
while it does not agree very well with the measured imaginary part. Structural
disorder may cause the site-energy of a charge to vary on going from one NC to
another. The disorder in the site-energies is roughly equal to the width of the first
optical absorption peak of the NCs, which is about 0.1 eV, see Figure 4.1D. Such
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disorder is not included in the Drude-Smith model, which may cause the model to be
inaccurate for the current material. A more detailed model of charge transport should
include effects of disorder, however, that is beyond the scope of this study.
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Figure 4.3. Terahertz photoconductivity obtained by photoexciting the PbSe honeycomb
superstructure treated with PbClz at photon energy of 1.55 eV. (A) Real (positive signal) and
imaginary part (negative signal) of the quantum yield weighted mobility as a function of time
obtained at excitation density 2.5 x 10'3 cm2, which corresponds to 10 electron-hole pairs per
NC. (B) Experimental frequency dependent charge carrier mobility (markers) together with
fit of the Drude-Smith model to the data.

Discussion: We have studied electron transport in single sheets of PbSe with a
silicene-type honeycomb geometry. In an ideal case, these structures are atomically
coherent: the <111> axis of PbSe rock salt is perpendicular to the plane of the sheet.
Each nanocrystal unit is epitaxially connected to three other ones, forming [100]/
[100] connections. Silicene honeycomb structures of PbSe, very similar to the ones
used here, have been structurally characterized in detail in a recent work. It has been
shown that while the honeycomb domains are very large (> 10 um), there are several
types of crystallographic defects, mostly related to non-ideal [100]/[ 100] connections
between the constituting NCs. Our electrolyte-gated transport measurements show
that the injected electrons occupy the lowest conduction band. However, the injected
holes might either occupy the valence band or localized in-gap states. The similarity
between the mobility obtained with an electrochemically gated transistor type device
and the THz mobility is remarkable (both values are about 1.5 cm?*V-!s!). This
indicates that the quantum yield for charge carrier photo-generation in the terahertz
experiments is close to unity, and also that mainly electrons contribute to the THz
conductivity. From the above, it is thus reasonable to state that the electron mobility
at room temperature is close to 1.5 cm?V-'s™! and independent of frequency up to the
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THz range. The frequency independence implies that charge transport over tens of
microns in the transistor measurements (see Figure C3) is as efficient as along the
distance (L) probed at THz frequencies which is the diffusion length during a period

(tosc) of the THz field; ie. L = ’w ~ 5 nm with kg the Boltzmann constant

and T the temperature. The value of L estimated in this way corresponds to the center-
to-center distance between adjacent NCs. The similar mobility found for this short
distance scale and the DC value implies that electronic coupling between the NCs
exhibits long-range order. Hence, there is a strong electronic coupling between every
two NCs, but also a high density of structural defects. This means that in both types
of measurements electron transport is mainly limited by structural defects.
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Figure 4.4. Tight binding (TB) of PbSe honeycomb superlattice. The lowest conduction
bands calculated with atomistic tight-binding (TB) theory. The lowest conduction band is 8-
fold degenerate (including spin); the degeneration is slightly broken due to quantum coupling
of the 4 L points in the zone. The bands show a conventional parabolic dispersion at the I'-
point, and a linear Dirac-type dispersion at the K-points. The calculated band structure yields
an effective mass of 0.21 m, for electrons (m, is the free electron mass).

Here we provide an interpretation of this result, using the band structure
calculated for a PbSe silicene-type honeycomb structure with the same size of the
honeycomb units (NCs) and periodicity. The lowest conduction bands calculated
with atomistic tight-binding theory are shown in Figure 4.4. The lowest conduction
band is 8-fold degenerate (including spin). It shows a conventional parabolic
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dispersion at the I'-point, and a linear Dirac-type dispersion at the K-points. When
electrons are injected and the occupation is low, the (low-T) occupation is at the I'-
point. The effective mass of electrons, obtained from atomistic tight binding
calculations is 0.21 mq (see Figure 4.4). It is instructive to compare the mobility
observed in the honeycomb superstructures with that reported for bulk PbSe. The
experimental value for macroscopic crystals of PbSe at room temperature is 1000
cm?V-!s1.% When we assume that the effective mass in bulk PbSe is 0.1 m,,* the
scattering time in a macroscopic PbSe crystal is calculated to be 60 fs, which is more
than 10 times larger the value of 5.2 £ 0.6 fs we found for the honeycomb superlattice.
For the PbSe superstructures, we find that the mobility is almost 500 times smaller
than the bulk value, whereas the effective mass is only (here at the ['-point) 2 times
larger. This means that in our PbSe honeycomb superlattice the electron scattering
time is considerably shorter than in the bulk PbSe; hence electrons do not only scatter
at lattice phonons, but also at lattice imperfections. This is corroborated by the
frequency dependence of the THz mobility. The real and imaginary parts cannot be
described by the Drude model, which accounts only for electron-phonon scattering,
but backscattering of electrons on defects needed to be included. The THz mobility
could be reproduced approximately by the Drude-Smith model withc = —0.96 +
0.01, which implies strong backscattering of electrons at imperfections in the PbSe
honeycomb superstructures. We believe that imperfect [100]/ [100] connections
between the NCs are the most important origin of disorder in the PbSe honeycomb
superstructures.

Several previous studies have yielded charge mobilities in PbSe NC solids in the
range of 1-15 cm?V-'s! 6 7-10.20.28. 4799 Ty thege studies of 3-dimensional assemblies,
the NCs were coupled by small organic linker molecules, and in some case the NC
solids were thermally annealed or infilled with a metal oxide by atomic layer
deposition. Apparently these treatments lead to somewhat high mobilities.* *
However, in the present case, please notice that our system is truly 2-D, this increases
the relative surface area and, related to this, the density of surface trap states and also
increases the effect of the inhomogeneous electrostatic potential. All these features

have a negative effect on electron mobility.

4.4 Conclusions

We studied the electronic properties of PbSe honeycomb superstructures in a
transistor type device and with THz spectroscopy. The results show that electrons
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occupy the lowest conduction band. The electron mobility is limited by lattice
imperfections. The electronic characterization at room-temperature presented here
shows that it should be possible to subtly move the Fermi level through the energy
range of the conduction mini-band. Once PbSe honeycomb transistor-type devices
can be cooled down to cryogenic temperatures (i.e. kgT << band width), it should be
possible to study the transport physics with the Fermi-level positioned in a narrow
energy window, e.g. to distinguish the I' point from K-points. Eventually, this
research would enable to display the Dirac character of the carriers in the energy
region around the K-points, as has been predicted by simple and advanced theories.
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Appendix C

1. Oriented attachment. The oriented attachment of PbSe QDs to form honeycomb
superlattices were performed following our recent slow process.! A dispersion of 2
uL of PbSe QDs (with concentration of 1.56 X 10™> M) in 800 uL toluene was
prepared (Figure C1A). A 6.5 mL petri dish with 28 mm in diameter was filled with
ethylene glycol and used as a liquid substrate. This dish was placed in a bigger petri
dish containing 3 mL toluene (Figure C1B). 350 uL of PbSe QDs dispersion in
toluene was drop casted on top of the ethylene glycol substrate. A beaker was placed
on top of the petri dishes to slow down the toluene evaporation (Figure C1C). After
16 hours, the solvent was evaporated and the honeycomb superlattice formed on the
liquid-nitrogen interface (Figure C1D). The monolayer of the superstructure was
transferred onto quartz substrates for THz measurement and electrochemical golden
fingered electrodes for electrochemical gating measurements (Figure C1E).

&
K —— 2]
C

Figure C1. (A) dilution of QDs in toluene, (b) 6.5 mL petri dish with ethylene glycol as
substrate inside a bigger petri dish containing 2 mL toluene, (c) drop casted QDs on top of
the EG substrate and covered with a 500 mL beaker to slow down the toluene evaporation,
(d) formation of honeycomb superlattices and stamping the superstructure on the solid

ﬂ

D E

substrates and (e) covered quartz substrate and fingered electrode by a monolayer of the
structure.

2. Band structure of a honeycomb superstructure. Experiments show that atomically-
coherent silicene-type honeycomb structures are formed by epitaxial attachment of the PbSe
NCs via three of their 6 {100} facets. In addition, substantial atomic rearrangement takes
place during the attachment process. Inspired by the experimentally observed structures, we
have considered the following model of silicene-like superlattice.>3 The lattice is made of an
ensemble of tangential spherical NCs, the center-to-center distance between nearest-neighbor
NCs is equal to the NC diameter. Each sphere is connected to three other spheres along three
out of the six <100> directions. Between each pair of neighbors, we add a cylinder of atoms
which accounts for the atom rearrangement and the necking occurring during the oriented
attachment process. The diameter of each NC is equal to 5.5 nm and the cylinder one is equal
to 2.7 nm. Inside the spheres and the cylinders, the PbSe lattice is the same as in bulk, i.e., we
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assume that there is no lattice relaxation. The surfaces are not passivated as this is not
necessary in the case of PbSe for reasons discussed in Ref %. Each atom in the lattice is
described by a double set of sp>d®s* atomic orbitals including the spin degree of freedom. The
tight-binding parameters including spin-orbit coupling are taken from Ref 4. Due to the large
number (6415) of atoms per unit cell, the numerical methods described in Ref * are used to
calculate near-gap states.’

Energy (eV)

7
|
|

Figure C2. Conduction and valence band of a silicene-type PbSe honeycomb superlattice
consisting of tangential spheres connected by cylinders.

3. Electrode design for gating measurement. Figure C3 shows the electrode design
used for electrochemical gating measurements. The gold figure pattern is created by
optical lithography on a SiO2 substrate. These interdigitated fingers are spaced 10 to
50 um apart, with a total device length between 9 and 1200 mm.
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Figure C3. Electrode designs used for differential capacitance and conductivity
measurements in an electrochemical gating setup.

4. Conductivity and mobility for electrochemical gating measurement. To
calculate the charge density, we integrated the differential capacitance giving us the
total amount of charge injected to the superstructure. Next, we should know the
number of nanocrystals in the gated area of the electrode. For this purpose, we
visually checked the area of the electrode covered by superlattices shown in Figure
C4. It shows that the superlattice covers the whole active area. Some cracks are
visible in the image, but they can hardly affect the electron transport between source
and drain as many parallel transport paths exist. In addition, from the TEM images,
we saw that not the whole area is covered by superstructure due to the empty places
and cracks (Figure C5A). For the sample presented in this work, we estimated that
70% of the area is covered by the superlattices. To estimate the number of NCs in the
covered area, we got an HAADF image and counted the number of presented NCs in
the image which was equal to 34 (Figure C5B). The area of the image was 1.6 x 10
'S nm?. Therefore, the number of NCs in a cm? is equal to 2.2 x 10'%. Therefore, the
number of charge per NC was: (D.7)

0
/e (C.1)

N = 2
07xAx1.2x10

Where N is the number of charge per nanocrystal, Q is total charge injected to the
superlattice, e is elementary charge and A4 is the area of the electrode where the
superstructure was stamped on.

From the source-drain current versus applied potential shown in Figure C5, the
conductance of the superstructure was determined. From the conductance and the
fingers geometry, the conductivity of the superlattices was calculated:

GXw
= . C2
o= (C.2)

Where G is the conductance, w and / are the width and length of the fingers and /4 is
the thickness of the honeycomb monolayer equal to 6.2 nm. From the charge per NC
and the conductivity, the mobility of the honeycomb superlattice was calculated:

p= LN (C.3)
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Where V' is the volume of a NC considered as sphere.

A

Figure CS5. (A) Zoom out TEM image of the superstructure used to estimate the coverage of
the sample on the electrode and (B) HAADF image of the honeycomb superlattice to estimate
the number of NCs in a cm? area.

5. Source-drain current versus applied potential. We applied a step-wise potential
of 55 mV between drain and source and measured the current vs applied potential in
each step. As soon as the Fermi level is in the conduction band the current versus
potential has linear (Ohmic) behavior. The line with a positive (negative) slope in
each cross in Figure C6 represents the current versus applied potential for drain
(source).
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Figure C6. Source-drain current versus applied potential. In the forward scan when the
potential is more negative than -0.7 V, the Fermi level is in the conduction band.

6. Transport measurements in an electrolyte-gated transistor on a non-treated
honeycomb sample. Figure C7A shows the differential capacitance characterizing
the injection of electrons into the honeycomb superlattice; electron injection sets on
at -0.4 V and rises gradually until a sample potential of -1.2 V. The shapes of the
forward and backward scans are very similar showing that electron injection and
extraction are reversible in this potential window. At positive potentials, the
differential capacitance raises again, showing that positive charge carriers are
injected into the PbSe superstructure.

The total amount of injected charge carriers and the number of carriers per NC
site (=1/2 unit cell) in the forward scan are depicted in Figure C7B. At the most
negative potential (-1.2 V), we observed 8 electrons per NC site, meaning that the 8-
fold degenerate S-type conduction band is, in principle, fully occupied.

As it can be observed in Figure C7C and C7D, the conductivity sets on at -0.4 V
and rises with the electrochemical potential, up to 50 S/m at the most negative
potential. The raise in the conductivity is pretty small for potentials more negative
than -0.8 V, this is due to the fact for this device the interfacial PbSe
superstructure/gold contact resistance starts to dominate over the resistance of the
superstructure. The conductance onset agrees with the onset of the differential
capacitance, showing that the injected electrons occupy conductive states only. While
for electrochemical potentials positive of 0 V the differential capacitance increases
again, this is not accompanied with an increase of the source-drain conductance. We
conclude that positive charges are injected in the PbSe superstructure, but they
occupy localized in-gap states.
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Figure C7. (A) Differential capacitance of a passivated PbSe honeycomb superlattice
measured in forward (from 0.2 to -1.2 V) and backward scan. (B) The total injected charge
and the charge per NC site as measured in the forward scan. (C) The conductivity (red) and
the electron mobility (blue) of the superlattice obtained from the source-drain conductance,
the geometry of the source-gap-drain fingers system and the charge density presented as a
function of the electrochemical potential. (D) The conductivity (red) and the electron mobility
(blue) of the superlattice in logarithmic scale.

7. Terahertz conductivity data.
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Figure C8. Product of quantum yield and mobility of electrons for excitation densities of
0.8 X 10'® ecm?, 1.8 X 10'3 cm2, and 2.5 X 10*® cm? which correspond to 3, 7, and 10
electron-hole pairs per NC, respectively.

8. Normalized real and imaginary part of the THz conductivity at different
excitation densities.
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Figure C9. Normalized real and imaginary part of the THz conductivity at excitation densities
(a) 0.8 X 103 cm?, (b) 1.8 x 10*3 ecm2, and (c) 2.5 X 10*3 cm2.

9. Drude-Smith model fits to the frequency dependent electron mobility.
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91



Chapter 4

10. Comparative THz photoconductivity study on a PbCl, treated PbSe
honeycomb structure and an untreated structure.
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Figure C11. Product of quantum yield of electrons and electron mobility measured on a PbCl>
treated honeycomb structure at excitation density 4.2 X 10'®* c¢cm? and an untreated
honeycomb structure at excitation density 4.3 x 103 cm™2.
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5.1 Introduction

Two-dimensional (2D) materials are considered as prime candidates for realizing
low-cost and tunable optoelectronic devices.!: > Applications in fields as diverse as
light emission, photodetection and quantum optics can make use of the distinct and
high-oscillator strength excitonic transitions and/or the tunable, narrow
photoluminescence found in such material at room temperature.’-* Recent years saw
an increase in the number of available inorganic 2D materials such as transition metal
dichalcogenide monolayers,® layered perovskites® and II- VI nanoplatelets.” The
strong Coulomb correlations leading to stable and strong excitonic features might be
very beneficial for increasing the light-matter interactions required for large and/or
low threshold optical gain. Several reports indicated for example low-threshold
lasing using 2D materials.® ° However, since net modal gain only develops at very
high carrier densities, the possible role of those exciton(s) (complexes) in the process
remains unclear.'®!? Indeed, within a mass-action model excitons and higher
complexes such as excitonic molecules only form when the associated binding
energy and pair density is sufficiently large. On the other hand, it is well-known that
2D excitons dissociate more readily to form unbound carriers at high excitation
density. This effect is due to the density induced screening of the attractive Coulomb
interactions which reduces the exciton binding energy, leading to so-called Mott
transitions and overall intricate phase diagrams between insulating excitonic species
and unbound charge carriers.'" ' > Optical gain in epitaxially grown quantum wells,
for example, is mostly mediated by an electron-hole plasma, even at cryogenic
temperatures.14 Given the exceptionally large binding energy of excitons in colloidal
2D materials, in large due to reduced screening,'” it is not clear to what extent these
concepts still hold.'® 7 As one of the few quantitative reports on the optical gain
mechanism in 2D materials, Chernikov et al. observed a strong band-gap
renormalization and transition to an unbound electron-hole plasma in WS, at high
carrier density associated with the development of gain.'® This observation is
remarkable given the large binding energies (> 300 meV) for the 2D excitons. "

It is clear that quantitative studies on optical gain are therefore much needed
in order to assess the relation between stimulated emission and the complex
mixture of carrier types that exists in strongly excitonic 2D materials at high
density, such as 2D excitons, excitonic molecules and free charges.

CdSe 2D nanoplatelets, also called colloidal quantum wells, provide an excellent
test-bed for this purpose as they can be obtained as scatter-free colloidal dispersions
with high luminescence quantum yield and excellent colloidal stability.” > Several
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reports have demonstrated excellent light amplification properties using these
colloidal quantum wells, such as large modal gains up to 500 cm ™' and low lasing
thresholds down to tens of pJ/cm2, pointing towards a seemingly huge potential of
these materials.® 22> Apart from core only CdSe platelets, also more complex
architectures have been studied such as core/shell and core/crown systems.?® 2" The
development of optical gain in CdSe (-based platelets was how- ever studied mainly
through thin-film measurements, where either amplified spontaneous emission
(ASE) or lasing was employed.?® ? Unfortunately, such approaches fail to elucidate
the fundamentals of the gain mechanism, i.e. which type of interactions and
excitations (free charge carriers, excitons, ...) are required to achieve net optical gain.
Nor do they provide any prospect on the full potential of the material as the measured
properties are inherently linked to the development of net stimulated emission
dictated by the film and/or cavity losses.”> A case in point here is the alleged
threshold for stimulated emission, where energy densities (typically in uJ/cm2) are
reported instead of generated excitation densities. Although energy densities have a
high practical value, the density of carriers, i.e. the number of absorbed photons, is
the most relevant parameter for a proper mechanistic understanding of optical gain
in this unique class of materials. Nanoplatelets can be deceptive in this respect, as
they offer larger intrinsic absorption coefficients at short wavelengths due to a
reduced in-plane screening.*

Herein, we report on an extensive quantitative study of optical gain development
and the associated high excitation density photo-physics of colloidal 2D CdSe
quantum wells. By combining a comprehensive set of femtosecond transient
absorption, photoluminescence and terahertz spectroscopy, we were able to identify
different optical gain regimes and a remark- able absence of a clear exciton Mott
transition. At low electron-hole pair densities, a gain band appears at the low energy
side of the heavy-hole exciton absorption that was assigned to stimulated emission
by biexcitonic molecules.’! Here, we show that this exciton-mediated gain regime
persist at pair densities well above the expected Mott density, where a transition of
the exciton/molecule gas into an electron-hole plasma is expected. At ~ 20000 ¢cm™!,
the saturated material gain in this regime is significantly larger than for comparable
zero-dimensional materials, such as state-of-the-art CdSe/CdS or perovskite
nanocrystals, and explains the observations of large modal gains in literature.?-234
Apart from the exciton-mediated regime, a charge carrier cooling bottleneck
manifests itself, which results in the peculiar co-existence of neutral excitonic species
with unbound, hot electrons and holes. This combination leads to large, up to 10°
1

cm ', and broadband material gain and luminescence, a second regime. At the same

high excitation densities, we inferred a remarkable preservation of the exciton
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polarizability, as evidenced by optical pump-terahertz probe experiments, and heavy
and light-hole exciton oscillator strength, both of which indicates that a pure Mott-
type transition does not occur. Our results show that even though strong excitonic
features are not beneficial for the development of truly broadband gain, they do
significantly increase the achievable material gain magnitude. Moreover, the extreme
stability of the exciton gas in colloidal 2D materials will be beneficial for applications
relying on the scattering of excitons at high density, such as exciton-polariton
lasers.*

5.2 Materials and methods

Synthesis of 4.5 ML platelets. Synthesis of 4.5 monolayer CdSe nanoplatelets was
carried out by degassing cadmium myristate (0.34 g), Se (24 mg) and ODE (25 mL)
in a three necked flask in vacuum and backfilling with N».”2° To this solution, 0.08
g of cadmium acetate was added at 205 °C when the solution turned yellow. Next,
the solution was heated at 240 °C for 10 minute and 1.6 g of cadmium oleate in ODE
was added at end. Samples were washed with a hexane/ethanol mixture. For
spectroscopy, the CdSe platelets were dispersed in a transparent solvent (hexane) to
achieve optical densities of 0.1 at the first heavy-hole exciton transition (510 nm).
The photoluminescence quantum yield was determined using an integrating sphere
after CW photo-excitation at 400 nm.

Quantification of absorbed photons per platelet. The average number of absorbed

photons (or photo-generated electron-hole pairs) at time zero, here labeled (N),
generated by a pump pulse at wavelength A was calculated as

<N> = ‘,pho-a * (5 1)

Here J,» is the photon fluence in photons/cm2, o, is the absorption cross section

of the platelets and A4, is the sample absorbance at the pump wavelength. The beam

size used for calculating J,, is measured using a Thorlabs CCD Camera Beam

profiler. The additional factor corrects for variation of the pump fluence along the

pump beam path length. The cross-section is determined starting from the intrinsic
absorption coefficient (see Appendix D2).

Ultrafast transient absorption spectroscopy. Samples were pumped using 110
femtosecond pulses (1 kHz) at varying wavelengths, created from the 800 nm
fundamental (Spitfire Ace, Spectraphysics) through non-linear frequency mixing in
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an OPA (TOPAS, Light Conversion). Broadband probe pulses were generated in a
CaF?2 crystal using the 800 nm fundamental. The probe pulses were delayed using a
delay stage with maximum delay of 3.3 ns (Newport TAS). Noise levels of 0.1 mOD
(RMS) are achieved by averaging out over 5000 shots. The probe spectrum covers
the VIS-NIR window from 350 nm up to 700 nm. Using 2 mm path length cuvettes,
the samples were stirred during pump-probe measurements to avoid effects of photo-
charging and sample degradation. Only at extreme densities ( (N)> 150) was sample
degradation observed. No air-free sample handling was required as CdSe platelets
are, under our conditions, insensitive to oxidation as is evidenced by a lack of PL
peak shift or change in photoluminescence quantum yield when exposing samples to
ambient conditions. No air-free sample handling was required as CdSe platelets are,
under our conditions, insensitive to oxidation as is evidenced by a lack of PL peak
shift or change in photoluminescence quantum yield when exposing samples to
ambient conditions.

Ultrafast Photoluminescence Spectroscopy. For (ultrafast) photoluminescence
(PL) spectroscopy, samples were measured using a cuvette with a 1 mm optical path
length and an optical density of 0.1 at the heavy-hole absorption peak to avoid strong
re-absorption. The quantum yield was determined using an integrating sphere with
excitation at 400 nm. For the ultrafast experiments, samples were translated along 1
axis to avoid photo-charging. The detection of the broadband PL on femtosecond
timescales was made possible by using a newly developed transient grating technique
by Chen et al.>® A Ti:Sapphire amplifier system (Spectra-Physics Spitfire Ace)
operating at 3 kHz generating 100 fs pulses was split into two parts. One part was
frequency doubled using a BBO crystal and focused to a 70 um spot on the sample.
The photoluminescence is collimated using an off-axis parabolic mirror and
refocused on a polished slice of fused silica. The second part of the 800 nm output
was split using a 50:50 beam splitter creating two gate beams that are focused on the
fused silica with a crossing angle of 5 degrees. The instantaneous grating generated
by the interfering gate beams create an instantaneous gate which is used to temporally
resolve the decay over a broad wavelength range. The scatter of the pump beam was
suppressed using a 430 nm long-pass filter and the pump was set a magic angle
relative to the PL collection. Data is averaged over 15000 shots for every time delay.

Terahertz spectroscopy. Samples were photo-excited by optical pump pulses of
wavelength 480 nm and the photoconductivity due to mobile charge carriers and the
polarizability of excitons was probed by single cycle THz pulses. The real part of the
THz conductivity is due to in-phase charge velocity in the probing THz field and
leads to a reduction of the amplitude of the THz field.*” ** The imaginary THz
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conductivity is due to the out-of-phase velocity of charges and the polarizability of
excitons, leading to a phase retardation of the THz field.**** Single cycle terahertz
pulses were generated in a ZnTe non-linear crystal by optical rectification of 800 nm
optical pulses of duration 60 fs, delivered from a chirped pulse amplified
femtosecond laser system (Mira, Coherent), with a frequency of 1.4 kHz. The
generated THz pulses were detected in a ZnTe crystal by the electro-optic effect with
a chirped optical detection pulse, which encodes and decodes the entire THz pulse in
a single laser shot. Optical pulses of wavelength 480 nm were generated in an optical
parametric amplifier (TOPAS, Coherent). The THz conductivity due to charge
carriers and excitons at time t after the laser pump pulse, that generates charges and
excitons, was obtained from the differential THz field given by

AE(tp ’t) =E e (tp ’t) —E excitea (tp ’t) » where E, i (tp J) and E excitea (tp J) are the

transmitted THz field in the presence and absence of optical pumping, respectively.
tp is the delay between the THz generation and detection pulse. The real THz

AE()"1)

) [I‘)ﬂ‘dX )

conductivity was obtained from the ratio , Where " is the time at which

the amplitude of the THz efield is maximum, according to:**+

c _ 2n,,c&, AE(I;MX’I)
L TR

p

(5.2)

with ny, = 1.42, the refractive index of n-hexane.*® ¢ the speed of light in vacuum,
& the permittivity of free space, L the sample thickness. The imaginary THz
conductivity was obtained from the differential THz field with 77 the time at which

the THz efield is zero, according to:4%41-44

o= 2n,c€, AE(t;grU’t)
1= L E(tzem)

p

(5.3)

5.3 Results and discussion

CdSe platelets with a thickness of 1.37 nm, i.e. 4.5 monolayers, were synthesized
according to Ihturria ef al.” ** and their lateral dimensions were determined using
brightfield transmission electron microscopy (TEM). While the measurements were
repeated on multiple samples, all the data shown in the manuscript were recorded on
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a sample measuring 34 x 10 nm2, see Figure 5.1A and Appendix D1. These
dimensions are well above the ~ 2 nm Bohr diameter of the exciton, see further,
leading to overall weak in-plane 2D confinement.

Figure 5.1A shows the intrinsic absorption and spontaneous emission spectrum
of a dispersion of CdSe platelets in n-hexane. As is common for direct gap II-VI
semiconductor quantum wells, two excitonic features are observed, attributed to the
heavy (HH, 510 nm) and light hole (LH, 480 nm) exciton transitions.” *® The
spontaneous photoluminescence (PL) has a high quantum yield of > 50% (see
Methods) and shows no Stokes shift, indicating the absence of strong phonon-
coupling,® fine-structure relaxation,>® or spurious effects such as charging, exciton
localization or trap-emission.** We represent the absorbance spectrum as an intrinsic
absorption coefficient u;¢(cm™"), a quantity that is independent of the concentration
of platelets in the dispersion analyzed.*® u;o can be calculated through theory as
1i0(300)=5.9 x 10° cm™!, see Appendix D2, as validated experimentally by Achtstein
et al.*® Besides providing a means of normalizing linear and transient spectra, ;o
enables us to calculate the absorption cross section ¢ of a single platelet from the
relation o(4) = u;o(A) x V , with V the platelet volume.*’ This brings us to a cross
section of 8 x 107" ¢cm? at 400 nm for the platelets used here. Following the well-
established methodology of epitaxially grown quantum wells, Figure 5.1B shows a
decomposition of the absorbance spectrum into (C) step-like features representing
2D-continuum transitions and (X) narrow resonances representing the excitonic
transitions.>**® This decomposition shows that the sharp exciton features are actually
superimposed on a broadened step-profile, typical for the 2D density of states, which
is due to free carrier transitions between the first of the 2D heavy-hole states to the
first 2D conduction-band states Cru, see also Inset of Figure 5.2B. At higher energy,
a similar step associated with the light hole valence band is observed, denoted as Cy.
The fit also enables us to estimate the exciton binding energies E» x as 193 £5 meV
(HH exciton) and 277 +13 meV (LH exciton). Such figures are in excellent

51,52

agreement with literature, where the large values for the exciton binding energies

are confidently ascribed to the reduced screening of the Coulomb interaction
compared to bulk, given the low permittivity environment consisting of ligands and
solvent.!>* Using the exciton binding energy, we can calculate the Bohr radius of

the 2D HH exciton using m, = 0.085, a = ——=1.52 nm. > Given
o \lzmrEb,zz)

the area S of the nanoplatelets, we can define (Nf), as the number of excitons required
to physically occupy all of the nanoplatelets surface area, i.e. the average inter-
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exciton distance is the Bohr diameter. For our sample, this amounts to 45 excitations
per platelet, a number that sets a scale for (N) in this particular system.
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Figure 5.1. 4.5 monolayer (ML) colloidal CdSe quantum wells (A) Photoluminescence
(blue) and linear absorption spectrum (black) of the CdSe nanoplatelets dispersed in n-hexane,
where the latter is normalized to represent the intrinsic absorption coefficient u; 4. Inset:
Transmission Electron Microscope (TEM) image showing an average lateral area of 34x10
nm? and no signs of stacking. (B) Absorption spectrum versus photon energy, decomposed
into free carrier (C, dashed) and exciton (X, solid) contributions, both originating from the
heavy (HH, red) and light hole (LH, blue) valence bands. Inset depicts the free carrier and
exciton transitions. (C) Map of Au, in cm’!, for 400 nm photo-excitation creating (N)= 84 as
function of time (vertical axis) and probe wavelength (horizontal axis). The grey vertical lines
indicate the position of the heavy (HH) and light (LH) exciton resonances. The white dashed
contour indicates the regions where |[Aui| > uio, 1.e. where net optical gain occurs.

Gain Spectroscopy. We analyzed the development of optical gain in dispersed CdSe
platelets by a combination of femtosecond pump-probe transient absorption (TA),
ultrafast photoluminescence (PL) spectroscopy and optical-terahertz probe
spectroscopy (OPTP); see Methods section for technical details. All techniques
involve the excitation of an ensemble of dispersed platelets using a 110-fs laser pulse
at 400 nm, unless mentioned otherwise. In TA, photo-excitation is followed by
probing the change in absorbance A4 (4, 1) = A (4, ) — Ao(1), where 4 is the
absorbance after photo-excitation and A0 the absorbance in absence of pump pulse
as a function of wavelength and pump-probe time delay. Note that the occurrence of
optical gain, or net stimulated emission, at a given wavelength is most clearly
evidenced by a negative non-linear absorbance A = A4 + Ay < 0.

Starting from this non-linear absorbance A(4,f), the time-and wavelength
dependent intrinsic absorption coefficient of the NC under study can be calculated
as,
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A,
1(At)= %um(soo). (5.4)

see also Appendix D2.3° When u; turns negative, we have net stimulated emission
for which —u; = g; can be identified as the material gain. This quantity is independent
of the measurement conditions and can be translated to any device or thin-film
context through a rescaling with the appropriate modal confinement and volume
fraction.*

Figure 5.1C shows the shows a 2D time-wavelength map of Ay; recorded on a
dispersion of nanoplatelets using excitation at 400 nm. As outlined in the Methods

section and Appendix D2, the average excitation number <N > such a fluence brings

about per platelet can be calculated from the product J , X, of the photon flux and

the absorption cross section, an exercise yielding <N > = 84 for the data represented

in Figure 5.1C. At these pumping levels, pronounced, long lived bleach features arise
at the HH and LH exciton positions due to state-filling. Importantly, the absorbance
at the pump wavelength remains nearly unaffected, implying no corrections are
needed for the absorbed number of photons. At early times, a short-lived photo-
induced feature occurs near 530 nm. This photo-induced absorption gets overtaken
by a bleach signal at later times and was assigned to exciton-molecule transitions,

opposed to the common notion of spectral shifts. Comparing the All; signal to y; o,

we can readily identify regions of the 2D map where net optical gain occurs. These
are indicated by the white dashed contour line in Figure 5.1C and remarkably show
up both at the low and high energy side of the HH resonance.

To evaluate optical gain more precisely, we map out the regions of the spectrum
where the material gain g; = -u; turns positive. Figure 5.2A shows such a false color
map for a higher excitation density corresponding again to an average photo-
excitation density of (N) = 84. We observe two distinct regimes of optical gain,
separated from each other by the persisting heavy-hole absorption at 510 nm. First, a
~ 60 nm (250 meV) wide gain band red-shifted from the HH-exciton peak is observed
which persists for ca. 100 ps. This gain window coincides perfectly with reports on
amplified spontaneous emission and lasing experiments on 4.5 ML CdSe
nanoplatelets and recent theoretical work, see also Appendix D3.>* At these high
pump powers, an unexpected second window of optical gain develops at the high
energy side of the HH-resonance. It offers significantly larger gain than the low
energy band, builds up instantaneously, but is only sustained until =10 ps after photo-
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excitation. Figure 5.2B shows the map of the PL under similar conditions of optical
pumping as in Figure 5.2A. The emission spectrum is clearly broadened towards
lower and higher photon energy compared to the spontaneous emission of a single
exciton. Note that the spectrum decays asymmetrically, showing a shorter = 10 ps
lifetime for the high energy luminescence and a longer =~ 100 ps lifetime for the red-
shifted luminescence, overall very comparable to the material gain dynamics shown
in Figure 5.2A.

Gain bands. To deepen our understanding of both gain regimes, we sweep the photo-
generated density or average number of excitations per platelet (N) over two orders
of magnitude, from nearly single excitations to close to 112 charge pairs per platelet.
Note that the highest flux corresponds to a 2D pair density of 3.4 x 10'* cm?. Figure
5.2C shows the intrinsic absorbance y; at 2.5 ps for these increasing densities. We
observe that gain initially builds up on the low energy (long wavelength) side of the
HH resonance. This first gain window is sustained throughout the entire density
range. The gain in the blue-shifted regime is observed only when the excitation
exceeds ca. 40. A number of intriguing observations can already be made at this
point: the gain at the high energy side is disruptively larger than the low-energy gain;
both the heavy and light hole exciton absorption persists, showing only slight
saturation and effectively counteract broadband gain development; and at high
density, a reduction of the absorbance plateau at shorter wavelengths (<480 nm) is
observed.

Zooming in on the net material gain g; = —u; in Figure 5.2D, shows that for the
low energy gain band, the intrinsic gain coefficient in cm™' reaches up to 18000 cm™!
and eventually saturates close to 84 excitations per platelet. Quantitative variable
stripe length experiments verify such large gain coefficients are indeed achievable,
see Appendix D3, and line up with the report of Guzelturk et al.?’

The gain at the blue side shows no signs of saturation and is also disruptively
larger with values close to 10° cm™'. A more detailed analysis of the gain threshold
is shown in Figure 5.2E, see also Appendix D4, where we observe that the low energy
gain band has a threshold of 4.1 £0.5 and the high energy gain band of 35 + 2, see
also Appendix D4.

Finally, Figure 5.2F shows a similar fluence dependence as Figures 5.2C-D for
the PL after 2.5 ps. Also, here, a transition occurs at ca. <N > = 35 which is perhaps

more clearly observed looking at the wavelengths (energies) for which the
luminescence has its half-maximum value, as is shown in the inset of Figure 2F. A
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gradual increase at the low energy side clearly contrasts the disruptive jump on the
high energy side near <N > = 35. These results show that not only are nanoplatelets

able to amplify incoming probe light in the high energy gain window, they also
exhibit spontaneous emission in the same spectral region, with a similar density-
dependent onset. This is crucial for their use in lasers since the material’s ability to
amplify its own spontaneous emission is what sets it apart from optical amplifiers.
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Figure 5.2: Optical gain at high carrier density after excitation with 400 nm. (A) 2D time-
wavelength map of the intrinsic absorption coefficient x; (cm-1) for (N) = 84 where we limit
the color scale to negative values showing net gain: g; = -u; > 0. The vertical line indicate the
position of the heavy-hole exciton resonance. (B) 2D time-wavelength map of the PL taken
at the same excitation density as (A). Black trace is the spontaneous emission for (N) < 1.
(C) Intrinsic absorption coefficients taken 2.5 ps after photo-excitation with a 400 nm pump
pulse for densities ranging from 4.6 to 112 excitations per platelet. (D) Material gain spectra
gi for the same carrier densities as (c). (E) Required (N) to achieve transparency, ui (2.5ps) =
0, as function of wavelength. Optical gain is achieved at 4.1 and 35 in the red and blue-shifted
gain regimes respectively. (F) PL at 2.5 ps for increasing pair density from 4.7 to 78. The
inset shows the FWHM wavelengths of the PL spectra.

As shown elsewhere, we assign the low energy gain band to stimulated emission
from excitonic molecules.®' Such a biexcitonic molecule is a bound two-exciton state
with a binding energy E5x =45 meV for 4.5 ML CdSe platelets, outlasting thermal
energy at room temperature and typical optical phonon energies of CdSe.***° This
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complex can recombine radiatively to a single exciton state, giving rise to stimulated
emission and net amplification in a narrow band on the low energy side of the heavy-
hole exciton absorption. The quantified material gain coefficients of the excitonic
molecule gain mechanism shown here are close to 1 order of magnitude larger than
observed for state-of-the-art CdSe/CdS or perovskite quantum dots,*> ** which
rationalizes recent reports on extremely small footprint lasers operating under low
excitation power.”> 2*  Appendix D5 shows that across the entire density range,
exciton-exciton annihilation is the main culprit for the vanishing carrier density and

hence the overall optical gain lifetime of ca. 100 ps, as confirmed by other reports.>*
55

The exciton-mediated red-shifted gain window observed at low density persists
through the entire density range and shows a saturation close to 100 excitations, see
Figure 5.2D. The latter already indicates that excitonic species can indeed persist up
to such high carrier densities. In particular for the biexcitonic molecules, which show
a much smaller stabilization energy compared to excitons, this result is remarkable.
An initial confirmation is found in the absence of a full collapse of the exciton
oscillator strength as is observed via the preservation of the exciton luminescence,
gain and absorption features, see Figure 5.2.

The exciton-mediated red-shifted gain window observed at low density persists
through the entire density range and shows a saturation close to 100 excitations, see
Figure 5.2D. The latter already indicates that excitonic species can indeed persist up
to such high carrier densities. In particular for the biexcitonic molecules, which show
a much smaller stabilization energy compared to excitons, this result is remarkable.
An initial confirmation is found in the absence of a full collapse of the exciton
oscillator strength as is observed via the preservation of the exciton luminescence,
gain and absorption features, see Figure 5.2. However, before we analyze the limited
exciton saturation in more detail, we want to unambiguously confirm the existence
of excitons at high density.*®

Excitonic Stability at High Density. To this end, we employ optical pump-THz
probe spectroscopy as, similar to previous studies on 2D InSe nanosheets,’” one can
use these measurements to characterize the nature of photo-excited species. The real
component of the THz conductivity is due to free mobile charges moving with
velocity in-phase with the THz field, while the imaginary conductivity is due to the
out-of-phase velocity of charges (resulting from scattering) and the polarizability of
excitonic species (see Methods).*® 3° Figure 5.3A shows the THz conductivity as a

function of time after photo-excitation for <N > = 6 and 53. The real conductivity is
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much smaller than the imaginary component for both densities, which is a strong
qualitative indication for a significant contribution from excitons. To get more insight
into the contribution of excitons we plot the kinetics of the optical bleach at the HH
transition due to excitons on top of the imaginary THz conductivity for comparable
excitation densities. The decay kinetics of the bleach and imaginary THz
conductivity are similar at lower and higher densities, indicating that the imaginary
THz conductivity is mainly due to excitons.

The initial real THz conductivity Ao, is given by:*-*’

_ eNgmY A,

Ao, 3 )

(5.5)

with Z U, the sum of the real components of the electron and hole mobility, ¢ the

quantum yield of charges, e the elementary charge and N, the number of absorbed
photons per unit area in the sample solution with cuvette length L. As denoted, ¢
)

depends on the average pair density n= where S is the average platelet area.

The imaginary THz conductivity Ao, is given by the sum of the contribution of

(localized) charges and excitons, according to: ** 3

N
Aalze “
L

(¢(n)2#1 +(1—¢(n))%) ; (5.6)

with g, the sum of the imaginary electron and hole mobility, a the polarizability of

excitons and o the radian frequency of the THz electric field. The imaginary THz
conductivity in Figure 5.3B increases close to linearly with (N) (or n). The sub-
linear increase of the contribution of free charges observed in the real conductivity
indicates ¢p(n) increases strongly sub-linearly. Given equation 5.6 and the observed
linear increase with n, this implies a significant contribution of the second term in
Equation 2, i.e. of excitons.

The fraction of free charges is dictated by the Saha equilibrium e+ /h = X, which

assumes a thermal equilibrium between excitons and free charge carriers. In
Appendix D6, this equilibrium is worked out formally. Using the Saha model at a

temperature of 293 K, and fitting that to the experimental data with u, , and the
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exciton polarizability a as adjustable parameters, yields the drawn curves in Figures
5.3B. The real conductivity is reproduced with g, = 54 + 12 cm2/Vs. For the

imaginary conductivity we found g, =7 +5 cm2/Vs and a = 3.1+ 0.2 x 1073¢
Cm*V.

We remark that the Saha equation can fit the data reasonably well beyond the
broadband gain onset of (N) = 35, see Figure 5.3B. We should however proceed with
caution in this regime for two reasons. The temperature of the system is not well
defined beyond this density and most likely above room temperature, as is evidenced
by detailed analysis of the PL (see further), and (b) full occupation of the platelet
occurs around the same number, (Nf) =45, as derived earlier. The first observation
complicates the validity of the Saha fitting procedure as thermal equilibrium is not
guaranteed, whereas the second observation indicates possibly stronger carrier
scattering limiting the mobility and hence possibly saturating the transient real
conductivity.

In any case, the THz results unambiguously show that across the entire density
range probed in this work, excitons are present with no significant change in the
polarizability compared to the isolated, low density regime. This agrees with the
observation that the red- shifted gain window, assigned to excitonic species, can
persist up to the highest densities used here. For the highest carrier density employed

S
nx{N)

close to the Bohr diameter estimated earlier. Though exciton carrier phase diagrams

in this work (112), the average inter-exciton is only, d =2 =1.9 nm, fairly

can be very complex, a general understanding is that a so-called Mott-type transition
should occur at these separations. Closely tied to the transition of an exciton gas into
a conductive phase is the saturation and spectral shifting of the exciton absorption
line itself. In concert with this, the exciton line will also undergo spectral shifts for
increasing density due to a balance between renormalization of the band gap
(redshift) and reduction in exciton binding energy (blueshift).’*° Figure 5.3C shows
the evolution of the normalized oscillator strength of the HH -exciton line, extracted
from the integrated HH-peak area (see Appendix D2), and the heavy-hole spectral

1
shift AEyy, for increasing excitation density. A qualitative fit, L = to
1+ %VX

0

the oscillator strength indicates a characteristic saturation density (N);=12.7. A full
Mott-transition is however not observed as the oscillator strength persists up to (N)
=112 = 10 (N),, with a lingering strength of ca. 0.25 fy. This observation indicates
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new types of carriers, or interactions between them, manifest themselves at higher
density, a point we will elaborate further in the following section.
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Figure 5.3. THz spectroscopy (A) Real (positive traces) and imaginary (negative traces)
components of the THz conductivity as a function of time after photo-excitation with (N)
equal to 6 and 53. The optical bleach at the heavy hole (HH) exciton transition at comparable
densities is shown for comparison with the imaginary THz conductivity. (B) Measured real
(red circles) and imaginary (blue squares) THz conductivity averaged between 6 and 10 ps
after photo-excitation as a function of (N), together with fitted results from the Saha model
(solid lines). Inset below shows a schematic depiction of the inter-exciton distance for this
density range. (C) Reduction of normalized HH oscillator strength (red circles) and HH
spectral shift AE (blue triangles), normalized to the HH binding energy, for increasing carrier
density.

Finally, the exciton line shows a clear red-shift indicating that band gap
renormalization overtakes the blueshift that would originate from a binding energy
reduction through increased screening of the exciton.'* Our quantitative observations
on CdSe are in-line with recent observations on other high binding energy 2D
materials such as WS,, where similarly a red-shift and no full saturation of the exciton
line was observed until densities of 5 x 10'?> cm™2, equivalent to (N)= 16 for our
experiments, yet at slightly higher densities, Chernikov et al. showed the exciton line
does get fully saturated and a transition to free carrier-mediated gain takes over.'®: ¢!
Gain via Unbound Charge Carriers. Having established the excitonic nature of the
universal gain regime at low photon energy, it remains an open question what causes
the short-lived broadband gain and luminescence at high photon energy just after
strong photo-excitation. To deepen our understanding, we first conceptualize how
charge carrier thermalize and excitons are formed in direct gap polar semiconductors.
Upon photo-excitation with 400 nm (3.1 eV), free electrons and holes with significant
excess energy are created. These ‘hot’ carriers have to cool down by optical phonon
emission and finally condense into a heavy-hole exciton, see Figure 5.4A.* % This
is quite a remarkable process as the stabilization of the exciton alone, i.e. its binding
energy, requires the dissipation of close to 200 meV. Given typical phonon energies
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of Ero,case = 26 meV, this implies multiple optical phonons need to be emitted.49
Several reports in literature indicated that this coupling to phonons is relatively weak
for single excitons and gets even more slowed down with increasing excitation
density, hence slowing down exciton formation after non- resonant excitation.*> % 3
Nonetheless, we observe a sub-picosecond, near resolution-limited, buildup of the
band edge exciton population and the associated gain at low exciton densities. To
understand how a cooling bottleneck can still manifest with such fast single exciton
formation, we should consider the accumulative nature of the phonon emission
process, see also Figure 5.4A.%% % At early times, carriers cool down extremely fast
to the band edge by rapid phonon emission, denoted as stage (1) in Figure 5.4A,
giving rise to fast buildup of exciton PL and band-edge bleach, stage (2). However,
as more carriers cool down the phonon population increases up to a point where the
temperature (occupation) of (a subset of) the phonon mode(s), generalized as T,
exceeds that of the electronic system, generalized as T.. At this point, net energy
transfer to the phonon bath will substantially reduce, giving rise to a cooling
bottleneck for the remaining carriers. Overall, this would result in the formation of a
hot electron-hole gas which cannot cool down effectively to form excitons. This will
eventually lead to spontaneous and also stimulated emission from unbound charge
carriers from higher energy free carrier states.

Key elements to validate the proposed model are (a) the (prolonged) occupation
of high energy levels corresponding to unbound charges and (b) an increase of the
overall carrier temperature, i.e. a modified distribution of charge carriers over those
high energy states. The TA and luminescence data in Figure 5.2 already show that
we can indeed attain a significant amount of carriers occupying energy levels blue-
shifted from the HH line since we achieve spontancous emission and net
amplification of incoming probe light in that spectral window. As the TA data is
congested due to the overlap of several spectral features (bleach, induced absorption,
shifts, ...), we focus here on the PL data to extract additional information on the
unbound charge carrier distribution, i.e. their temperature and absolute number
density.

Figure 5.4B shows the high energy tail of the normalized photoluminescence
(PL) spectrum 2.5 ps after photo-excitation with 400 nm, for increasing excitation

density from <N) =1.9 —78. We clearly observe both an increased emission at

higher energy and a change in the slope of the high energy tail. The latter indicates
that the distribution of the carriers over the high energy levels is changing, not just
the occupation of the levels themselves.
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Figure 5.4: (A) Schematic explaining the effect of a phonon emission bottleneck on the
various stages (1), (2) of exciton formation in a low (left) and high (right) density regime and
the associated stimulated emission (SE) pathways. (B) Normalized photoluminescence (PL)
for increasing pump fluence, 2.5 ps after photo-excitation with 400 nm (3.1 eV). The dashed
fits indicate a Boltzmann approximation to the decaying high energy tail of the PL, the latter
delineated by the vertical solid line. The thus extracted temperatures are labeled on the traces
from 300 K (black) to 1200 K (red). Dotted black line is the free charge carrier transition Cp,
see also Figure 5.1B. (C) Dynamics of carrier temperature for various excitation densities.
Solid lines are restricted fits, see main text. (D) Calculated intrinsic absorption coefficient of
the heavy-hole associated free carrier transition for increased carrier density. The dashed red
line shows the result at the highest density combined with a band gap renormalization (BGR)
of 150 meV.

~E-EIK,T,

Fitting the decaying tail with a Boltzmann distribution,** [ (f1w)= e , We

are able to extract an effective carrier temperature 7, which starts off at 300 K for
low excitation density and reaches up to 1200 K for (N) close to 80. A Boltzmann fit
is a good approximation if we restrain the fit to high energies (> 2.5 eV; 496 nm)
effectively matching the expected energy range of free carrier related transitions,
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shown by the dotted black curve in Figure 5.4B. Appendix D7 shows moreover that
quasi-Fermi level shifts are limited.*® The lower density limit corresponds well to the
data of Sippel et al., who found similar carrier temperatures at low densities.®

Figure 5.4B shows the full dynamics of the extracted temperature for three initial
excitation densities: 15, 50 and 78. A single component fit of the lowest density trace
shows that the temperature decay is initially very fast with a characteristic lifetime of
7; =355 + 35 fs. Fixing this fast lifetime, we can also do a restricted two-component
fit on the high density kinetic trace and find a second component of 10 + 1.4 ps. The
latter matches well with the observed gain lifetime in the high energy region, see
Figure 5.2A. This two-stage cooling corresponds well to the notion of initial fast LO
phonon emission followed by a bottleneck caused by overheating of the phonon bath.

Having established that there is a population of high energy unbound carriers
with elevated temperature, we can now rationalize their role in optical gain
development. Looking closer at the TA data of Figure 5.2C, we observe that at high
enough density (Figure 5.2C), the high-energy plateau (< 495 nm; 2.50 eV) of the
absorbance starts to collapse. Looking back at Figure 5.1B, this plateau is formed by
the staircase absorption profile of a 2D electron gas, in particular from the quantized
heavy-hole valence band to the conduction band. Filling up these energy levels will
indeed lead to a bleach of the plateau Cyy and eventually optical gain, as is observed
for densities above ca. 35 electron-hole pairs. To gain more insight, we calculated the
intrinsic absorption coefficient for varying carrier densities, considering only the
heavy hole continuum Cyy of Figure 5.1C, see also Appendix D7. In Figure 5.4D,
we obtain both the experimentally observed collapse of the absorbance and a clear
transition from net absorption to optical gain. A detailed zoom around the gain
threshold is shown in Figure D6 and reveals a gain threshold close to 20 excitations.
This number is substantially larger than the molecule mediated gain threshold (4.1)
but slightly lower than the observed (N) = 35, see Figure 5.2E. This is to be expected
since not all excitations are unbound charge carriers and competing LH/HH
absorption will counteract the gain buildup. The correspondence of the experimental
high energy gain data with the classical quantum well gain model is excellent as also

the gain magnitude, e.g. 5% 10*cm™ for <N > = 84 is retrieved. However, the gain

from free carriers is at slightly higher energy than observed experimentally. It is
however well established that strongly photo-excited (2D) semiconductors show
strong band gap renormalization (BGR).>® Estimates based on universal models

2

042D

indicate shifts of 2 excitonic Rydberg’s [Ryw: } up to a density of
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< N f>(= 45) and reaching evenup to a4 R, for higher densities. For CdSe, this would

amount to shifts of 60 meV at low density and up to 240 meV at higher density.
Figure 5.4C shows that such a moderate 150 meV renormalization for the highest
density indeed pushes the optical gain window in between the two exciton
resonances, exactly where optical gain is observed.

Discussion. The increased formation of free charge carriers at elevated carrier
temperatures and densities over excitons explains the observations made in Figure
5.3C on the lack of exciton saturation and blueshift. Indeed, exciton saturation
through state-filling will be ineffective since carriers do not thermalize to occupy the
band edge levels and additionally, a gas of unbound two-dimensional charge carriers
is considered less effective at screening Coulomb interactions than cold excitons.'
Also the persistent exciton redshift, as was observed in Figure 5.3C, can be
rationalized this way since the position of the exciton transition is a balance between
bandgap renormalization (BGR) and screening-induced blueshifts. The latter are too
weak to overcome the substantial BGR and the overall line redshifts. The remarkable
absence of a full Mott-type transition merits further theoretical investigation. Several
estimates of this Mott density exist, based on dynamic or static screening

arguments.>® Static screening would put the Mott transition naé =0.1, which for our

system would amount to a mere < N f> = 14, clearly a huge underestimation.'*

A possible explanation for the high energy gain window could be the
emission/gain from multi-excitons, similar to what is observed in colloidal 0D CdSe-
based quantum dots.*"* * It is however important to stress that the photo-physics of
excitons in 2D materials is fundamentally different of that found in zero-dimensional
systems. The example of biexciton formation is illustrative for this purpose. Whereas
in a 0D system, excitons have due to spatial localization no choice than to form the
bi-exciton state, either repulsive or attractive, this is not valid for a 2D system with
lateral extent (326 nm?) much larger than the exciton size (7.2 nm?). Indeed, if the
interactions between excitons are repulsive in a 2D system, the excitons simply do
not stabilize and retain their single exciton characteristics. As such, repulsive exciton
interactions cannot explain the blue-shifted gain window. Another ’0D’-argument
could be that we are just observing state-filling where optical gain will manifest itself
first on the low energy side and then span out to higher transitions, such as P-type
transitions found in QDs, upon increased population.®! First off, this contradicts our
observation that the heavy-hole exciton line persists in absorption, see Figure
5.2C/3C. If state-filling was applicable, it should quench similar to the absorption
line in 0D quantum dots saturates (and inverts) when the population reaches (half of)
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the band edge degeneracy and then span out to provide gain of excited exciton
states.33 Moreover, fluorescence and gain of non-thermalized excitons holds no
ground since only zero momentum (K=0) transitions are allowed for 2D excitons.*
Finally, the density of states at the band edge is enormous in a 2D system. Even
modest estimates of the number of available states NS in the 50 meV window taken
up by the HH line, puts the number at ca. 230, see Appendix D8. An additional proof
that state-filling plays no role is found by exciting the system at 480 nm. Significantly
less energy, ca. 500 meV, needs to be dissipated in this case, leading to much more
efficient thermalization. Using the same exciton density, we observe only limited
blue-shifted gain under these conditions with a much narrower bandwidth, again
evident that exciton state filling cannot explain the blue-shifted gain window.

5.3 Conclusions

We have quantified and modeled the distinctive mechanisms leading to room
temperature optical gain in 2D CdSe nanoplatelets, a model system for colloidal 2D
materials. At high charge carrier density, a phonon bottleneck slows down hot carrier
cooling leading to a unique situation of strong light amplification by unbound charge
carriers, up to 10° cm™!, and excitonic molecules simultaneously. The remarkable
retention of excitonic features until extreme densities indicated an absence of a full
Mott-type collapse of the exciton gas, as confirmed by THz spectroscopy. Although
it shows from our results that this remarkable property is not directly beneficial for
development of very broadband stimulated emission due to lingering exciton
absorption, it does indicate gain at high exciton densities is feasible with
concomitantly high gain coefficients. Moreover, it could render other applications
possible such as high brightness LEDs or more complex devices relying on high
density multi-exciton phenomena such as Bose-Einstein condensation.®® Indeed, the
latter are often hampered by exciton instability at high carrier densities, a problem
which is absent in these high exciton binding energy quantum wells.*> ° Clearly,
(colloidal) 2D materials hold great promise to realize small footprint, low threshold
micro lasers. Hence, it would be of great interest to see how these observations
translate to other 2D material systems with different types of carrier-carrier and
carrier-phonon interactions such as transition metal di-chalcogenides or layered
perovskites.> & 1!
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Appendix D

1. TEM analysis. As is shown in Figure D1, brightfield transmission electron
microscopy (TEM) was used to determine the lateral area of the platelets (see Figure
D1). No signs of stacking were observed as is clear from the TEM image in Figure
5.1A of the main paper.' An average length of 34 & 1.2 nm and width 0f 9.6 + 0.6 nm
is obtained, resulting in an average area of 326.4 nm2. The thickness is fixed at 4.5
monolayers or 1.37 nm since the platelets are Cd-terminated.’
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Figure D1. Analysis of brightfield transmission electron microscopy images of the platelets
used in this work.

2. Linear optical properties of platelets

Absorption cross section. The intrinsic absorption coefficient u;,can be
calculated theoretically using Lorentz local field theory in connection with an
effective medium Maxwell-Garnett approach. We follow the approach as laid out by
Achtstein et al. who also verified this model using elemental analysis.3 Platelets are

assumed to be oblate ellipsoids to calculate the linear absorption cross-section O'(Z)

having random orientations in the solvent medium with refractive index n;, =€, . As

such, we obtain:

2r

S TIY) (WX(IFX(A)V+|Fy(1)|2+|g(1)|2)xg&,u), (D.1)

:ui,O

where g, is the imaginary part of the permittivity £ , is the imaginary part of the

I

permittivity € of bulk CdSe at 4 and local field factors are given by:
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1

E

The depolarization factors L; can be written as:

o abc
L= - ] — ds (D.3)
JO 2(s+cz)/z(s+012)/2(s+1?2)/2

The numbers (a, b, ¢) are the half'lengths in 3 dimensions. Initially, the absorption
cross-section is calculated at 4.1eV (300 nm) as we can use bulk dielectric constants
and we can cross-check our results with the experimental data in literature.’ Using
tabulated values * for the dielectric function of CdSe (€5 = 7.4 + 8.2i) and the
refractive index of hexane, n,=1.405, and taking the dimensions of the platelets into
account (a =17 nm, b = 4.8 nm, c= 0.68 nm), we can calculate the different factors.

The depolarization factors are calculated as:

3
L= - ark - 77 ds=08648 (D.4)
O 2s+r*a’) (s+a*)?*(s+ R*a*)"”?
o0 a’rR
L= ds=00181 , (D.5)
J.O 2(s+a2)%(s+Rzaz)%(s+r2a2)%
3
L=| arR ds=0.1171 , (D.6)

0 2(s+ Rzaz)% (s+ rzaz)% (s+ a’ )%

where » = c¢/a, and R = b/a. The local field factors are obtained as: (Fi: F,: F>)
= (0.71: 0.95: 0.20). This leads to an average local field factor F =
1

2 X (E? + F} + F?) of 0.69. This lines up with the local field factor of a cubic CdSe
0D quantum dot at 510 nm (2.4 e¢V), F = 0.7. Combining the above, we find:

U o =5.9%10 cm™. (D.7)
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One can translate this [, to different wavelengths by means of the linear

A, (A
absorption spectrum A,: ﬂi,o(/l)zﬂi,o(wo)on%oo)) . Now we can also

translate this into an absorption cross section using the previously mentioned

relation O(4)=#(4)xV:

Oy =2.7x10" cm?. 0.8)
G =7.9x10"cm?. '

Quantum well absorption spectrum. The absorption spectrum of a quantum-well
can be decomposed in excitonic (p) and free carrier transitions (C). In particular
considering weak exciton localization, we can write for a given photon energy
E:>°

A(E) = p,(E)+C(E) , (D.9)

with p the absorption line shape of a quantum well exciton with asymmetric

broadening 1 due to localization:

—_— 2 —_—
pxzi[erf(—E E, —lj+1]exp(}/—2——E EOJ . (D.10)
2n 14 2n 4n n
C(E) the absorption profile associated with single-particle transitions:
E-E,)-E
C(E):il:erf(w]]. (D.11)
2 Yc

Here, Ey and E), , are the absolute are the absolute exciton energy and exciton binding
energy, respectively, and ‘erf” is the error function. The total absorption o therefore
becomes, including both light (LH) and heavy-hole (HH) contributions:

a(E)= APy (E)+ A p y (E) (D.12)

with Agy and Ary weight of the heavy and light bands, respectively. Table D1
summarizes the fit parameters and Figure D2 shows the relevant parameters of
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the heavy-hole contribution, in particular the exciton binding energy of 193 meV
and the exciton lineshape.

1,0 (10%m’™)
N
T

Px,HH
Chm

2.2 2.4 2.6 2.8
Energy (eV)

Figure D2: Decomposition of the linear absorption spectrum of our quantum wells using
single-particle transitions (C) and exciton contributions (p), here shown only for the heavy-
hole contribution. See main text, Figure 5.1A for the full decomposition.

HH LH

Epy(meV) 193+5 277 +£0.65

Eo(meV) | 2408 +0.05 2568 +0.018

y (meV) 15.94 £0.117|  65.5 +0.001

Ac (meV) 5722 +24 2598 +40
yc (meV) 66.6 2 43.0+1.2
7 (meV) 51.3+0.4 9.1 £0.001
A 21394 £77.3 20976 + 336

Table D1. Fit parameters
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Oscillator strength. Knowing the intrinsic absorption spectrum of the heavy-hole
exciton transition, the oscillator strength of the band gap can be calculated by
integrating p g as is shown in Figure D2. Indeed, this integral is directly connected
to the oscillator strength via:’

— ngnscme VPI

Jon = gan | I Hiogar - (D.13)
Table D2. Effective mass parameters, in units of m,, taken from Adachi:®
me 0.12
My 0.3
where
b = [ P (E)E D.14)
0

As such, we can use the area under the HH-absorption peak as a metric for
the oscillator strength scaling, a feat which is used in Figure 5.3C of the main
paper to estimate the reduction of the exciton oscillator strength.

Reduced exciton mass. The reduced mass is calculated from the isotropic electron
mass and the in-plane [001] heavy-hole mass, see table D2. It is calculated, in units

of my, as:®

L1t oo0ss. (D.15)
m,m, My,

3. Amplified spontaneous emission. To cross-check the low energy optical gain
window and whether the large values for the intrinsic gain coefficient are feasible,
we analyzed the development of optical gain in close-packed thin films using a
variation on the variable stripe length (VSL) method.” Here, we use single mode
silicon-nitride (SiNx) waveguides (on silica) with variable lengths to avoid in-plane
diffraction, which often complicates the analysis of VSL results.” A stack of 100 nm
SiNx/106 nm platelets/100 nm SiNx is used and illuminated using a cylindrical lens
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from the top. The spontaneous emission gets amplified along the waveguide and is
collected via butt- coupling using a lensed fiber and sent to a spectrometer for
analysis. A clear advantage of this approach is the well-defined amplifier length and
the use of well-defined optical modes propagating along the amplifier axis. Using
excitation at 480 nm, a clear ASE peak is observed at 532 nm, as is shown in Figure
D3. Unfortunately, excitation at 400 nm lead to sample degradation in thin films. At
an energy density of 150 p J/cm?, a modal gain of 585 = 5 cm™! is extracted as is
shown in Figure D3 (bottom right). We used a fit to a 1D amplifier model including
an end facet reflection R of 5 percent:!°

gL _
1:10(“’ 1+£esz(l—e'gL)j. (D.16)
g8 8

Based on a refractive index of 1.7 for the nanoplatelet layer and known
parameters for the nitride waveguide, we can calculate the mode confinement ! as I’
= 24% which, combined with a volume fraction f in thin film of 42%, leads to an

585
0.24x042
very well with the measured material gain under similar fluence. Indeed, a fluence of

estimated intrinsic gain of ¢ — — 5500 cm’. The latter value matches

150 pJ/cm2 corresponds to (N)~ 33 for which the peak material gain would amount
to 7150cm—1 at 532 nm as is shown in Figure D3. Note that the modal gain measured
here is already twice as large as the maximum values reported for CdSe-based QDs!?
,and in line with recent reports."
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Figure D3. Variable stripe length experiment (VSL) (top) Picture of the VSL setup showing
single mode silicon nitride waveguides with varying length being illuminated from the top.
The amplified spontaneous emission (ASE) shows up as a bright green spot at the output
facet. (bottom, left) ASE spectrum plotted together with the material gain spectrum under
similar pump fluence. (bottom, right) VSL data where the output intensity of the waveguide
with length L is plotted for varying L under constant flux of 150 uJ/cm’. The dashed line
indicates the fit according to the text.

4. Gain Threshold Determination. To accurately determine the gain threshold, we
first define it properly as the required average number of absorbed photons (N )to
reach A(A, t) = AA(A, t) + Ao(2) = 0 (transparency) at a given wavelength at a given
time delay ¢. In practice, this only works when samples are scatter-free resulting in a
proper AO. This is the case for our CdSe nanoplatelets as is evidenced by a zero
extinction below the HH resonance, i.e. beyond 520 nm.' The gain threshold is then
extracted by plotting the value of A at a given wavelength for increasing fluence. The
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results are shown in Figure D4 leading to a gain threshold of 4.1 for the red- shifted
gain band and 35 for the blue-shifted gain.
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Figure D4. Determination of the gain threshold (A) Non-linear absorption spectra 4 = A4 +
Ao for increasing (N), (B, C) A at different wavelengths versus N . The zero-crossing is
identified as the point of transparency, i.e. the gain threshold, which is then plotted in (D) for
the different wavelengths.

5. Recombination Kinetics. From the THz and PL analysis, see further, we know
that the dominant species in our platelets are excitons, in particular those contributing
to luminescence at the PL peak and lower energy side of the PL peak. As such, we
propose a model involving first and second order decay of excitons using their density
n = (N)/S with S the surface area:

dan =—k,n’—kn »
dt

(D.17)

which has the following analytical solution:
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—kyt

n(r)= . (D.18)
1 KMoy (1 i)
k

1

Several reports indicated that this description is valid, yet reported different
values for the bimolecular recombination rate.'*'® We should note that the linear term
with rate k; combines both exciton radiative recombination as well as linear trapping.
Figure D5C shows the PL decay analysis based on equation D18. A global fit to
traces at several pump fluences reveals k; =4.5 ns™ and k> = 0.001 cm?ns™!. Rescaling
the bimolecular decay to the area of the platelet, we can compare the rate of 0.3ns™
with the report of Kunneman et al. who reported 0.1 ns™'.'® The single exciton decay
rate is in between those found at room temperature by Kunneman '® and on single
nanoplatelets at cryogenic temperatures by Tessier et al.'* who reported 5—6 ns™! for
similarly sized platelets. Given the temperature independence of this lifetime and the
quantum yield of ca. 50 %, we assign this lifetime to non-radiative processes in a
sub-set of nanoplatelets.
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Figure D5. (A) 2D false colour map of the PL intensity after photo-excitation creating (N )=
12 (B) PL spectrum at 3 ps with various regions indicated: (green) high energy free carrier
PL (red) exciton emission and (blue) molecule-exciton transitions. (C) Mono-and bimolecular
fit example to decay of PL. (D) Scaling of PL integrated in the green, red and blue bands of
(B).

6. Saha modeling of the THz Data. We can relate the surface density of charges

and excitons in a platelet by the two-dimensional Saha equilibrium constant K:'*-
20

2
K=-"t=—15_¢ %" (D.19)

with n, and n, the free charge carrier and exciton areal density and n =
(IZ—) = ng + Ny, respectively, kz the Boltzmann constant, 7 = 294 K the

temperature, 7 the reduced Planck constant, £, .= 193 meV the estimated
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exciton binding energy and m, = 0.086 myo the in-plane reduced effective
mass of electrons and holes for bulk CdSe , see table D2 and D3.%! Using

n,=¢(n)n and n_=(1-¢(n))n yields:

¢(n):%x[1—,/1+%] . (D.20)

parameter value
me 0.12
my, 0.3
my 0.086
Ep x 193 meV
T 294 K
L 1.37 nm
S 340 nm?

7. Quantum Well Gain.

Optical gain in quantum wells is well described in literature.!! In short, if we
consider only one set of quantized levels (HH1 to CB1), see Figure 5.1A, we can
calculate the absorption spectrum of a quantum well as:

o(w) =, (ho)x [fH (—Em —(ha)—Efl‘)ﬂ]_fc(—Ed ~(ho - Eff)%ﬂ :

m,

(D.21)

with m~ 0.12, m;= 0.3 and m,=0.086. and E.; 1 is the energy of the first quantized
level of the hole (h) and electron (e) relative to the valence band edge and Ef1is the
transition energy between both, i.e. the 2D band gap without excitonic effects. The
functions fcy are the Fermi-Dirac occupation factors for the conduction (C) and
valence band (H) levels and depend on the quasi-Fermi level positions. We note that
a0 is the Cyy form defined from the fit to the linear absorption spectrum in Figure
5.1C of the main text, see also section D1.
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The quasi-Fermi levels are dictated by the photo-generated carrier density, where
for an undoped system under optical excitation n = p.

n=[dEp2” (E)£.(E) . (D.22)
where pr is the density of states and f,(E)= ﬁ This leads to the form:
l+e *
F.-E, F.-E,
T c cl c cl
n:%ln[ue kT J=noln(1+e kT J (D.23)
/4

And similarly for the holes. The prefactor ny is often denoted as the band edge
intrinsic density and amounts to:

ny ="K _ 1 4x102em?,
”Z . (D.24)
m, Ky 12 2
=—"——=36%10"cm
Po Th?

at T=300 K. Using these expressions, we can calculate the shift in quasi-Fermi level
of both electrons and holes and hence the gain/absorption spectrum. Figure D6C
shows the values for the quasi-Fermi level differences AEy; for both electrons (i=¢)
and holes (i=h). Figure D6A shows the result of these calculations at 300 K for
increasing carrier densities comparable to the experimental values, see also Figure
5.2C of the main text. We observe optical gain for densities exceeding ca. 20 electron-
hole pairs per platelet. Figure D6D shows the same calculation yet using the correct
carrier temperatures extracted from PL analysis and zoomed in on the region of the
gain threshold (density). Optical gain can be observed at densities close to (N) = 20
though would only be resolvable experimentally from 26 onwards given the
experimental noise for of ca. 50 cm™' and competition with the lingering HH and LH
absorption at 2.42 and 2.56 eV, respectively.
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Figure D6. Free carrier mediated optical gain (A) Energy levels of free carrier transitions in
a QW with quasi-fermi levels Fev. (B) Calculated shifts of the quasi-Fermi levels for electrons
and holes. (C) Free carrier gain from the HH-CBI transition for increasing carrier density at
300 K. (D) Similar to (C), but zoomed in on the gain threshold density and using the correct
carrier temperatures extracted from PL.

8. Support for the discussion section.

Density of states. The number of available states in a 2D semiconductor can be based

m
on the density of states: &y,p .y = ﬂ—hxz’ which using m_ ,,, =0.42m,, amounts to
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4569 e¢V'. In a 50 meV window, the exciton linewidth, already up to 228 states
available for the excitons to occupy.

2. Pump wavelength variation. If we change the excess energy of the electron-hole
pairs generated by the pump, we can affect the hot carrier thermalization. Figure D7
shows that when switching from 400 nm to 480 nm under the same excitation
density(N) = 112, hence lowering the excess energy by 500 meV, we observe a lower
magnitude in the blue-shifted gain window and a substantially narrower gain
window. This does not match the notion of state filling since at the same exciton
density, state-filling should be independent on the carrier temperature.

Pump (nm)
— 400
— 480

0.5F

Gain (norm.)

O'O-I 1 1 1
480 490 500 510

Wavelength (nm)

Figure D7. Normalized (at HH bleach) gain spectrum for pumping at 400 nm (blue) and 480
nm (red) creating the same exciton number (N) = 45, showing a smaller blue-shifted gain
spectrum with a narrower width.
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Summary

The aim of this thesis is to study the nature of photoexcitations and carrier
multiplication in low-dimensional semiconductors using ultrafast spectroscopy
techniques. Ongoing from a macroscopic scale to a nanoscale, the electronic and
optical properties of a material become size dependent, and differ significantly from
their bulk counterpart due to quantum confinement, and the surrounding dielectric
environment. Electrons and holes in nano-semiconductors can attract each other to
form neutral bound electron-hole pairs known as excitons. Stable robust excitons are
useful to achieve optical gain and lasing. The Coulomb interaction between electrons
and holes in nano-semiconductors is enhanced due to quantum confinement, which
can lead to the creation of multiple electron-hole pairs per single absorbed photon via
a process called carrier multiplication (CM). CM is beneficial to achieve a power
conversion efficiency in a solar cell beyond the Shockley-Quiesser limit.

Until now, CM in thin films and solar cells of semiconductor nanocrystals (NCs)
has been found at photon energies well above the minimum required energy of twice
the band gap. The high threshold of CM strongly limits the benefits for solar cell
applications. In chapter 2, we show that CM is more efficient in a percolative network
of directly connected PbSe NCs. The CM threshold is at twice the band gap and
increases in a steplike fashion with photon energy. A lower CM efficiency is found
for a solid of weaker coupled NCs. This demonstrates that the coupling between NCs
strongly affects the CM efficiency. According to device simulations, the measured
CM efficiency would significantly enhance the power conversion efficiency of a
solar cell.

In chapter 3, we determine to what extent photoexcitation of PbSe nanorods leads
to free charges or excitons, and we determine the charge carrier mobility and the
exciton polarizability. We combine transient optical absorption (TA) spectroscopy
with terahertz (THz) photoconductivity measurements for different photoexcitation
densities to distinguish free charges from excitons. From analysis of the TA and THz
photoconductivity data it is inferred that photoexcitation leads predominantly to
formation of excitons. For higher photoexcitation density the photoconductivity is
strongly affected by mutual interactions between charges leading to a lower charge
mobility. The high quantum yield of excitons makes PbSe nanorods of interest for
applications in near infra-red LEDs or lasers. For use in solar cells, hetero-junctions
must be realized, so that excitons can dissociate into free charges.
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PbSe honeycomb superlattices have been prepared by facet-specific oriented
attachment to combine the electronic properties of graphene with semiconducting
properties. Theoretical calculations on PbSe honeycomb structures have shown the
presence of Dirac cones at the K point of the Brillouin Zone and hence massless Dirac
carriers are expected near the K point. In chapter 4, we report the band occupation
and electron transport in PbSe honeycomb superstructures at room temperature
studied by two different methods. First, we incorporated single-layers of PbSe
honeycomb structures into transistor-type devices. With electrochemical gating we
could populate the lowest conduction band with electrons in a controlled way.
Second, electrons and holes were generated by optical pumping, and the resulted
charge carriers were probed by THz spectroscopy. The experimental data show a
similar mobility in both the transistor type measurement and THz photoconductivity
measurement. The fits to the complex THz photoconductivity data revealed
pronounced charge backscattering by imperfections in the superstructure. The study
of Dirac physics in honeycomb semiconductors will require improved superlattices.

In chapter 5, we focus on light amplification and the complex photo-physics at
high excitation density in CdSe nanoplatelets by using transient optical absorption
spectroscopy, time-resolved photoluminescence measurement, and THz
photoconductivity experiments. At low density, optical gain originates from
excitonic molecules. At increasing pair density, we observe a persistence of this
excitonic gain regime and the unexpected co-existence of blue-shifted and
significantly enhanced optical gain. Terahertz photoconductivity measurements
show the coexistence of excitons with free charges indicating the absence of a full
Mott transition.
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Samenvatting

Het doel van deze dissertatic is om met gebruik van ultrasnelle
spectroscopietechnieken de aard van foto-excitaties en dragermultiplicatie in laag-
dimensionale halfgeleiders te bestuderen. Wanneer de macroscopische afmetingen
van deze halfgeleiders worden verkleind naar de nanoschaal, worden de
elektronische en optische eigenschappen van het materiaal athankelijk van grootte en
verschillen zij aanmerkelijk van hun bulkequivalent als gevolg van quantum
confinement en de di€lektrische omgeving waarin zij zich bevinden. Elektronen en
gaten in nano-halfgeleiders kunnen elkaar aantrekken om een neutraal geladen
elektron-gatpaar te vormen, hetgeen een exciton wordt genoemd. Stabiele, robuuste
excitonen zijn nuttig voor het behalen van optical gain en lasing. De Coulomb-
interactie tussen elektronen en gaten in nano-halfgeleiders wordt verbeterd door
middel van quantum confinement. Dit kan leiden tot carrier multiplication (CM),
waarbij een enkel geabsorbeerd foton kan leiden tot de vorming van meerdere
elektron-gatparen. CM is bevorderlijk voor het behalen van efficiénte
energieconversie in een zonnecel boven de Shockley-Quiesser-limiet.

Tot op heden is CM geobserveerd in dunne lagen en zonnecellen van
halfgeleider-nanokristallen (NC's) bij fotonenergieén van ruim boven de
minimumvereiste energie van tweemaal de bandkloof. De hoge drempel van CM
beperkt de voordelen van de toepassing in zonnecellen aanzienlijk. In hoofdstuk 2
tonen wij aan dat CM efficiénter is in een percolatief netwerk van direct verbonden
NC's van PbSe. De CM-drempel bedraagt tweemaal de bandkloof en neemt
stapsgewijs toe met de fotonenergie. Wanneer de NC’s minder sterk gekoppeld zijn,
wordt een lagere CM-efficiéntie waargenomen. Dit toont aan dat de koppeling van
NC's een aanzienlijke invloed heeft op de CM-efficiéntie. Volgens simulaties zou de
gemeten CM-efficiéntie de energicopbrengst van zonnecellen aanzienlijk verhogen.

In hoofdstuk 3 bepalen wij de mate waarin foto-excitatie van PbSe nanostaafjes
tot vrije ladingen of excitonen leidt. Daarnaast meten wij de mobiliteit van de
ladingsdragers en de polariseerbaarheid van excitonen. Om de vrije ladingen van
excitonen te onderscheiden, combineren we optische absorptiespectroscopie in
aangeslagen toestand (transient absorbtion, TA) met terahertz (THz)
fotogeleidingsmetingen bij verschillende foto-excitatiedichtheden. Uit de analyse
van deze data wordt afgeleid dat foto-excitatie overwegend leidt tot vorming van
excitonen. Bij een hogere foto-excitatiedichtheid wordt de fotogeleiding sterk
beinvloed door wederzijdse interactie tussen de ladingen, wat tot een lagere
ladingsmobiliteit leidt. Door de hoge kwantumopbrengst van excitonen zijn PbSe
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nanostaafjes interessant voor toepassingen in nabij-infrarode LEDs of lasers. Voor
gebruik in zonnecellen moeten heterojuncties gerealiseerd worden, zodat excitons tot
vrije ladingen kunnen dissociéren.

Om de celektronische en halfgeleidende eigenschappen van grafeen te
combineren, zijn honingraatvormige superroosters van PbSe geprepareerd door
middel van facet-specifiek georiénteerde bevestiging. Theoretische berekeningen op
deze structuren hebben de aanwezigheid van Dirac-kegels op het K-punt van de
Brillouin-zone aangetoond en daarom worden nabij het K-punt gewichtloze Dirac-
dragers verwacht. In hoofdstuk 4 doen wij verslag van de bandbezetting en het
elektronentransport in  honingraatvormige superstructuren van PbSe bij
kamertemperatuur, zoals bestudeerd middels twee verschillende methodes. Eerst
hebben wij de enkele PbSe honingraatstructuurlagen verwerkt in transistor-type
cellen. Door middel van elektrochemische gating konden wij op gecontroleerde wijze
de laagste geleidingsband met elektronen bevolken. Vervolgens hebben wij
elektronen en gaten gegenereerd door middel van optische excitatie en de ontstane
ladingen onderzocht middels THz-spectroscopie. De experimentele data vertonen
een vergelijkbare mobiliteit in zowel de transistor-type als de THz-
fotogeleidingsmetingen. De fits van de complexe THz-fotogeleidingsdata lieten een
uitgesproken verstrooiing van lading zien door imperfecties in de superstructuur.
Voor toekomstig onderzoek van Dirac-fysica in halfgeleiders met
honingraatstructuren zijn betere superroosters nodig.

In hoofdstuk 5 richten wij ons op lichtversterking en complexe fotofysica bij een
hoge excitatiedichtheid in CdSe nanoplaatjes door middel van absorptiespectroscopie
in aangeslagen toestand, tijdsafthankelijke fotoluminescentiemetingen en THz-
fotogeleidingsexperimenten. Bij lage excitatiedichtheden leiden excitonische
moleculen tot optical gain. Bij het verhogen van de parendichtheid, kunnen wij zowel
een voortzetting van dit excitonische gain-regime waarnemen, als de onverwachte
co-existentie van een blauwverschoven en aanmerkelijk vergrote optical gain. THz-
fotogeleidingsmetingen tonen de co-existentie van excitonen en vrije ladingen aan,
wat duidt op de afwezigheid van een volledige Mott-transitie.
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