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Electrochemical doping

Eitt bros getur dimmu i dagsljos breytt
Einraedur Starkadar - Einar Benediktsson (1864-1940)

A single smile can turn darkness into daylight.
From the poem Einraedur Starkadar by Einar Benediktsson (1864-1940)
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1.1 Introduction

Throughout the last decades semiconductors have become an irreplaceable part of our
lives, as integrated parts of electronic technologies we use every day. Usually, the first
group of semiconductor technology that pops into people minds are consumer electronics
such as phones, computers and televisions, but semiconductors can be found in many
other applications. Semiconductors are for example used in ATMs, trains, self-driven cars,
washing machines and as temperature sensors in air conditioners. In fact, anything that is
computerized or uses radio waves depends on semiconductors.!

Semiconductors are also a crucial part of optoelectronics. Optoelectronics are electronic
devices which can either convert electrical energy into light, or light into energy. Examples
of optoelectronics and their applications are for example photodiodes, laser diodes, light
emitting diodes (LEDs), solar cells, cameras, medical instruments, telecommunications,
CD players, watches, surgical equipment and many other consumer electronics.? This is
only a short list of all the applications surrounding us that include semiconductors (Figure
1.1) and it is safe to say that most of us could not imagine a life without them.

Semiconductors themselves are very interesting materials, with properties in between
conductors and insulators. Many metals, such as copper, are common conductors, as
they have “free electrons”. These free electrons can move easily between atoms, and as
electricity involves a flow of electrons a metal such as copper has a high conductivity.
Therefore, copper is commonly used in electrical cords and cables. On the other hand,

Figure 1.1 Various semiconductor devices. (a) Light-emitting diodes, LEDs. Image by Piccolo
Namek.> (b) Television made out of semiconductor quantum dots. Image by Bretwa.* (c) Circuit
board. d) Solar cells on rooftops. Image by Andrew Glaser.”
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Figure 1.2 Doping of semiconductors. a) Intrinsic semiconductor, b) n-type semiconductor and c)
p-type semiconductor. E, is the Fermi level.
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insulators, such as glass, do not have free electrons and are therefore poor conductors. As an
example, glass was widely used as an insulator in early history of electrical power industry.
Semiconductors, do not have many free electrons, and their conductivity is in between of
an insulator and a conductor. Interestingly, the conductivity of a semiconductor can be very
sensitive towards properties such as temperature, magnetic field, light illumination and
minute amounts of impurity atoms. This can be seen for the most common semiconductor
material silicon. A pure silicon crystal has a very low conductivity and behaves almost like
an insulator. However, by the use of electronic doping, the conductivity of the silicon
crystal increases and it starts behaving more like a conductor.® Electronic doping can be
used to tune the charge carrier density, and therefore the conductivity of semiconductors.
This doping phenomenon is discussed in more detail in the following sections.

1.2 Electronic doping of semiconductors

As stated above, the conductivity of semiconductors can be increased by doping. Figure
1.2a shows an undoped semiconductor, which is often called an intrinsic semiconductor.
In an intrinsic semiconductor the number of electrons is equal to the number of holes (lack
of an electron). Additionally, at 0 K the electrons fully occupy the valence band, VB, while
the conduction band, CB, is empty. When a semiconductor is doped, electrons are either
introduced to the CB or extracted from the VB (see Figure 1.2b,c) of the semiconductor.
In the former case, the semiconductor has more free electrons than holes. As the majority
of carriers have a negative charge, it is called n-type. In the latter case, the semiconductor
contains more holes than electrons. Consequently, the semiconductor is p-type, as the
majority carriers have a positive charge.”

Figure 1.2 also shows how the position of the Fermi level, E, changes by doping. The
Fermi level is seen in the Fermi-Dirac distribution for electrons in equation 1.1:

1
f(E)—W .
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Here, f(E) is the probability of a state with energy E to be occupied, k is the Boltzmann
constant and T is the temperature. When E is equal to E, the Fermi distribution is %,
that is the probability of an energy state positioned at the Fermi level being occupied is
%. When E<E, the Fermi distribution approaches 1, that is energy states below the Fermi
level are likely to be populated. In contrast, when E>E, the Fermi distribution decreases
exponentially, that is energy states higher than the Fermi level are less likely to be filled.
Therefore, for an intrinsic semiconductor, the Fermi level is near the middle of the
bandgap. For an n-type semiconductor, additional electrons are in the CB which will shift
the Fermi level to a higher energy. On the other hand, when the semiconductor is p-type,
electron vacancies are in the VB which will shift the Fermi level to lower energies.® This
can also be seen in the relation between the electron density n  and the Fermi-level:

—(E.—E
n0=NCexp[% 12

Here N_. is the effective density of states function in the conduction band, E_ is the energy
at the bottom edge of the conduction band, k is the Boltzmann constant and T is the
temperature. Equation 1.2 shows that the higher the Fermi-level is, the higher the electron
density. In deriving Equation 1.2 it is assumed that that the Fermi energy is within the
bandgap of the semiconductor, that is, the semiconductor is not degenerately doped. By
doing so, the Boltzmann approximation can be used.’

1.2.1 Why do we dope semiconductors?

As was explained above, the number of free carriers is increased in the semiconductor
by the use of doping. The connection between the charge carrier density, n, and the
conductivity, o, is shown in the following equation:

o=exnxy 1.3

Where, e is the elementary charge and p is the mobility. Equation 1.3 shows that the
conductivity increases linearly with the charge carrier density. As the charge carrier density
is controlled by doping, the conductivity of a doped semiconductor can often be tuned
over a great range. As an example, the conductivity of a silicon crystal can be increased
by a factor 106 by doping, and the conductivity of CdSe QD films can be increased by 12
orders of magnitude.'*!!

Even if n and p-type semiconductors are very interesting themselves, the combination of
them is even more impressive. The simplest combination is a p-n junction which forms
a diode. A p-n junction is the interface between a p and an n-type semiconductor (see
Figure 1.3a). Since there are few electrons in the p-type region and few holes in the n-type
region, a concentration gradient exists. Due to the concentration gradient, electrons from
the n-type region diffuse to the p-type region and recombine with holes. Similarly, holes
diffuse from the p-type to the n-type region where they recombine with electrons. A
region is formed which is depleted of any mobile charge, which is either called the space
charge region or the depletion region. An equilibrium of the junction is reached when
diffusion, due to the concentration gradient, is just cancelled by drift, due to the induced

4
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Figure 1.3 p-n junction under a) zero bias, b) reverse bias and c) forward bias.

electric field. 1

When a reverse bias is applied to the p-n junction, the n-type side is connected to a positive
terminal, while the p-type side is connected to a negative terminal. As the electrons are
attracted to the positive side and the holes to the negative side, very little current flows
across the junction. This will lead to an increased width of the space charge region (Figure
1.3b). On the other hand, in a forward bias mode the n-type side is connected to a negative
terminal while the p-type side is connected to a positive terminal, so the electrons start
to flow toward the positive terminal while the holes to the negative terminal. When the
space charge region has been neutralized, charge starts to flow across the junction (Figure
1.3¢). Therefore, due to the p-n junction, current can only flow in one direction through
the material, that is a switch has been made."

A p-n junction is not the only combination of n and p-type semiconductors. For example,
transistors are made of at least three doped regions, which allows them to act as a switch
or an amplifier. Due to the control over the magnitude and the direction of current, both
diodes and transistors are key component in electronic devices.'> Therefore, understanding
of doping procedures of semiconductors is crucial for semiconductor devices.

1.3 Doping methods

Overall, there are two different methods to control the charge carrier densities of
semiconductor materials, internal and external doping (or remote doping). In internal
doping the dopants are placed inside the semiconductor material, as is the case for
impurity doping, where impurity atoms are introduced into the semiconductor crystal
structure to introduce extra charge carriers. On the other hand, in external doping the
dopants are placed outside of the semiconductor material as is the case for both chemical
and electrochemical doping.

1.3.1 Impurity doping

The most common way of doping bulk semiconductor materials is by impurity doping.
As stated above, impurity doping is performed by introducing impurity atoms into the
crystal lattice of the semiconductor material. These impurity atoms are either donor
impurities or acceptor impurities. The donor impurities introduce an extra electron to

5
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the semiconductor conduction band to make it n-type, while the acceptor impurities
introduce an extra hole to the semiconductor valence band to make it p-type. Impurity
doping is very well known for silicon. In a pure silicon crystal, each silicon atom contains
four valence electrons which form a covalent bond with four other silicon atoms to form a
crystal lattice. If one silicon atom is replaced by phosphor which has five valence electrons,
the fifth valence electron becomes a free electron and the silicon is n-doped. On the other
hand, if a silicon atom is replaced by boron which has only three valence electrons, an
additional hole is made and the silicon is p-doped.”

It is also possible to dope semiconductors based on charge balance perspective. That is the
entire material must be charge neutral, otherwise, the cumulative repulsion of all charges
will lead to diverging energy of the system. So net positive dopants add electrons and net
negative dopants add holes. Therefore, if silicon is replaced by a negatively charged boron,
B, (compared to a neutral one described before) it also leads to p-doping. Furthermore,
a positively charged phosphor, P*, leads to n doping. The doping becomes even more
complicated when a compound semiconductor is used (a semiconductor that consist of
two or more elements), where the same dopant atom can act as an acceptor, donor or
neutral specie depending on which lattice atom it replaces.

Nowadays, there are two commercial ways of impurity doping for semiconductor
wafers; thermal diffusion and ion implantation. Thermal diffusion is performed in two
steps. In step one, the dopant source is introduced to the wafer, while in step two, the
dopants diffuse into the wafer. As the doping process is governed by dopant diffusion,
a concentration gradient is obtained where the highest concentration of dopant is at the
surface of the semiconductor material. The used dopant source in the procedure can be
gas, solid or a liquid (carrier gas is used to carry the liquid). The diffusion coefficient of
the dopant needs to be high enough for the dopants to diffuse through the material on a
reasonable timescale. Since the diffusion coefficient increases strongly with temperature,
diffusion doping takes place at high temperature. For example when boron tribromide
solution is used as the dopant source for boron in silicon the doping takes place at 1200
°C, when boron can diffuse into and inside the silicon wafer (diffusion coefficient in the
order of 10! cm?/s)."* In order to stop the doping process the temperature is lowered, and
at room temperature the diffusion of the dopant atom is minimum.'

In contrast to thermal diffusion, ion plantation takes place at room temperature. In this
process the impurity atoms are accelerated by an electric field and irradiated onto the
wafer. As the doping is performed at room temperature, diffusion of dopant ions out of
the wafer does not take place. In this process, the dopants are slowed down by collision
with the crystal lattice. This means that majority of them are placed in interstitial states,
additionally, due to the collisions the crystal lattice is often heavily damaged. This can
lead to high resistivity of the semiconductor as the electrical behaviour is dominated by
deep-level electron and hole traps. Therefore, an extra annealing step is performed at
about 1000 °C to recover the crystal lattice and to move the dopants into the crystal lattice.
This step is also called an activation step. At 1000 °C, dopants might diffuse out of the
crystal lattice, therefore this activation step needs to be very short. Compared to thermal
diffusion, ion implantation is more expensive, but it offers higher control of the doping
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process.'

These two doping methods are most commonly used for silicon wafers, but have also
been implemented for other semiconductors such as germanium, III-V and II-VI
semiconductors.'* Unfortunately, some semiconductors don't survive these high
temperatures. Therefore, there are also cases when the impurities are placed into the
semiconductor material during synthesis.!" Even with this protocol, impurity doping does
not work well for some semiconductors such as organic semiconductors and quantum dots,
QDs (inorganic semiconductor nanocrystals). For organic semiconductors the dopant
atom, such as halides or alkali metals, tends to diffuse as it is not covalently bound to the
host.?*?! For QDs, the dopant ions rarely introduce extra charges to the semiconductor
due to charge compensation by surface charges.”* Additionally, by adding only a single
impurity atom to a QD, it will lead to high doping densities which can cause a disruption
to the crystal lattice, alter the density of states and the electronic properties of the QD.*
Therefore, other doping techniques have been more successful for these semiconductor
systems.

1.3.2 External doping

When external doping is used as a doping method, the semiconductor is not doped by
the introduction of impurity atoms into the crystal lattice of the semiconductor, where
their valence electrons lead to doping. Instead, external dopants are introduced to the
semiconductor. Therefore, no disruption of the semiconductor crystal lattice or molecular
structure should take place. Additionally, it is less likely that the dopant will introduce
additional states in the band gap of the semiconductor which serve as recombination
centres for electrons and holes, as can be the case in substitutional impurity doping.
External doping can be split up into two groups, chemical doping and electrochemical
doping.

1.3.2.1 Chemical doping

In chemical doping a charge transfer takes place between a dopant and a semiconductor
for the generation of mobile carriers. As for impurity doping, the dopant can either be a
donor (reducing agent) or an acceptor (oxidizing agent). For a donor dopant, the standard
reduction potential of the dopant needs to be above the LUMO level of the semiconductor,
which results in n-type doping. On the other hand, when an acceptor dopant is used, its
standard reduction potential should be below the HOMO level of the semiconductor, and
p-type doping takes place.

Chemical doping is widely used for organic semiconductors, and is often called molecular
doping. There, large organic molecules are used either as the donor or the acceptors to
either inject or extract electrons from the organic semiconductor. In many cases this is a
reasonable model for the doping process, but in some cases it is more complicated. For
many small molecule organic semiconductors and oligomers, electronic interactions
between the dopant ion and the semiconductor takes place where a locally bound charge
transfer complex is formed. This charge transfer complex is analogous to a covalent bond
formed by the linear combination of molecular orbitals. Therefore, a new local HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)

7
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is formed.?>?

Unfortunately, the possible formation of charge transfer complexes is not the only
complication in doping organic semiconductors. Organic semiconductors do not follow
the standard theory of doping in inorganic semiconductors where the conductivity
increases with the amount of dopant. It is often seen for organic semiconductors that
the conductivity initially decreases by the addition of dopants up to a certain threshold,
where it starts to increase. This might be due to increased disorder or a higher density
of trap states in organic semiconductors upon doping. Additionally the dopants can
interact very strongly with charge carriers due to the low dielectric constant of organic
semiconductors. 222526

Even with all the aforementioned complications, the conductivity for various organic
semiconductors can now be tuned by several orders of magnitude by the use of molecular
doping. Many questions are still unanswered, and therefore controlled doping of organic
semiconductors and the process behind it is still a hot topic in research today.*2"252¢

Chemical doping has also been used for quantum dots, QDs. Early investigation of
Henglein et. al showed electron injection into ZnO QDs by the use of CH,OH radicals.
Since then numerous studies have been performed where various QDs were doped by
either reducing agents or photochemical doping. In the case of photochemical doping,
electrons are excited from the valence band to the conduction band by light and the hole
is extracted from the valence band by a hole scavenger. This leaves a free electron in the
conduction band.*»*** Even though some control has been gained over chemical doping
for QDs, in many cases the stability of the doped system is not high. Additionally, in
most cases when a doped system is introduced to ambient conditions, the QDs lose their
introduced charges and become undoped.”

1.3.2.2 Electrochemical doping

In electrochemical doping, electrons are either injected or extracted from semiconductor
materials by the use of a potentiostat. That is, the desired charge carrier density can be
obtained by changing one button on the potentiostat. Therefore, it is a very controlled way
to dope semiconductors. Electrochemical doping will be explained in more detail in the
next section.

1.4 Electrochemical doping

1.4.1 Electrochemical cell

Electrochemical doping is performed in an electrochemical cell, which most often
contains three different electrodes. These electrodes are the working electrode, WE,
counter electrode, CE, and the reference electrode, RE. The observed electrochemical
reaction, or doping, takes place at the WE. That is, the WE can either inject or extract
electrons into/from the material of interest, by changing its potential vs. a RE. Therefore,
the RE has to have a stable and known potential. The potential of the RE is controlled by
a well-known redox couple of known concentrations, which do not change significantly
during the measurement. At last, the CE acts as an electron sink, as it passes the needed
current to balance the current observed at the WE.



Electrochemical doping

a
V=Vo Energy Energy
- (-] (- . l\
° o Semiconductor Semiconductor
o ° o — B B
© °° ® e § i
J 00 o FJS %
o [R ;
©° o % . %
o o° o g — VB 3 —VB -
() : ol |
A (-] °o A WE RE WE RE

Figure 1.4 Schematic of electrochemical doping of a semiconductor film. a) When no potential is
applied the Fermi level is inside the bandgap of the semiconductor film. b) When a negative enough
potential is applied to the WE, the Fermi level moves to the conduction band of the semiconductor
which will lead to electron injection. To neutralize injected electrons in the conduction band,
electrolyte cations diffuse into the voids of the film. Image from Chapter 3.”

In an electrochemical measurement these three electrodes are immersed in an electrolyte
solution. The electrolyte is dissolved into cations and anions in a polar solution, which
makes the solution electrically conducting. Therefore, the electrolyte solution closes
the circuit between the WE and the CE. The last part of the electrochemical cell is the
analyte, that is the material under observation. Firstly, the analyte can be dissociated in the
electrolyte solution. When the analyte diffuses close enough to the WE, electron transfer
can occur.” The analyte can also be deposited or bound to the WE, to form a film. When
that is the case, electrons can be injected or extracted from the semiconductor film at the
interface of the electrode. If the semiconductor film contains more than a monolayer,
electron transfer needs to occur between semiconductor molecules. As an example,
semiconductor QDs can be “bound” together with cross-linking ligands to form a film.
The cross-linking ligands are short enough for electrons to transfer (tunnel) between the
QDs.

If the semiconductor material is supposed to be implemented in devices, a semiconductor
film is more useful than an analyte in solution. If the doping proves to be stable, the film
can be implemented in the desired device. In this thesis we want to investigate charge
transport and doping in semiconductor films, that hopefully can be used in devices.
The next section explains the process where a semiconductor film is doped by the use of
electrochemistry.®

1.4.2 Electrochemical doping of porous semiconductor films

Figure 1.4 shows an example of electrochemical doping of a semiconductor film. The
semiconductor film is deposited on the WE, and is immersed in a solvent containing
electrolyte cations and anions. By applying a negative enough potential to the film vs.
the RE, electrons can be injected into the conduction band of the semiconductor film.
In order to neutralize the injected charge, electrolyte cations diffuse into the voids of
the film. When a positive enough potential is applied to the film, electrons are extracted
from the valence band and electrolyte anions diffuse into the film. In contrast to the other
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doping methods discussed above, electrochemical doping thus starts with the injection
of the free charge carriers, which subsequently attract “dopant ions” to achieve charge
neutrality. These electrolyte cations and anions can be seen as external dopants. As the
ions are external dopants, they do not lead to distortion of the crystal lattice as happens in
impurity doping. Additionally, they do not introduce extra energy states in the middle of
the bandgap which can act as recombination centres for electrons and holes.

In order to use electrochemical doping on a semiconductor film, it needs to fulfil two
requirements. Firstly, the semiconductor needs to withstand the applied potential. It can
occur that the semiconductor material itself is either reduced or oxidized instead of being
doped.*®* If that is the case, it is most likely not possible to dope the semiconductor to
the same degree with another doping method, as the Fermi level decides if the introduced
electrons/holes are stable or react, irrespective of the doping method. Secondly, if a
semiconductor film is used, it needs to be porous. If the film is not porous, electrolyte
cations and anions are not able to diffuse into the voids of the film, and a space charge
region is formed. Changes in the charge carrier density will only occur in this space charge
region, which is usually 10-1000 nm.** On the other hand, if the film is nano-porous,
electrolyte ions can penetrate the whole film to neutralize the injected charge. That is,
during the doping process the overall film remains neutral, no space charge region forms
and the semiconductor film is doped uniformly.*

Examples of porous semiconductor films are organic semiconductors, such as
conjugated polymers and fullerenes, and QDs. As stated above, for QDs and organic
semiconductors impurity doping often does not introduce free charge carriers in these
systems. On the other hand electrochemical doping has been performed for a variety
of both organic semiconductors and QDs with good effect.* *“*% In many of these
experiments, electrochemistry is combined with spectroscopy such as absorbance
or photoluminescence and is called spectro-electrochemistry. In the majority of the
measurements electrochemistry is used as an analytical method. (Spectro)-electrochemical
measurements have been able to show positions of electron bands, placement of trap states
and the effect of charge injection on blinking in quantum dots.*® *>*-! It has also been
shown that by using electrochemical doping the conductivity of QD films can be increased
by 12 orders of magnitude. That is, the doping density can be tuned over 12 orders of
magnitude, by only applying different potentials.

1.4.3 Electrochemical measurements

As was stated above, electrochemistry is a powerful analytical tool. It has a wide selection
of measurements which are documented in numerous books. One of the more common
electrochemical measurement is cyclic voltammetry (CV), where the potential of the WE
is scanned while the current is measured. If a redox reaction takes place an increase in
current is seen, as current (i) is the flow of electrical charge, g, over time, t:

i= dq/dt 1.4

If electrons move from the WE to the system, a negative current is measured (following the
TUPAC definition®). In contrast, if electrons move from the system to the WE, a positive

10
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current is detected. From the area of the measured current, the injected/extracted charge
can be calculated with the following equation:

q=((ixdE))/v 1.5

Where dE is the potential step and v is the scan rate. If the injected charge is equal to the
extracted charge, the reaction is chemically reversible.*

By performing CV measurements a great amount of information can be gained about
the observed electron transfer to the analyte. The shape of the CV itself can show if the
reaction is reversible, if adsorption of species takes place and if multiple redox reactions
occur. By performing CVs at different scan rates in a well-known system, the diffusion
coeflicient of either the analyte or the electrolyte cations can be calculated.*® And finally,
the combination of a CV with a light source can give information such as energy band
placement and trap states.”*** This list contains only a few examples about information
that can be gained from a CV, which shows how remarkable the measurement technique
can be.

A CV is a powerful analytical technique, but it doesn’t give information about the
conductivity of a doped semiconductor film. In order to measure the conductivity, it
is necessary to add an additional working electrode. By applying a potential difference
between the two working electrodes, dV, the conductance, G, can be calculated with
equation 1.6:

G= dlI/dv 1.6

Where dlis the measured current. The conductivity, 0, can be connected to the conductance
by the following equation:

0=(Gxw)/(Ixh) 1.7

Where w is the distance between the two working electrodes, 1 is the gap length and h is
the height of the film. In our conductivity measurements we use home-built interdigitated
electrodes which contain four working electrodes (see Figure 1.5a). Each WE pair has a
different gap length, which gives different sensitivities. Therefore, one gold electrode has
5 different sensitivities for conductivity measurements. The gold electrode also contains
an optical mesh and a solid gold square for absorbance and reflectance measurements,
respectively.

By performing conductivity measurements on semiconductor systems, it is possible to
see if electrochemical doping is successful. An example of a conductivity measurement
performed ona ZnO QD film in 0.1 M LiCIO, is given in Figure 1.5b. In this measurement
the potential of one working electrode (the source) is scanned around the fixed potential
of the other working electrode (the drain). The conductance is then calculated from the
slope of the measured source-drain current (equation 1.6). By repeating the measurement
at different potentials, the conductivity can be obtained for a wide range of potentials.

11
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Figure 1.5 a) Home-built interdigitated gold electrode. It contains four working electrodes with
different sensitivities. It additionally contains an optical mesh for absorbance measurements. b)
Conductivity measurements for a ZnO QD film in 0.1 M LiClO, acetonitrile solution. The source-
drain bias is 10 mV

1.4.4 Stability of electrochemically doped semiconductor films

In an ideal world, we would dope our semiconductor film to the desired charge carrier
density by the use of electrochemistry, disconnect it and implement it in a device of choice.
Unfortunately, when the semiconductor film is disconnected from the potentiostat,
injected charges leave the film.?>* The only cases of stable electrochemical doped films
have been at low temperatures (200 K and lower).>*>"-%¢ At these low temperatures, both
redox active impurities and electrolyte ions are immobilized. If the electrolyte ions can’t
move out of the voids of the semiconductor film, injected charge should stay inside the
semiconductor to keep a neutralized system. Additionally, at very low temperatures, the
rate of electrochemical side reactions, which could decrease the free carrier density, is
decreased immensely.*

The goal of this thesis is to understand better electrochemical doping and why injected
charges leave the semiconductor film. At last we want to produce stable electrochemically
doped films, which can be used in semiconductor devices. It is important to keep in
mind that when the doped films are implemented into devices, they have to withstand
an external electric field. If the electrolyte ions are not immobilized in the voids of the
semiconductor film, they will move in the presence of this electric field. When the ions
move, the injected charge will disappear leading to a decrease in the charge carrier
density. Therefore, it is necessary to immobilized the electrolyte ions. We are going to do
so by freezing the electrolyte solvent. Clearly, it is not suitable to keep films at cryogenic
temperature in devices, therefore we are going to look at solvents with melting points
above room temperature. Therefore, at room temperature the solvent should be frozen,
and hopefully the injected charge will not disappear.

When electrolyte solvents with melting points above room temperature are used, the
electrochemical doping is performed when the solvent is liquid and the electrolyte ions
can freely diffuse in the system. When the desired charge carrier density is reached, the
temperature is decreased to room temperature. If the solvent is frozen in the voids of the
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semiconductor film, diffusion of the electrolyte ions is minimized, and as stated above
the charge carrier density should be stable. This approach is similar to thermal diffusion
in impurity doping. There, the doping process takes place at high temperature when the
dopant is able to diffuse inside the semiconductor wafer. When the doping process is
finished, the temperature is decreased to room temperature. Therefore, in both doping
processes, the dopant diffusion needs to be minimized.

1.5 Outline of this thesis

This thesis presents a variety of electrochemical measurements performed on porous
semiconductor materials. The role of these electrochemical measurements is to gain
further insight into the doping mechanism itself and the doping stability.

In electrochemical doping of a porous semiconductor film, electrolyte cations and
anions serve as external dopants. The exact role of these external dopants is not known.
In Chapter 2, various electrolyte cations were investigated in electrochemical doping of
ZnO QDs. We show, in fact that the choice of the electrolyte cation is very important,
as electron charge injection into ZnO QD films is limited by the diffusion of the cation.
Additionally, the concentration and the size of the cation can greatly affect both the rate
of charge injection and onset potential, as small ions can intercalate into the ZnO crystal
lattice. On the other hand, the size of the cation does not affect the conductivity and the
mobility of electrons in the ZnO QD film.

In Chapter 3, the electrochemical doping stability of various porous semiconductor
films is investigated. The reason for charge disappearance is threefold. Impurities can
extract the injected charge, internal electrochemical reactions of the semiconductor itself
can take place, and if any external field is applied electrolyte ions will start moving. In
order to increase the doping stability of the semiconductor films, measurements were
performed where the electrolyte solvent is frozen. When the solvent is frozen, both
electrolyte and impurities should be immobilized in the pores of the film. In order to gain
electrochemically doped films at room temperature, the chosen electrolyte solvents have
melting points above room temperature. Complete doping stability was obtained by using
succinonitrile (melting point is 57 °C) at -75 °C.

As stated here above, one of the reasons for the disappearance of injected charge is
impurities such as oxygen, which can react with the injected charge. In Chapter 4 the role
of impurities is investigated in the disappearance of injected electrons in ZnO QD films.
Two different ways are used to reduce the effect of impurities toward the QD film. In the
first one, solvent impurities were reduced before charge injection into the film takes place
and in the second one a diffusion barrier is used to prevent impurity diffusion.

When succinonitrile was used as an electrolyte solvent, a stable electrochemically doped
film was gained at -75 °C. Even if the melting point is 57 °C, injected charge leaves various
porous semiconductor films at room temperature. Therefore, solvents with even higher
melting points are needed. In Chapter 5, various nitriles with melting points ranging
between 75 and 165 °C were used as the electrolyte solvents. Cyanoacetamide (mp: 120
°C) gave the best results, as no electrons leave the conduction band of a ZnO QD film for
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over 20 hours and even on a time scale of 10 days 80% of the conductivity is retained. It
is shown that this method also works for p doping of P3DT and for n doping of PbS QDs
films, with even better stability.

Overall the results of this thesis show that it is possible to use electrochemical doping on
a very wide range of porous semiconductors and that the doping density can be stabilized
by using solvents that are frozen at RT. It is expected that the application of a proper gas
diffusion barrier, such as Al,O, could stabilize the charge density completely so that such
electrothermally doped systems could indeed be used in devices.
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The role of dopant ions on charge injection and transport in

electrochemically doped quantum dot films

In Chapter 1, electrochemical doping is introduced as a promising way of controllably doping porous
semiconductor films, where electrolyte ions can be regarded as external dopant ions. In order to
make stable electrochemically doped films at room temperature, the role of the electrolyte ions in
the doping process needs to be known. To gain insight into the doping mechanism and the role of
the external dopant ions, we investigate charge injection in ZnO nanocrystal assemblies for a large
series of charge compensating electrolyte ions with spectro-electrochemical and electrochemical
transistor measurements. We show that charge injection is limited by the diffusion of cations in
the nanocrystal films as their diffusion coefficient are found to be ~7 orders of magnitude lower
than those of electrons. We further show that the rate of charge injection depends strongly on the
cation size and cation concentration. Strikingly, the onset of electron injection varies up to 0.4
V, depending on the size of the electrolyte cation. For the small ions Li* and Na* the onset is at
significantly less negative potentials. For larger ions (K*, quaternary ammonium ions) the onset is
always at the same, more negative potential, suggesting that intercalation may take place for Li* and
Na*. Finally, we show that the nature of the charge compensating cation does not affect the source-
drain electronic conductivity and mobility, indicating that shallow donor levels from intercalating
ions fully hybridize with the quantum confined energy levels and that the reorganization energy
due to intercalating ions does not strongly affect electron transport in these nanocrystal assemblies.

This chapter is based on: S. Gudjonsdottir, W. van der Stam, N. Kirkwood, W. H. Evers, A. J.
Houtepen. J. Am. Chem. Soc. 2018, 140 (21), 6582-6590



‘Chapter 2

2.1 Introduction

Quantum dots (QDs) are known for their tunable optoelectronics properties, processability
and cheap and facile solution-based synthesis.' For these reasons they are promising for
optoelectronic applications such as displays,*® solar cells*7* and LEDs.**'° To optimize
the potential of QDs for such applications, control over electronic doping is essential.'!
Traditionally, doping of semiconductors is achieved by introducing impurity atoms into
the crystal that act as electron donors and acceptors. For QDs there have been many
attempts to dope them in a similar manner.">'* However, due to charge compensation
by localized counter charges on the surface of the nanocrystals, introduced impurities
rarely contribute excess carriers in conduction or valence states.”* Additionally, significant
distortion of the QD crystal structure even at one dopant per QD'? can make this approach
difficult. In practice, it still remains a challenge to fully and reversibly control the charge
carrier density."” A less invasive and potentially more controllable approach is to use
external dopants that reside outside the QD but still dope it electronically. Chemical redox
doping has been used for this purpose.>!® More recently, photochemical doping'’*® has
also been shown to be efficient in tuning the charge carrier density.

However, arguably the most controllable method to dope QD films is by electrochemical
doping. In this approach, electrons or holes are injected via an electrode and their charge
is compensated by electrolyte ions that diffuse into the QD film."?! Ideally, the charge
compensation by electrolyte ions is uniform due to the porous nature of QD films,
resulting in a uniform charge density and absence of band bending. This method enables
reversible carrier density tuning in a wide range and allows to set the Fermi-level on
demand by controlling the potential with a potentiostat. Furthermore, electrochemical and
spectro-electrochemical methods have been used to examine many different properties
of QDs such as the band gap energies, QDs trap states, QDs valence and conduction
band energy levels and the effect of charge injection on blinking of the QDs.*> %% The
versatility of electrochemical methods to dope QDs is demonstrated by the wide range
of QD compositions studied, such as CdSe, CdTe, core shell quantum dots (CdSe-ZnS,
CdSe-CdS-ZnS)**, PbSe quantum dot superstructures®, Cu,S*, HgTe" and ZnO”. For
electrochemical charge injection, the charge compensating electrolyte ions can be regarded
as external dopants. It is to be expected that the nature of these dopant ions affects the rate
and energetics of charge injection and may also influence electron transport in these films.
However, the role of the electrolyte ions has not been studied in detail before.

In this Chapter, we investigate the role of the electrolyte cation in electron injection into QD
films. ZnO QD films were selected as they exhibit very stable and reversible charge injection,
allowing in-depth electrochemical investigations, including performing many different
experiments on the same ZnO QD film."” By using differential capacitance and source-
drain electronic conductance measurements combined with spectro-electrochemical
measurements, both the mobility of electrons moving perpendicular through the film
(out-of-plane) during charge injection and the mobility of electrons moving parallel to
the substrate (in-plane) in a source-drain configuration can be determined. The out-of-
plane electron mobility is shown to be 7 orders of magnitude lower than the in-plane
mobility. By performing cyclic voltammetry (CV) at different scan rates, it is shown that
the concentration and the size of the electrolyte cation affects the electron injection rate.
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Figure 2.1. Schematic representation of the (a) Three electrode (spectro)-electrochemical setup. The
cell contains a Ag wire pseudoreference electrode, Pt sheet counter electrode and the sample on a
working electrode. The solution is typically a 0.1 M LiCIO, acetonitrile electrolyte solution. The steady
state absorption can be measured during the electrochemical measurements. (b) The ZnO film on
the IDE with Li* or Na* as an electrolyte cation. The ions have intercalated into the ZnO QDs upon
electron injection. The schematic includes the parallel (in-plane) and perpendicular (out-of-plane)
flow of electrons. (c) The ZnO film on the IDE with K*, TMA*, TBA* or TOA* as an electrolyte ion. The
ions occupy the voids of the film. The schematic includes parallel and perpendicular flow of electrons.

We conclude that ion diffusion limits charge injection and we determine the diffusion
coeflicients for different cations. Interestingly, cyclic voltammograms show a lower onset
of electron injection into the ZnO QDs by up to 0.4 V for smaller ions (Li*, Na*), suggesting
that they may intercalate into the ZnO lattice. Finally, it is shown that the size of the cation
does not affect the in-plane conductivity or mobility of the electrons. This shows that the
electrons tunnel between QDs independent of the positive counterions. The implications
of this are discussed.

2.2 Results and Discussions

2.2.1 Flow of electrons in the ZnO film

Figure 2.1a shows the experimental approach as previously described by Boehme et al.2"%
(Spectro)electrochemical and conductivity measurements are done in an electrochemical
cell with three electrodes (for CV and for differential capacitance measurements) or four
electrodes (source-drain conductivity measurements) with a home-built interdigitated
electrode (IDE, see Methods). Two types of electron currents are monitored (Fig. 2.1b
and c): perpendicular (out-of-plane) to the electrode during charge injection, or parallel
(in-plane) to the electrode during source-drain conductivity measurements. We find that
there is a great difference between the parallel and perpendicular conductivities.

In the electrochemical experiment charge is injected into the QDs. To compensate for the
charge, cations flow into the voids of the film. Here, we inject electrons into ZnO QDs
film in six different electrolyte solutions of different concentrations. From the results it is
possible to separate the different electrolyte cations into two groups (Fig. 2.1b and c). The
former one includes the smaller electrolyte cations, Li* and Na*. For these ions, electron
injection occurs at more positive potential than for the larger ions, which might be due
to intercalation. The second group includes the larger electrolyte cations K*, TMA*, TBA*
and TOA". They are able to diffuse into the voids of the ZnO QDs but their size hinders
intercalation.
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Figure 2.2 Spectro-electrochemical measurements for a ZnO QD film. (a) Absorption spectrum
of a ZnO QD suspension in ethanol. (b) Cyclic voltammogram for a ZnO QD film on ITO in 0.1
M LiCIO, acetonitrile electrolyte solution. The scan was started at 0.1 V; which is in the band gap
of the ZnO QDs, arrows indicate the scan direction. The scan speed was 25 mV/s and the scan is
repeated three times. (c) The differential absorption during CV scans. As electrons are injected in
the conduction band of the ZnO QDs (around -0.4 V), a negative differential absorbance of the 1Se
conduction level is measured (blue area).

2.2.2 General properties of electron injection

The ZnO QDs were synthesized as outlined in the Experimental Section. Figure 2.2a
shows the absorption spectrum of the ZnO QDs in ethanol, with the first absorbance peak
around 350 nm. By using an empirical correlation from Meulenkamp et al.”® the diameter
of the ZnO QDs was calculated to be 3.8 nm. Figure 2.2b shows the cyclic voltammogram
for a ZnO QD film on an ITO electrode in a 0.1 M LiClO, in acetonitrile electrolyte
solution, where the potential was scanned from 0.1 V vs. the Ag pseudoreference electrode
in negative direction to -1.0 V at 25 mV/s, and back to 0.1 V. The scan was repeated three
times and is completely reproducible. From the voltammogram it can be seen that the
current density starts to increase around -0.4 V and keeps increasing until the potential
is reversed. This current density corresponds to electron injection into the ZnO QDs.?
The symmetry and the reproducibility of these cyclic voltammetry (CV) measurements
show that the electron injection is reversible and stable. Figure 2.2c shows the change
in absorption during CV for a ZnO QD film over time for three scans. Time runs from
bottom to top and the scan starts at -0.15 V. Around -0.5 V, a change in absorption around
350 nm can be seen which corresponds to a bleach of the band edge absorption due to
the injection of electrons in the 1Se conduction level of the ZnO QDs (see Appendix,
Figure A2.1).*° Like the CV measurements, the spectro-electrochemical measurements
are highly reversible and stable. We note that this is due to the rigorous water and oxygen
free conditions of the experiments.

2.2.3 In-plane versus out-of-plane electron current

We now compare the electron current in the parallel (in-plane) and perpendicular
(out-of-plane) directions with respect to the WE surface. Figure 2.3a shows the results of
differential capacitance measurements (see Methods), which we use to calculate the total
charge injected into the ZnO QD film. The measurements were performed with a potential
step of 35 mV from 0 V to -1.0 V to 0 V again, on a gold IDE. In the bandgap of the ZnO
QD the current is low, however, when electron injection occurs (~-0.4 V, represented
by red curves), an initial peak current is seen that decays in ~0.5 s. From Figure 2.3a
the differential capacitance can be determined after each potential step as described in
the Methods. The outcome is depicted in Figure 2.3b in units of C/V and corrected for
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background currents. At potentials more negative than -0.4 V, electrons are injected into
the QD film (negative currents in Fig. 2.3a). The amount of injected charge increases until
the scan is reversed (at -1.0 V). When the scan is reversed, the number of withdrawn
electrons (positive currents in Fig. 2.3a) is very close to the number of injected electrons.
This again shows the ability of ZnO to receive and release electrons reversibly. The right
axis in Fig. 2.3b shows the density of states, calculated from the differential capacitance,

AQ/AV; and the film volume, V, according to equation 2.1:

p(V)=AQ(V)/(AVXV, xe) 2.1

From Figure 2.3a it is also possible to calculate the resistance of the film. If the film acts as
a capacitor, the current response of a step potential is given by,

t t
E -—— E -
1(t)=—e T, = —ge R1XC
Ry Ry

2.2

Where E is the potential step, R, is the out-of-plane film resistance, 1, is the relaxation
time, also known as the RC-time, and C is the film capacitance. We note that the charging
currents in Figure 2.3a are not perfectly exponential (see Appendix, Figure A2.2). For
simplicity we therefore determine T, as the time where the current has dropped to 1/e of
the maximum.

As the capacitance C is known directly from integrating the current (Fig. 2.3b) we
determine R, and relate it to the film conductivity, o, , by equation 2.3:

o = hfitm
L7 Apum*Ry 2.3

where h is the height of the film and A  is the area of the film. The resulting out-of-
plane conductivity, o, , is plotted as a function of applied potential for both the forward
and the backward scan (black line in Figure 2.3c).

For the same film, source-drain electronic conductance measurements were performed
after each differential capacitance measurement (see Methods). The corresponding
source-drain currents can be seen in Appendix, Figure A2.3. The conductivity can be
calculated as shown in the Methods. The resulting in-plane conductivity, oy, is plotted as a
function of applied potential as well for both the forward and the backward scan (red line
in Figure 2.3c). When the two conductivities are compared, we find that the out-of-plane
electronic conductivity is seven orders of magnitude lower than the in-plane electronic
conductivity (10 S/cm vs 102 S/cm). As both o, and o) are determined on the same
film during the same potential scan, the charge carrier density, n, is necessarily the same,
showing that the mobility (given by p=0/(n-e)) also differs by 7 orders of magnitude. The
charge carrier density (Appendix, Figure A2.4) is derived by dividing the total injected
charge obtained from Figure 2.3b (see Methods) by the film volume (1.4¥10° m?®). The
in-plane mobility, p, is plotted as a red line and the out-of-plane mobility p, is plotted as
a black line in Figure 2.3d.
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Figure 2.3 Differential capacitance and electronic source-drain conductance measurements. (a)
Differential capacitance measurements performed on a ZnO QD film on an IDE in 0.1 M LiCIO, in
acetonitrile electrolyte solution. Potential steps of 35 mV were taken and the current was measured for 5
seconds until equilibrium was reached. The potential was stepped from 0 V to -1.0 V and then reversed
to 0 V. (b) The differential capacitance of the QD film with units of C/V is on the left axis while the
density of states is shown on the right axis, arrows indicate the scan direction. (c) Calculated parallel
source-drain electron conductivity (red line) compared to the perpendicular electron conductivity
(black line). (d) Difference in parallel source-drain electron mobility (red) and the perpendicular
mobility (black) on the left axis and the parallel (red) and perpendicular (black) diffusion coefficients
on the right axis.

The great difference in conductivities and mobilities can be explained by the role of the
electrolyte cations in the electronic doping of the QD film. In the out-of-plane conductivity
electrons are injected into the film, to compensate for the negative injected charge in the
film, the electrolyte cations diffuse into the pores of the film. Therefore, the out-of-plane
conductivity of the electrons is limited by the diffusion of the cations. This is not seen
in the in-plane source-drain conductivity as the electrons have already been injected
into the film, and no additional charging takes place. These experiments are performed
under steady state conditions where the electron density (and hence also the ion density)
is constant and hence diffusion of ions is not required. The in-plane mobility varies over
several orders of magnitude with potential, or equivalently with charge density. This is
expected for electron transport in a disordered semiconductor system.*?** The maximum
value of the in-plane mobility (10" cm?/Vs) is found to be similar to previous experimental
values of the source-drain mobility (10 cm?/Vs).** The out-of-plane mobility is orders of
magnitude lower (10% cm?/Vs).

The diffusion coeflicient, D, of an ordered system can be calculated with the Einstein
relation:

24



The role of dopant ions on charge injection and transport in electrochemically doped quantum dot films

D=(uk, T)/e 24

where k, is the Boltzmann constant, T is the temperature and e is the elemental charge. We
note that the Einstein relation may not strictly be valid in the case of strongly interacting
or highly disordered systems.*® However, for reasons of simplicity and given the 7-orders
of magnitude difference between in-plane and out-of-plane mobilities we are interested in
here, we will disregard this effect. The calculated diffusion coefficients are shown in Figure
2.3d, right axis. We find that Dy is ~10 cm?*/s. This value is lower than for diffusion of
ions in solvents. However, such low values are not uncommon for ion diffusion in porous
solids.** Hence, we conclude that charge injection, and the corresponding out-of-plane
conductivity, is limited by diffusion of charge compensating cations through the porous
NC film.

2.2.4 Effects of the cation on charge injection

To investigate the diffusion of the counterions in more detail we performed scan-rate
dependent cyclic voltammetry measurements. The diffusion coeflicient of the electrolyte
cations can be determined by the Randles-Sevcik equation which states that for diffusion
limited currents, the peak current (ip) can be connected to the scan rate (v) according to:

1/2

, . (nMFvD
i = 0.4463nFAC ( AT ) 25

where n is the number of electrons, F is the Faradaic constant, A is the area of the working
electrode, C* is the concentration of the electrolyte and D is the diffusion coefficient.
The Randles-Sevcik equation assumes diffusion of a reactant from a bulk solution to a
smooth electrode surface. Although a QD film is nanoporous and not a smooth surface,
this formalism is also often used for porous electrodes®¢ and we do the same. In the
Appendix we argue that the Randles-Sevcik equation also holds in the porous QD film
investigated here.

To see the effect of the cation concentration on electron injection, a ZnO QD film was
immersed in solutions of LiClO, in acetonitrile with three different concentrations: 0.01
M, 0.1 M and 1 M. CV measurements were performed with scan rates between 0.0075 V/s
and 1.0 V/s and the peak current density (J,) was plotted against the scan rate (Fig. 2.4).
For increasing Li* concentration the current density (J) increases and the CVs become
more symmetric. Furthermore, the log-log plot of the peak current density versus the scan
rate for 0.01 M LiClO, shows that the peak current density is linearly dependent on the
scan rates at low scan rates (<0.2 V/s) but at higher scan rates (>0.2 V/s) it scales with Vv.
This behavior clearly shows that at low scan rates charging is limited by the capacitance
of the film, while at higher scan rates the current is limited by counter ion diffusion. This
diffusion limitation becomes apparent around 0.18 V/s.

By increasing the concentration of LiCIO, the diffusion limitations appear at higher scan
rates, that is at around 0.4 V/s for 0.1 M LiClO, and >1 V/s for 1 M LiCIO,. This shows that
at low concentrations of the cation, the diffusion current of the cations inside the pores of
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Figure 2.4 Determination of diffusion coeflicients in LiClO4 acetonitrile electrolyte solution.
Cyclic voltammograms at different scan rates for a ZnO QD film in (a) 0.01 M LiClO, in acetonitrile
electrolyte solution, (b) 0.1 M LiClO, in acetonitrile electrolyte solution and (c) 1 M LiClO, in
acetonitrile electrolyte solution. J; stands for the current density. The panels include a peak current
density versus scan rate plot on a log-log scale. The scans have negative direction, indicated by a
black arrow. By increasing the electrolyte concentration, the current and the symmetry increases. (d)
Average diffusion coefficient and the standard deviation obtained from 3 different measurements for
different concentration of LiClO, acetonitrile electrolyte solution.

the QD film is lower. By using the Randles-Sevcik equation, the diffusion coeflicients were
determined to be 7.9x10® cm?*/s and 6.3x10° cm?/s at 0.01 M and 0.1 M, respectively. For
the 1 M electrolyte solution, the peak current density does not depend on the square root
of the scan rates within the investigated range, therefore it is not possible to calculate a
diffusion coefficient. By increasing the concentration of the cation, the diffusion coefficient
decreases, which shows that something is slowing the process down such as “jamming” of
cations in the pores of the film. If this is the case, one would expect the diffusion coefficient
to become constant at lower Li* concentrations. Figure 2.4d shows such measurements
for a concentration range from 10 uM to 0.1M. Fig 2.4d shows the average obtained
diffusion coefficient and the standard deviation obtained from 3 measurements. Below
1 mM concentration, a concentration independent diffusion coefficient of ~10° cm?/s is
obtained.

In addition to the ion concentration, we investigate the type and size of the cation and its
effect on electron injection. In previous studies on Cu,S** and CdSe* our group has showed
a strong effect of the size of the charge compensating ions on the reduction of nanocrystals.
Furthermore, it has been shown by Brozek et al.*” that the charge compensating cation can
affect both the injected electron stability and the chemical reduction of ZnO nanocrystals
greatly. Therefore, a ZnO QD film was subsequently immersed in four different electrolyte
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Figure 2.5 Cyclic voltammograms for a ZnO QD film. (a) CVs at different scan rates in 0.01 M LiCIO,
in acetonitrile electrolyte solution. The panel includes a peak current density versus scan rate plot on a
log-log scale. (b) CVss at different scan rates in 0.01 M TMAPF, in acetonitrile electrolyte solution. The
panel includes a peak current density versus scan rate plot on a log-log scale. (c) CVs at different scan
rates in 0.01 M TOABF, in acetonitrile electrolyte solution. The panel includes a peak current density
versus scan rate plot on a log-log scale. (d) CVs measured at 0.1 V/s for different electrolyte cations in
a 0.1 M in acetonitrile electrolyte solution. The panel includes a plot of the threshold potential versus
vacuum for the different ions. By increasing the size of the electrolyte cation, charge injection occurs at
lower potentials. The scans have negative direction, indicated by a black arrow, and are repeated three
times for every scan rate. ], stands for current density.

solutions, containing different cations: lithium (Li*), tetramethylammonium (TMA"),
tetrabutylammonium (TBA*) and tetraoctylammonium (TOAY). Furthermore, three
different concentrations were investigated: 0.01 M, 0.1 M and 0.5 M. (The solubility
of tetraalkyammonium salts in acetonitrile does not permit experiments at 1M). All
experiments were done on the same ZnO QD film starting from the largest cation (TOA")
to the smallest one (Li*). Figure 2.5a-c shows the cyclic voltammograms for the ZnO QD
filmin 0.01 M Li*, TMA*and TOA" acetonitrile electrolyte solution. For simplicity, the CV's
are plotted on the same scale, which allows for direct comparison of the current density
between the different counterions (magnifications of the CV's including the one for TBA*
are shown in the Appendix, Figure A2.6). As can be seen in Figure 2.5a-c, increasing the
size of the cation dramatically decreases the peak current density by an order of magnitude.
By using the Randles-Sevcik equation, the diffusion coefficient was determined for the
different cations in a 0.01 M and 0.1 M in acetonitrile electrolyte solution (Table 2.1). As
before, at the highest concentration charge injection is not diffusion limited in the range
of scan rates investigated and hence it is not possible to calculate a diffusion coefficient.
Table 2.1 shows that by increasing the size of the ion, the diffusion coefficient decreases.
This trend can be seen for both concentrations. As for Li* the diffusion coefficient for the
different ions decreases with higher concentration.
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Table 2.1. Calculated diffusion coefficients in cm?/s for the four different cations in 0.01 M and 0.1 M

concentrations
Li* TMA* TBA* TOA*
0.01 M 7.90-10°8 1.89-10°® 9.18:10° 2.14-10°
0.1M 6.30-10° 1.24-10° 7.70-1071° 4.61-101°

Furthermore, Figure 2.5a-c shows that the onset for charge injection is around -0.4 V for
Li* while it is around -0.8 V for the other ions. The same difference in current and onset
potential for Li* compared to the other cations (TMA*, TBA* and TOA") can be seen at
concentrations of 0.1 M and 0.5 M in acetonitrile electrolyte solution (Appendix, Figures
A2.7 and A2.8). To examine the difference in the onset of charge injection for the different
electrolyte cations in more detail, two additional measurements were performed with Na*
(r* = 116 pm) and K* (r* = 150 pm), which have ionic radii in between Li* (r* = 90 pm)
and TMA" (r* = 320 pm). Figure 2.5d shows CV scans at 0.1 V/s for the six different ions
(Li*, Na*, K, TMA*, TBA* and TOA"). To make the onset of the electron injection clearer,
the current density was normalized. An injection threshold potential V, (vs. vacuum)
is determined for every ion by identifying the first minimum in the second derivative
of the first forward scan and is shown in Figure 2.5d. For K*, TMA*, TBA* and TOA"
the threshold potentials are very similar (~4.06 V vs. vacuum) while for Na* (4.21 V vs.
vacuum) and for Li* (4.4 V vs. vacuum) it is more positive.

We can rule out that mass transfer effects cause a different onset of charge injection, since
the CVs are fully reversible at the low scan rates used in Figure 2.5d. Further, source-
drain conductance measurements, which are performed at steady state for the different
ions, show the same offset in potential (Appendix, Fig A2.9). Therefore, the difference in
potential cannot be explained by faster diffusion of the smaller Li* and Na* ions. Since the
differential capacitance and total injected charge (see also below where this is discussed
in more detail) are indistinguishable for the different ions we can rule out that there exist
differences in the portion of the film that gets charged, due to smaller ions penetrating
deeper into the QD film. We conclude that the differences in the onset of charge injection
must reflect a true thermodynamic free energy difference.

We believe that the observed differences with Li* and Na* are due to intercalation of these
ions into the ZnO QDs, while the other ions are too large to intercalate into the ZnO
QDs. Li* is a known interstitial donor in bulk ZnQO.*¥* Moreover, both Li* and Na* have
been reported to occupy interstitial sites and form shallow donors in ZnO QDs* and
the syntheses of intentionally Li* and Na* doped ZnO nanocrystals have previously been
reported.®*! In fact, ZnO and ZnO nanostructures are considered as anode material
in Li ion batteries that rely on Li intercalation, albeit at more negative electrochemical
potentials.* Kushima et al. have proven Li* intercalation in ZnO nanowires under large
electrochemical bias by the use of in situ transmission electron microscopy.** Additionally,
J. Hupp et al.** saw a similar trend in electrochemical charging of TiO, where the electron
injection onset was ~0.8 V more negative when using TBA* compared to either Li* or Na*.
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By using a combination of reflectance and electrochemical quartz crystal microbalance
they observed that both Na* and Li* intercalated into the TiO, while TBA* did not due
to steric hindrance. A similar shift of the onset potential for charging with cation size
was reported by Boehme et al.?! for CdSe QD films and was explained by the increased
proximity of the charge on the cation and the electrons. Recently Puntambekar et al.* have
claimed Li* intercalation in CdSe QDs upon electrochemical charge injection.

Taken together, our experimental results and the discussed literature reports strongly
suggest that Li* and Na* intercalate into the ZnO lattice resulting in a less negative onset
potential for electron injection. In any case it is clear from the above experiments that the
type, size and the concentration of the electrolyte cation affect the electron injection rate
and energy greatly.

2.2.5 Effect of the cation on the source-drain conductivity

The presence of dopant ions is known to strongly affect charge transport. To investigate
if this is the case, we compare the in-plane conductivity and mobility for the different
cations. Figure 2.6a shows the source-drain conductivity for a ZnO QD film immersed
in a 0.1 M acetonitrile electrolyte solution for four different ions: Li*, TMA®*, TBA* and
TOA®*. All the measurements were performed with the same film starting with the largest
dopant ion TOA*. As the onset for charge injection is different for each ion (Appendix,
Figure A2.9) a threshold potential V, for charge injection was determined for every ion by
finding the minimum residual between the in-plane conductivity of Li* and the other ions
(see Appendix). Fig. 2.6a shows the conductivity and mobility vs. V-V, . The source-drain
conductivities for all cations are very similar. Figure 2.6b shows the charge carrier density
of the film for the four different ions. Similar to the in-plane conductivity, the charge
carrier density is very similar for the different ions. Consequently, the electron mobility
for the different ions, shown as the inset in Fig. 2.6b, is also very similar. Alternatively,
the conductivity can be plotted against the charge carrier density for the different ions,
eliminating the need to determine a threshold potential, see Appendix Figure 2.10. Also
in this case the conductivities are almost identical. We argue that any differences observed
are within the experimental error and that the type, size and location of the dopant ion
(intercalating or occupying voids between QDs) do not significantly affect the electron
mobility.

This observation is remarkable if one considers that there are various ways the cationic
dopants could influence electron transport. In bulk semiconductors, the dominant effect
is ionized impurity scattering.** However, charge transport in nanocrystal films typically
takes place via tunneling between NCs and not via band-like transport, with concomitant
lower mobilities and much shorter mean free paths. It is unlikely that ionized impurity
scattering will be the limiting factor for charge transport in such systems.

Alternatively, intercalating ions could add energy levels close to the conduction band
(shallow donor levels) that may take part in electron transport. Interstitial hydrogen
shallow donor levels have for instance recently been shown to strongly affect electron
transport in nanoporous TiO,.*” Hydrogen is also known to form an interstitial donor in
bulk ZnO with a shallow donor level 58 meV below the conduction band.*** Similarly,

29



‘Chapter 2

a o b
] 18 |
T g — L
§ 21074, \ ™AL
£ 014 — Lt g 16 g % _IT_IiVTA’f _ $g§+
2 TBAH S 1074 §0.1 —TBA* -
= + @ > § \—@*
5 0.014 —TMA+ € 10742 ‘2‘ —
3 — TOA S 3 "o 020 00
c [} V-Vin[V
8 T T T T = 10" - t thl[ ! t T T
-0.3 -0.2 -0.1 0.0 o -0.3 -0.2 -0.1 0.0 0.1
V-Vin[V] = V-VipV]

Figure 2.6 Source-drain measurements for a ZnO QD film for four different cations. (a) The
source-drain conductivity for a ZnO QD film on an IDE immersed in acetonitrile electrolyte solution
for four different ions: Li*, TMA*, TBA* and TOA* concentration of 0.1 M. A threshold potential was
subtracted from the original potential. (b) Charge carrier density of the ZnO QD film as a function
of potential for Li*, TMA*, TBA* and TOA* electrolyte solutions (concentration 0.1 M). The panel
includes the parallel mobility for the film for the four different ions.

Li* and Na* have been shown to form shallow donors in ZnO.* However, the similarity of
the electron mobilities shown in Fig. 2.6b shows that intercalated Li* and Na* donor ions
do not significantly affect electron transport in this ZnO QD film.

This can be understood by realizing that in quantum-confined crystals the shallow donor
level merges with the 1Se electron level. One can see this quickly by looking at the equation
for the exciton Bohr radius a,

4me,eqh? 1 1
T umger T <_*+_>a° 2.6

where p is the reduced effective mass of the exciton, m* and m*, are the relative electron
and hole effective masses respectively, €_is the relative dielectric constant of the material
and a, = 0.53A is the Bohr radius of atomic hydrogen. For an interstitial shallow donor,
the Bohr radius is determined by the same equation, except that the hole effective mass
is the ion mass and hence falls out of the equation. However, since the hole effective mass
in ZnO is much larger than the electron mass (m*  ~0.24 and m*, ~0.8)*° the shallow
donor and exciton Bohr radii are very similar. This implies that if ZnO is quantum
confined, the shallow donor state will also be quantum confined. As the 1Se electron level
and the shallow donor are delocalized over the nanocrystal it is in fact a single state, as
also concluded previously based on DFT calculations,” which is simply the solution to
the Schrodinger equation of a particle in a box with a positive point charge. The energy
of this state is lower than without the presence of the positive point charge, as reflected
in the lower onset of electrochemical charging for intercalating Li* or Na* compared to
non-intercalating ions.

Charge transport will in both the case of intercalating and non-intercalating ions take place
via electron tunneling between NCs. The moderate variation in energy levels between
intercalating and non-intercalating ions apparently does not affect the tunneling rate
significantly. For the case of larger crystals that are not quantum confined intercalating
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ions add additional energy levels below the conduction band (the shallow donor level)
that may strongly affect transport, as reported for electron transport in bulk-like TiO,
nanocrystal films.*’

Finally, it is conceivable that polarization of cations after an electron transfer event leads
to a significant reorganization energy that may depend on the nature of the cation. In a
Marcus-type electron transport picture this can strongly affect the electron transfer rate
and hence also the electron mobility. The fact that this is not observed suggests that there
are no significant differences in reorganization energy for the different electrolyte ions, or
that the reorganization energy due to these ions is small in all cases.

2.3 Conclusions

In summary, we have shown that the electrolyte cations play an important role in
electrochemical charging of QD films. Charge injection is limited by cation diffusion,
inducing a 7-fold difference between the in plane (steady state) and out of plane
(charging) conductivity. The size of the electrolyte cations is shown to dramatically affect
the rate of electron injection, by changing the diffusion coefficients of the cations. When
the electrolyte concentration is increased, the diffusion coefficient of the electrolyte ions
decreases, as a result of jamming of the cations inside the pores of the film. Interestingly,
for the smaller cations, Li* and Na*, the electron injection onset occurs at higher potentials
in the CV scans. This points to intercalation of the Li* and Na* ions into the ZnO QDs
while the steric hindrance of the larger ions hinders the intercalation. Finally, it was shown
that electronic conductivity in source-drain measurements is not affected by the type,
size or location of the dopant ion. This observation indicates that shallow donor levels
from intercalating ions fully hybridize with the quantum confined energy levels and that
the reorganization energy due to ions does not strongly affect electron transport in these
nanocrystal assemblies. These findings shed light on the role of the electrolyte ions as
external dopants, and the effect it has on electron injection into a porous semiconductor
film. Additionally, it is clear that the energy of charge injection, and thereby the conduction
band edge, can be adjusted by the choice of the electrolyte cation, without affecting charge
transport properties of the doped films. This information gives an important insight
into the electrochemical doping process, and bring us one step closer in gaining stable
electrochemical doped semiconductor films at room temperature.

2.4 Methods

Materials. Zinc acetate dihydrate (Zn(CH,COO),2H,0O reagent grade), potassium hydroxide
(KOH pellets), lithium perchlorate (LiClO,, 99.99%), tetramethylammonium hexafluororphosphate
((CH,),N(PF,), > 98%), tetrabutylammonium perchlorate ((CH,(CH,),)N(CIO,) > 99%) and
tetraoctylammonium tetrafluoroborate ((CH,(CH,).) N(BF,) > 97%), anhydrous methanol, ethanol
and toluene were purchased from Sigma Aldrich. Anhydrous acetonitrile was purchased from Alfa
Aesar. Acetonitrile was dried before use in an Innovative Technology PureSolv Micro column. All
other chemicals were used as received.

ZnO QD synthesis. ZnO QDs were synthesized in air by a modification of two known procedures.”**
Typically, 3.425 mmol of zinc acetate dihydrate and 50 mL ethanol were added to a flask and heated
to 60 °C. In a separate flask, 6.25 mmol KOH and 5 mL methanol were combined and stirred at room
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temperature. When both reagents had dissolved, the potassium hydroxide mixture was dropwise added
to the stirred zinc acetate dihydrate mixture. The solution was stirred for one additional minute before
the heat source was removed. The QDs were purified by adding toluene until the solution became
turbid. The flocculates were isolated by centrifugation at 2000 rpm for 1 minute and redissolved in
ethanol. The QD dispersion was stored at -20 °C to avoid further growth by Ostwald ripening.

ZnO QD film preparation. QD films were drop-cast on two different types of working electrodes
and annealed at 60 °C for one hour in air. The typical film thickness was approximately 700 nm. One
type of working electrode was indium-doped tin oxide (ITO) on glass while the second one was a
home-built interdigitated electrode (IDE). The IDE is a glass substrate coated with four separate gold
working electrodes prepared in house via optical lithography. These four working electrodes provide
five source-drain gaps of different sensitivities, that is, it is possible to choose between four different
gap lengths: 8.825 mm, 6.8 cm, 0.3403 m and 0.8548 m.

Electrochemical measurements. All electrochemical measurements were performed according to a
procedure performed previously with an Autolab PGSTAT128N potentiostat including an additional
dual-mode bipotentiostat BA module in a nitrogen glovebox to ensure oxygen- and water-free
conditions.**** The QD film deposited on the WE is immersed in a container containing 0.1 M LiCIO,
acetonitrile electrolyte solution unless stated otherwise. The container furthermore contained an Ag
wire pseudoreference electrode and Pt sheet counter electrode. The Ag wire pseudoreference electrode
was calibrated multiple times throughout the course of the experiments with a ferrocene/ferrocenium
couple® and its potential was found to be constant at -4.79 eV vs. vacuum.

Spectro-electrochemical measurements. All spectro-electrochemical measurements were performed
with an ITO working electrode. In the measurements, the absorption changes were measured with a
fiber based UV-vis spectrometer, Ocean Optics USB2000 using an Ocean Optics DH 2000 lamp as a
light source.

Differential capacitance measurements. The differential capacitance was measured as described
elsewhere.”” The ZnO QD film deposited on IDE serves as the WE. The same electrochemical cell
as described above was used. Potential steps of 35 mV were applied and after each potential step the
electrochemical charging current was measured for 5 seconds. The initial peak current decays quickly
in about a second to a constant current which is attributed to a background current of the electrolyte.
This background current was subtracted to obtain the charging current of the film. To obtain the
differential capacitance (in C/V) the charging current was integrated and divided by the potential step.
By multiplying the differential capacitance (units of C/V) with the potential (in V) the total injected
charge is obtained (units of C).

Source-drain electronic conductance measurements. The electronic conductance measurements
were performed on ZnO QD films on the IDE with a gold source-drain geometry. The width of the
source-drain gap was 25 um while the gap length was 6.8 cm. These measurements were performed
in each potential step in the differential capacitance measurements after equilibrium was reached.
When equilibrium was reached, the potential of WE1 was scanned in a CV manner around the fixed
potential of WE2. The change in potential for WEI was + 10 mV compared to the potential of WE2.
The slope of the current versus the potential gives the in-plane (or parallel) conductance, Gy, of the
film. From the conductance, it is possible to calculate the in-plane source-drain electron conductivity,
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B
o1=(Gyxw)/(Ixh) 2.7

where w is the source-drain gap width, 1 is the gap length and h is the height of the film. The in-plane
mobility, yy, can then be calculated with equation 2.8:

wi=oy/(nxe) 2.8

where n is the charge carrier density and e is the elemental charge.
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Appendix

Change in absorbance
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Figure A2.1 Change in absorbance during a CV scan for a ZnO QD film immersed in 0.1 M LiCIO,

acetonitrile electrolyte solution. This is at the 1s peak of the ZnO QD film. The scan is in negative
direction and repeated three times.

0 oo

-20
— — CA 25
< 40 CA30
- — Exp_fit. CA_25
5 o0 — Exp_fit_CA 30
S -80
o

T T T T T T 1
0.0 0.5 1.0 1.5 2.0 25 3.0

Time [s]

Figure A2.2 Exponential fit for charging currents. An exponential fit suits the curves well after initial
drop of the current.
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Figure A2.3 Source-drain electron conductivity measurements. (a) The CVs from both WEI and
WE2. WE] is scanned + 10 mV around the potential of WE2 and a potential step of 35 mV is taken
between each measurement. (b) The source-drain output for WE2 for picked potentials. The slope
gives the conductance.
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Figure A2.4 Charge carrier density calculated from the differential capacitance measurements.

Randles-Sevcik equation for porous QD films

We use the Randles-Sevcik equation to calculate the diffusion coefficient for different
electrolyte cations. This can be rationalized by considering that the concentration profile
for diffusion of excess Li* is similar to a concentration profile of diffusion of reactant from
a bulk solution (Fig. A2.5). When the QD film is immersed in the electrolyte solution,
some ions diffuse into the voids of the film. However, the concentration of ions in the
film is not necessarily the same as in the bulk, C*, as it may be more difficult for the ions
to diffuse into the voids than out of them. Therefore, the concentrations are related via
the partition coefficient, y (Fig. A2.5).' The potential of the working electrode can be
changed compared to a reference electrode, and if a negative enough potential is applied,
electrons can flow into the QD film. To compensate for the charge, cations flow into the
voids of the film. As more electrons are injected, more cations are required to compensate
the injected charge and the concentration of excess cations (cations that do not participate
to neutralize the film) decreases in the film. This process will start at the electrode surface
resulting in a concentration profile such as is shown in Figure A2.5. The diffusion current,
i, can be related to the diffusion coefficient, D, and the ion concentration, c, by equation
A2.1:

i=eD (dc/dx) A21
where x is the distance from the working electrode. The concentration gradient, and hence
the diffusion current, will decrease with time. The solution to this problem for ions in

solution in contact with a flat electrode is the Randles-Sevcic equation. The solution ion
diffusion in a porous film can be expected to be similar.
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Figure A2.5 Schematic of the QD film after immersion in the electrolyte. (a) The concentration of Li*
is the same throughout the QD film. h stands for the film height, C* for the bulk concentration and y
is the partition coefficient. (b) The concentration of excess Li* decreases in the film as Li* neutralizes
injected charge and new Li* need to diffuse from the bulk solution.
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Figure A2.6 A magnification of the CVs in Figure 5 in the manuscript. CVs taken at different scan

rates for 0.01 M TMA®, TBA* or TOA* in acetonitrile electrolyte solution. The scans have negative
direction and are repeated three times for every scan rate.
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Figure A2.7 CVs for ZnO QD films immersed in (a) 0.1 M LiClO, in acetonitrile electrolyte solution,
(b) 0.1 M tetramethylammonium hexafluorophosphate (CH,), N(PF,) in acetonitrile electrolyte
solution, (c) 0.1 M tetrabutylammonium perchlorate (CH,(CH2),),N(CIO,) in acetonitrile electrolyte
solution and (d) 0.1 M tetraoctylammonium tetrafluoroborate (CH,(CH,),), N(BF,) in acetonitrile
electrolyte solution. The scan rates are between 0.01 V/s to 1.0 V/s, the scan starts in negative direction
and is repeated three times for each scan rate. Each panel includes a log-log plot of the peak current
versus scan rate.
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Figure A2.8 CVs for ZnO QD films immersed in (a) 0.5 M LiClO, in acetonitrile electrolyte solution,
(b) 0.5 M tetrabutylammonium perchlorate (CH,(CH,),),N(PF,) in acetonitrile electrolyte solution
and (c) 0.5 M tetraoctylammonium tetrafluoroborate (CH,(CH,).) N(BF,) in acetonitrile electrolyte
solution. The scan rates are between 0.01 V/s to 1.0 V/s, the scan starts in negative direction and is
repeated three times for each scan rate. Each panel includes a log-log plot of the peak current versus
scan rate.
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Figure A2.9 Source-drain electron conduction measurements in (a) 0.1 M LiClO, in acetonitrile
electrolytesolution, (b) 0.1 M tetramethylammonium hexafluorophosphate (CH,) N(PF,) inacetonitrile
electrolyte solution, (c) 0.1 M tetrabutylammonium perchlorate (CH,(CH,),),N(CIO,) in acetonitrile
electrolyte solution and (d) 0.1 M tetraoctylammonium tetrafluoroborate (CH,(CH,).) N(BF,) in
acetonitrile electrolyte solution. The CVs are both from WE1 and WE2. WEL is scanned +10 mV
around the potential of WE2 and a potential step of 35 mV is taken between each measurement.
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Figure A2.10 Calculated conductivity vs. the charge carrier density for 0.1 M acetonitrile electrolyte

solution. The used electrolytes are lithium perchlorate, tetramethylammonium hexafluorophosphate,
tetrabutylammonium perchlorate and tetraoctylammonium tetrafluoroborate.
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Determination of the threshold potential

In order to determine the threshold potential, the potential of the conductivity for each
cation was shifted compared to the potential of the conductivity of Li*. That is, the
threshold potential was determined by finding the minimum of the following equation:

o, (V-V,) A22

i+ -GCat+

Where o, is the conductivity when Li* is the electrolyte cation, o is the conductivity
when other ions than Li* are used, V is the potential and V,, is the threshold potential.
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On the stability of permanent electrochemical doping of quantum

dot, fullerene and conductive polymer films in frozen electrolytes

Chapter 2 gave us information about the effect the electrolyte ions have on charge injection into
semiconductor films. In this Chapter, various electrolyte solvents are investigated to see if stable
electrochemically doped film can be gained at room temperature. In our measurements we use a
wide variety of semiconductor materials, namely inorganic semiconductors (ZnO NCs, CdSe NCs,
CdSe/CdS core/shell NCs) and organic semiconductors (P3DT, PCBM and C_)). We show that by
charging the semiconductors at elevated temperatures in solvents with melting points above room
temperature, the charge stability at room temperature increases greatly, from seconds to days. At
reduced temperature (-75 °C when using succinonitrile as electrolyte solvent) the injected charge
becomes entirely stable on the time scale of our experiments (up to several days). Other high melting
point solvents such as dimethyl sulfone, ethylene carbonate and polyethylene glycol (PEG) also
offer increased charge stability at room temperature. Especially the use of PEG increases the room
temperature charge stability by several orders of magnitude compared when using acetonitrile. We
discuss how this improvement of the charge stability is related to the immobilization of electrolyte
ions and impurities. While the electrolyte ions are immobilized, conductivity measurements show
that electrons in the semiconductor films remain mobile. These results highlight the potential of
using solidified electrolytes to stabilize injected charges, which is a promising step toward making
semiconductor devices based on electrochemically doped semiconductor thin films.

This chapter is based on: S. Gudjonsdottir, W. van der Stam, C. Koopman, B. Kwakkenbos, W. H.
Evers, A.J. Houtepen. ACS Applied Nano Materials 2019.



‘Chapter 3

3.1 Introduction

Over the last decades, several new promising semiconductor materials have emerged,
including quantum dots (QDs), conductive polymers, fullerenes and other small organic
semiconductors. These materials are known for their cheap synthesis and tunable optical
properties. 7 A general feature of the greatest importance for semiconductor devices is to
control the charge carrier density. The abovementioned materials have in common that the
charge carrier density is not easily tuned via methods of impurity doping that have been
developed for bulk inorganic semiconductors such as silicon.*'® However, as we show
below, these semiconductor materials can all be doped efficiently using electrochemistry.

For electrochemical doping, a semiconductor film is deposited on a conductive electrode
that forms the working electrode in an electrochemical cell, and charge is injected into the
material from a counter electrode. To neutralize the injected charge, electrolyte cations
of the opposite charge diffuse into the film and act as external dopants (Figure 3.1)."
Because of the efficient nanoscale charge compensation it is possible to reach extremely
high doping densities of up to 10?' cm™."? Further, since the electrolyte ions are external
dopants that are typically not incorporated into the semiconductor materials itself, they
do not lead to a disruption of the crystal lattice or molecular structure. Additionally, as
the ions are stable in the ionized form (e.g. Li* would only reduce to Li at very negative
electrochemical potentials) there is no problem with the activation of dopants, as is the
case e.g. for common p-type impurity doping in II-VI semiconductors.” The same point
implies that electrochemical doping does not introduce states in the bandgap that could
act as recombination centers for electrons and holes, as is the case for substitutional
impurity doping. Finally, the amount of the injected charge and thus the placement of the
Fermi level is easily controlled with the touch of a button on the potentiostat.'»!**>

Electrochemical measurements have been used to investigate many different QDs and
organic semiconductors.'> '** Such electrochemically doped films could also be ideal
for use in devices. A particularly interesting example of such a device that employs
electrochemical doping is the light-emitting electrochemical cell (LEC). LECs are made
by an electroluminescent semiconductor, most often a conjugated polymer, sandwiched
between a cathode and an anode. The semiconductor layer also includes an ionic transport
medium and electrolyte ions, and by applying voltages higher than the band gap energy of
the semiconductor a p-n junction diode can be created.***2* However, when the voltage
source is disconnected, it is invariably observed that the injected charge disappears, both
in the case of charged QD films'*? and in polymer LECs. * As will be discussed in detail
below, the loss of charge density can be due to electrochemical reactions with impurities
or intrinsic electrochemical reactions with the material itself. Moreover, when used in
junctions, potential differences can lead to diffusion of the dopant ions, resulting in a
change of the charge density.

Several approaches have been used to increase the room temperature doping stability in
LECs. One way is to reduce ion transport in the electrolyte solvent. Tang et al. polymerized
the electrolyte with the counter ions* and Wantz et al. used polymer electrolytes with
high glass transition temperatures.”’ Another way is to chemically fix the electrolyte
counterions. To do so, Hoven et al. used a cationic conjugated polyelectrolyte containing
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Figure 3.1 Schematic of electrochemical charge injection into a semiconductor film. (a) When no
potential is applied to the WE, the Fermi level is inside the band gap of the semiconductor. (b) When
a negative potential is applied to the WE compared to the RE, the Fermi level moves to the conduction
band of the semiconductor which leads to electron injection. To neutralize the charge, electrolyte
cations diffuse into the pores of the film.

fluoride counter anions, with an underlayer of a neutral conjugated polymer that had
anion trapping functional groups.?

Despite intense studies, complete doping stability has not been achieved at room
temperature. Gao et al. made a stable LEC at 100 K, which freezes the electrolyte
solvent.”? At this temperature, the electrolyte solvent is frozen and both external
dopants and impurities are immobilized. In addition, electrochemical side reactions of
the semiconductor material itself are slowed down. Similarly, Guyot-Sionnest et al. and
Houtepen et al. showed that the charge density in different quantum dots (CdSe, PbSe and
ZnO nanocrystals) and organic polymers (poly(p-phenylene vinylene, PPV) is stable for
days at cryogenic temperatures in various electrolyte solvents.?**

In this chapter we investigate the possibility of stabilizing electrochemically doped
semiconductor films at room temperature using a large variety of electrolyte solvents with
melting points above room temperature (RT). The charge is injected into the system when
the solvent is liquid. The system is then cooled down to room temperature causing the
solvent to freeze. This could enable the use of electrochemically doped semiconductor
devices at room temperature.

In this work we show electrochemical doping for three different QD materials (ZnO, CdSe
and CdSe/CdS QDs), two fullerenes (C, and PCBM) and two conductive polymers (P3DT
and P3HT). We investigate how stable the doping is by measuring the electrochemical
potential over time for different electrolyte solvents at different temperatures. When
using acetonitrile as the electrolyte solvent, for CdSe, CdSe/CdS QDs and PCBM it takes
less than 30 s for the electrochemically injected electrons to spontaneously leave the
conduction band, even under stringent anaerobic conditions. By using a ZnO QD film in
a succinonitrile supporting electrolyte, which has a melting point of 57 °C, charge stability
at RT is improved by two orders of magnitude. By decreasing the temperature to -75 °C,
the injected electrons become entirely stable on the time scale of our experiments (hours
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to days), and cannot be removed even by applying positive potentials, showing that the
cations that compensate the electrons have become immobilized.

In a search for a similar improved charge stability at RT, we have investigated a range of
different electrolyte solvents with melting points above room temperature. All solvents
showed improved RT charge stability compared to acetonitrile; the best results were
obtained for polyethylene glycol (PEG) with molecular weight > 4000. In that electrolyte
solvent injected charges remained in the conduction or valence band for over an hour at
RT for all materials. Optimized measurements on ZnO NCs show that even after several
days the Fermi-level remained in the conduction band.

3.2 Results and Discussion

3.2.1 Electrochemical charging of various semiconductor films

Figure 3.2 shows spectro-electrochemical measurements on ZnO QDs, CdSe QDs, P3DT
and PCBM performed inside a glovebox, where electrochemical charge injection takes
place. Spectro-electrochemical measurements for CdSe/CdS core/shell QDs, P3HT and
C,, are shown in Appendix, Figures A3.1 and A3.2. For comparison a CV of a blank ITO
is shown in Appendix, Figure A3.3. For all films it is observed that, as the potential is
changed into the conduction band (QDs and fullerenes) or valence band (conducting
polymers), the current increases, the band edge absorbance decreases and the conductivity
increases drastically (measured in the case of ZnO and P3DT).” * In the SI we also show
for ZnO QD films that this is accompanied with an increase of absorption in the IR due
to intraband absorption of the injected charges (Appendix, Fig A3.4). All these effects
are a clear demonstration of charge injection into the conduction or valence band of the
semiconductors.

From Figure 3.2 it is clear that the CVs of P3DT and ZnO are almost symmetric.* Charge
injection for CdSe and PCBM is not as reversible; when the scan is reversed only a small
positive current can be seen in the CVs. This means that the injected electrons are not
extracted. This is a first sign of the instability of injected charges.

Similar electrochemical measurements have been used in literature as a means to study
the optical and electrical properties of semiconductor thin films.!* **** However, here we
want to investigate whether electrochemical doping can also be used to prepare doped
films that can be used in semiconductor devices. Hence, we investigate next how long the
injected charge remains if the potentiostat is disconnected.

3.2.2 Electrochemical doping stability

To determine the stability of electrochemically injected charge the counter electrode is
disconnected and the potential of the working electrode (with respect to the reference
electrode) is recorded over time (see Methods section). Similar measurements have been
performed before by Pei et al. for LECs.? We call this experiment a Fermi-level stability
measurement. If the injected electrons or holes leave the system, the potential will change
from the initially applied potential value (just before disconnecting the CE) back to the
original V_. By simultaneously recording the absorption bleach we verified that we are
indeed measuring the potential of the working electrode correctly with such a Fermi-level
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Figure 3.2 Spectro-electrochemical measurements for different semiconductor films. (a), (c), (e)
and (g) show the CVs (black or blue trace) fora (a) ZnO QD film (c), CdSe QD film, (e) P3DT film and
a (g) PCBM film. The measurements are performed on an ITO substrate in 0.1 M LiClO, acetonitrile
solution with a scan speed of 50 mV/sec. The scans start at the V, of the system and are repeated
three times; the arrows indicate the scan directions. (a) and (e) furthermore show the source-drain
electronic conductivity in red. (b), (d), (f) and (h) show the change in absorbance during the three
scans. The color plot includes the absorbance of the film. A negative change in absorbance is shown in
blue and a positive change is shown in red.
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Figure 3.3 Fermi-level stability measurements for different semiconductor films. (a) Fermi-level
stability measurements for the semiconductors in 0.1 M LiCIO, acetonitrile electrolyte solution for
the duration of 10 minutes. The injected charge gradually leaves all semiconductor films. (b) The same

measurements as in (a) with the normalized initial potential after the V__is set as 0.

stability measurements (Appendix, Figure A3.5)

Figure 3.3a shows Fermi-level stability measurements for all investigated semiconductor
films in 0.1 M LiClO, acetonitrile solutions. For comparison Fermi-level stability
measurements normalized to 1 at the potential set before disconnecting the counter
electrode and to 0 at the initial V__are shown in Figure 3.3b. For CdSe, CdSe/CdS QDs
and PCBM it takes <35s for the potential to be half of the maximum. In contrast, for ZnO
QDs and P3DT it takes ~14 minutes and ~23 minutes, respectively. Both ZnO and P3DT
are clearly much more stable than the other systems, in line with the more symmetric CVs
for these materials in Figure 3.2.

The loss of charge density and potential shown in Figure 3.3 is similar to self-discharge
in batteries.”” We consider three possible causes for the observed loss. First of all,
impurities can extract the charges from the conduction/valence band of the material. The
most common impurity is molecular oxygen, which can be reduced to its radical anion
superoxide by electrons in the conduction band of the semiconductor materials. Indeed,
performing the same experiments for ZnO QDs outside the glovebox results in much less
symmetric CVs and a rapid loss of electrons (Appendix, Figure A3.6). While the glovebox
atmosphere contains <0.1 ppm oxygen, on timescales of minutes to hours this may still
lead to significant reactions with electrons.

Second, intrinsic electrochemical reactions can occur with the material itself."* The strong
differences between e.g. ZnO QDs and CdSe QDs in Figs 3.2 and 3.3 hint towards a
strong contribution of intrinsic reduction reactions in the latter material. Such reactions
have been observed and discussed before and have sometimes been assigned to the
reduction of surface Cd** to Cd°.**** However, the occurrence and nature of such surface
electrochemical reactions, and their potential reversibility, is largely unknown.

Finally, movement of counterions can lead to the loss of injected charges. This process
should not occur spontaneously as the counterions are Coulombically bound to the
injected charge carriers and should not diffuse out of the film unless there is another
mechanism (i.e. the first two mechanisms above) that removes the injected charge carriers.
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Table 3.1. Melting point of electrolyte solvents.

Solvent Acetonitrile | Ethylene [ Succinonitrile | PEG 6000 | Dimethyl
Carbonate sulfone

Melting point -45°C 37°C 57 °C 56-63 °C 109 °C

However, if electric fields are present, as is the case in any semiconductor junction or any
device under operation, they will cause counterions to migrate with an associated loss of
injected charge carrier density.

In order to make a permanently doped semiconductor system by the means of
electrochemistry, that can also be used in a device, these processes need to be controlled.
As was discussed above, several methods have been explored to make stable LECs at room
temperature.”** While an increase in doping stability was achieved, none of these methods
proved successful in fully stabilizing the charge density at room temperature. Until now
the only successful way of obtaining truly stable electrochemical charge injection has been
at cryogenic temperatures.?> " * This is clearly not suitable for real world applications.
However, freezing does not necessarily require low temperatures.

Want et al. used polymer electrolyte solvents with higher glass transition temperatures
and gained a higher stability at room temperature for conductive polymer LECs, however
the devices decayed and were undoped after 100 hours.”” However, many other types of
solvents have proven to be good electrolyte solvents for either fuel cells or batteries.***
We sought solvents that are chemically similar to common electrolyte solvents, but with
higher melting points (see Table 3.1).

3.2.3 Enhanced doping stability by using room temperature freezing
We use ZnO as a model system due to its stable and reversible electrochemistry, as
highlighted in Figure 3.2 and 3.3, but the results are general and many of the measurements
are shown for the other semiconductor materials either in this Chapter or in the Appendix.
Figure 3.4a shows CVs for a ZnO QD film on an ITO electrode in 0.1 M LiCIO, in
succinonitrile electrolyte solution at temperatures between -77 °C and 60 °C. It is clear that
by lowering the temperature, the current density decreases, and the positive peak current
density occurs at more positive potentials. Both of these observations can be explained by
the reduced diftfusion of the electrolyte ions as the temperature decreases. At -77 °C, no
features are seen in the CV and no charging occurs (see Appendix, Figure A3.7).

Figure 3.4b shows the peak current density obtained from the CVs at -1.36 V at different
temperatures (left axis). As we showed in detail recently,'” charge injection is limited
by counterion diffusion. Under these conditions it is possible to estimate the diffusion
coefficient of the Li* cation at each temperature with the Randles-Sevcik equation:

1/2

. nFvD
Jp = 0.4463nFC" ( )

RT 3.1
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Figure 3.4 Electrochemical measurements for a ZnO QD film in succinonitrile performed at
temperatures between -77 °C and 60 °C. (a) CVs at different temperatures. The potential is scanned
between -0.36 V and -1.36 V at 50 mV/s scan rate. (b) The peak current obtained from the CVs for
different temperatures (left axis) and the corresponding diffusion coefficient (right axis). Both of them
are plotted with the same symbol (blue stars). By lowering the temperature, the Li* diffusion coefficient
decreases due to the solidifying of the solvent. (c) Fermi-level stability measurements performed at
different temperatures. The graph includes the conduction band edge (E, blue dashed line) and the
open circuit potential of the ZnO QD film (V,, black dashed line) When the temperature is lowered
the potential becomes much more stable. (d) Conductivity measurements after a potential step from
-1.36 V to -0.36 V. The initial conductivity at each temperature is normalized. The conductivity
drops as a result of electrons that leave the ZnO QDs film upon discharging. At lower temperatures
discharging becomes much slower and stops altogether at -75 °C.

where j is the peak current density, n is the number of electrons, F is the Faradaic constant,
C* is the concentration of the electrolyte, v is the scan rate, D is the diffusion coeflicient, R
is the gas constant and T is the temperature. The resulting estimated diffusion coefficient
values are plotted vs. the right axis in Figure 3.4b. By cooling down from 60 °C to 20 °C,
the cation diffusion coeflicient reduces by an order of magnitude. At -77 °C, the cation
diffusion coefficient is estimated to be ~10"® cm?%s, ten orders of magnitude lower than
at 60 °C. With such a diffusion coefficient it would take a Li* ion ~1010 s (=450 yr) to
diffuse out of a 1 pm thick ZnO NC film. This shows that by freezing the electrolyte
solvent, the diffusion coefficient of the Li* cation decreases greatly, which should lead to
increased electron stability after charge injection. At the same time, freezing the electrolyte
should also prevent impurity diffusion, which will also increase the stability of doped
semiconductor films.

For the same sample, Fermi-level stability measurements were performed for the

duration of 10 minutes. The results are shown in Fig. 3.4c. Measurements on a longer
time-scales are shown in Appendix, Figure A3.8. A potential of -1.36 V vs. ferrocene is
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applied to the sample at temperatures where charge injection can occur (around 60 °C).
While continuously applying this potential, the temperature is lowered to the desired
temperature, where the Fermi-level stability measurements are initiated. For measurements
performed at temperatures above the melting point of succinonitrile, a significant increase
in potential is observed on the timescale of minutes. By lowering the temperature, the
potential increases more gradually. At RT it takes around 145 minutes for the potential to
reach the value of -1.17 V vs. ferrocene (the whole measurement is shown in Figure 3.5a),
while in acetonitrile the same potential is reached after only 92 seconds. However, while
the RT charge stability is much higher when using succinonitrile as a solvent, it is not until
-77 °C that the injected electrons are entirely stable for at least 10 minutes. This indicates
that complete crystallization of the solvent in the crowded pores between the QDs where
the cation concentration is high is much more difficult, resulting in a very strong melting
point depression.

In the Fermi-level stability measurements no electric field is applied and the electrons
leave the semiconductor spontaneously, through reacting with either impurities or via
intrinsic surface electrochemical reactions. However, in devices electric fields are present
which could cause ions to migrate and the doping density to change. To investigate this we
actively apply a potential close to the original V__after charging the sample. This change
in potential will force ions out of the film via migration, if they are mobile, and will cause
discharging of the film. However, if ions are immobile such discharge should be prevented.
This process hence depends on ion mobility and not on reactions with impurities or
intrinsic surface electrochemical reactions.

Figure 3.4d shows normalized source-drain conductivity measurements of a ZnO QD
sample on an IDE. In the measurement, a potential of -1.36 V is applied to the ZnO
QDs when the solvent is liquid (around 60 °C), then the temperature is lowered, and at
the desired temperature the potential is changed to the original V . (-0.36 V) while the
source-drain current is recorded. Since the conductance depends linearly on the electron
concentration this measurement detects the drop in charge density in a sensitive way.
At 60 °C, when succinonitrile is liquid, it takes <1 s to discharge the film, while at -30
°C it takes ~1000 s. At -75 °C the conductivity does not drop at all showing that at this
temperature the electrolyte cations are immobilized in the frozen solvent.

The temperature dependent source-drain conductance is shown in Figure A3.9 and A3.10
in the Appendix. From those figures, and from Fig. 3.4d it is clear that even at -75 °C,
when the ions are immobilized and the film cannot be discharged, electrons can still move
between the ZnO QDs. This is a crucial requirement for using such electrochemically
doped films in devices.

By looking at the temperature dependent potential and discharging results (Figures 3.4c
and 3.4d), it is clear that even when succinonitrile is well below its reported melting
temperature (57 °C), diffusion of ions and impurities is still possible. Apparently, the
solvent does not properly freeze until at -75 °C, a surprising 132 °C lower than the reported
melting point of succinonitrile. Differential scanning calorimetry shows only around 30
°C melting point depression for 0.1 M LiClO, succinonitrile (Appendix, Figure A3.11)
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Figure 3.5 Electrochemical measurements performed with different electrolyte solvents. (a)
Fermi-level stability measurements for a ZnO QD film in different electrolyte solvents with different
melting points measured at room temperature. (b) Fermi-level stability measurements for a ZnO QD
film measured in PEG with different number average molecular weights, M, (from 600 to 35.000) at
room temperature. (c) CVs for a ZnO QD film in 11 wt% LiClO, PEG 6000 performed at temperatures
between -18 °C and 60 °C. The figure includes an inset containing the peak current density, J, (left axis),
and the calculated Li* diffusion coefficient, D, (right axis), versus the temperature. (d) Fermi-level
stability measurements for different semiconductor systems in an 11 wt% LiClO, in either PEG 4000
or PEG 6000 electrolyte solvent. The panel includes an inset where the initial V_is set as a 0 and the
measured potential has been normalized. It takes longer than an hour for the injected charge to leave
the conduction/valence band of the materials.

and furthermore both solvents are solid at room temperature. Further melting point
depression is most likely caused by the inability of the solvent to crystallize in crowded
environment of the nanopores in the QD film. Due to these factors, electrolyte solvents
with higher melting points than succinonitrile are most likely better suited.

To investigate whether an even larger improvement of the RT charge stability is possible,
measurements with other electrolyte solvents were performed. Figure 3.5a shows
Fermi-level stability measurement for ZnO QD films with LiClO, in acetonitrile, ethylene
carbonate, dimethyl sulfone, succinonitrile and PEG 6000 at room temperature. It is clear
that polyethylene glycol (PEG) offers the greatest RT charge stability. After 170 minutes,
the potential of the ZnO QD film in PEG has increased from -1.30 V to -1.273 V while it
only takes 11 seconds for a ZnO QD film to reach this potential in acetonitrile. We observe
that PEG has a lower melting point than dimethyl sulfone (56-63 °C vs. 109 °C) but shows
a much better charge stability. We hypothesize that the better stability in PEG can be
caused by the combination of high viscosity, resulting in slower diffusion of impurities,
and by a lower impurity solubility.

As both the viscosity and the melting point increase with increasing PEG chain length,
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Fermi-level stability measurements were performed with PEG with number average
molecular weights, M, between 600 and 35000 (Fig 3.5b). Of these only PEG 600 is liquid
at room temperature and it shows the most rapid change in the measured potential. This
confirms our conclusion above that solidifying the electrolyte is a promising strategy to
create permanently doped nanocrystal films with electrochemical doping. PEG 4000 was
chosen for Fermi-level stability measurements with a ZnO QD sample over a weekend
(Appendix, Figure A3.12). After 65 hours, the potential had only increased by 0.2 V (to
-1.35 V), which is still 0.55 V more negative than the conduction band edge of the ZnO
QDs. The sample thus remained degenerately doped after several days. Wantz et al. used
polymer electrolytes with different glass transition temperatures for conductive polymer
LECs, and tested their stability at room temperature. Their best operation half-lifetime at
room temperature was between 10 to 20 hours.”” A direct comparison to this half-lifetime
of LEC operation is difficult, but it appears the doping stability with the present approach
is better.

To investigate the diffusion of counterions in PEG in more detail, CVs were performed
on a ZnO QD film in 11 w% LiClO, PEG 6000 solution at temperatures between -18 °C
and 60 °C (Fig 3.5¢). These CVs show a much larger separation between forward and
backward peaks than for succinonitrile (Fig. 3.4a), in line with the higher viscosity of
PEG and the associated smaller diffusion coefficient of Li* in that solvent. By lowering the
temperature, the peak current density decreases and the peak separation increases further.
Using eq. 2 we find that the diffusion coefficient of Li* in PEG 6000 (inset of Figure 3.5¢)
is a few orders of magnitude lower than in succinonitrile (10"* cm?/s vs. 10°* cm?*/s, both
at 60 °C). Similar measurements were performed for a P3DT film in 11 w% PEG 6000 and
show the same trend (Appendix, Figure A3.13).

Fermi-level stability measurements with solvents from Table 3.1 were also performed
for CdSe QDs, CdSe/CdS QDs, P3DT, PCBM and C_, (Appendix, Figure A3.14). In all
cases, the stability of injected charges is better when solvents with melting points above
room temperature are used and is best when using PEG with Mn > 4000. An overview
of the charge stability for all systems in PEG is shown in Figure 3.5d. The Figure includes
an inset where the potential is normalized (the V__before charging is set to 0 and the
initial applied potential is normalized to 1). When the results are compared to the
measurements performed with acetonitrile (Figure 3.3), it is clear that for all materials the
electrochemically injected charge is much more stable in PEG. As before, the potential is
not completely stable as it gradually relaxes to the original V_, but a great enhancement
is achieved. For all materials, charge is still present in the conduction/valence band after
at least an hour.

While PEG proved to give the best charge stability at room temperature, likely due to a
combination of the lowest impurity concentration and impurity diffusion coefficient, the
overall best result was obtained for succinonitrile at -75 °C. We were not able to measure
the charge stability in PEG at such low temperatures as going through the glass transition
of PEG™ resulted in a loss of contact to the electrodes. However, even if we could solve
these experimental problems we consider it is unlikely that PEG can crystallize into a very
dense crystal structure required for the immobilization of counterions and impurities.
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This is evidenced by the fact that upon solidification the diffusion coefficient of Li* in PEG
6000 is reduced by about two orders of magnitude (Fig. 3.5¢), while for succinonitrile a
reduction of 10 orders of magnitude is observed (Fig. 3.4b). The diffusion coefficient of
Li* in succinonitrile at -70 °C is ~10'® cm?/s, which is two orders of magnitude below the
lowest diffusion coefficient found for PEG6000 (~107° cm?/s at -10 °C).

We are currently looking for other solvents, such as nitriles with even higher melting
points than succinonitrile, to see if we can extend the full stability of injected charges to
room temperature. Additionally, the use of different ions than Li* might show a further
reduction of the diffusion coeflicient, and a gain in stability.

3.3 Conclusions

In summary, we have shown electrochemical doping for a broad range of semiconductor
films. In all cases when acetonitrile is used, the injected charge disappears quickly when
the films are disconnected from the external applied potential, due to reactions with
impurities and intrinsic electrochemical reactions at the surface of the semiconductors.
For ZnO QDs, the injected charge is stable for 37 minutes or less under stringent air-free
conditions, and for some materials the stability lasts only a few seconds (CdSe and CdSe/
CdS QDs). We have shown that this charge stability at room temperature is greatly improved
for all investigated semiconductor films by charging the films at elevated temperature
in different solvents with melting points above room temperature. In terms of room
temperature charge stability, the best solvent was PEG with molecular weight of > 4000,
which increases the lifetime of injected charges to several days. Further improvements
in charge stability should be possible as experiments at -75 °C in succinonitrile showed
that the electrochemically injected charge becomes entirely stable on experimental time
scales. By investigating the role of impurities in the disappearance of injected charges,
and nitriles with melting points higher than succinonitrile, there is a great chance to gain
stable electrochemically doped films at room temperature.

3.4 Methods

Materials. Zinc acetate dihydrate (Zn(CH,COO),-2H,0O reagent grade), potassium hydroxide (KOH
pellets), cadmium acetate (CdAc,, 99.999%, ChemPur), oleic acid (OA, 90%), 1-octadecene (ODE,
90%), selenium powder (Se, ChemPur) trioctylphosphine (TOP, 90%), trioctylphosphine oxide
(TOPO, 99%), octadecylamine (ODA, 90%), oleylamine (OLAM, 70%), 1-octanethiol (>98.5%),
1,4-butanedithiol (BDT, 97%), Poly(3-decylthiophene-2,5-diyl) (P3DT, regioregular), Poly(3-
hexylthiophene-2,5-diyl) (P3HT, regiorandom), Phenyl-C61-butyric acid methyl ester (PCBM,
99%), fullerene (C_;, 99.9%), 1,2-dichlorobenzene (99%), chlorobenzene (99.8%), Indium-doped Tin
Oxide substrates (ITO, PGO Germany), lithium perchlorate (LiClO,, 99.99%), ferrocene (Fc, 98%),
decamethylferrocene (97%), anhydrous ethylene carbonate ((CH,0),CO, 99.8%), succinonitrile
(99%), dimethyl sulfone (98%), poly(ethylene glycol) (PEG Mn of 600, 4000, 6000, 8000, 20000 and
35000) and anhydrous solvents (acetonitrile, 99.99%, methanol, 99.8%, ethanol (max 0.01% H,0),
toluene, 99.8%, hexane, 95%, butanol, 99.8%). All chemicals were purchased form Sigma Aldrich
unless stated otherwise. Acetonitrile was dried before use in an Innovative Technology PureSolv Micro
column. All other chemicals were used as received.

ZnO QD synthesis. The ZnO QDs were synthesized as previously described.'” 3.425 mmol of zinc
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acetate dihydrate and 50 mL ethanol were combined at 60 °C in an Erlenmeyer flask. A potassium
hydroxide mixture (6.25 mmol KOH in 5 mL methanol) was added dropwise to the stirred zinc acetate
dihydrate mixture. After 1 additional minute in reaction time, the heat source was removed. The QDs
were purified by the addition of hexane and the flocculates were isolated by centrifugation at 2000 rpm
for 1 minute. The QDs were redissolved in ethanol and the dispersion was stored at -20 °C to avoid
further growth by Ostwald ripening.

CdSe QD synthesis. The CdSe QD cores were synthesized according to the procedure of Qu et. al.”!
The Cd-precursor containing 0.66 g of CdAc,, 3.68 g OA and 25.9 g ODE was degassed for three hours.
For the Se-precursor, 1.42 g Se powder was dissolved at 200 °C in 7.5 g TOP and 11.9 g ODE. 1.11 g
TOPO, 3.2 g ODA 90% and 5.2 g of the Se-precursor were added to a 3 neck round bottom flask and
heated to 300 °C. At 300 °C, 4.9 g of the Cd-precursor was injected into the bottle. The reaction was
kept at around 280 °C for 9 minutes and cooled down by an air gun. When the solution reached 100
°C, it was quenched with 5 mL of anhydrous toluene. The CdSe particles were precipitated by addition
of methanol and butanol in a 1:1:1 crude solution:anhydrous methanol:anhydrous butanol ratio. The

flocculates were isolated by centrifugation at 2800 rpm for 8 minutes and redissolved in toluene.

CdSe/CdS shell growth. The CdS shell growth was synthesized by a known procedure.”* 400 nmol of
CdSe QDs in toluene were combined with 3 mL of OLAM and 4 mL of ODE and degassed for 1 hour at
room temperature and for 20 minutes at 120 °C under vacuum. The reaction solution was heated up to
310 °C under N, and when the temperature reached 240 °C, the Cd precursor (as in the core synthesis,
desired amount diluted in 1 mL of ODE) and 1-octanethiol (1.2 equivalent amounts to Cd-oleate
diluted in 3.4 mL of ODE) are injected dropwise into the reaction solution at the rate of 1 monolayer
per hour, by syringe pumps. When the injection is finished, 1 mL oleic acid was injected and the NCs
were annealed at 310 °C for an hour. Afterwards, the solution is cooled down to 50 °C. The CdSe/CdS
QDs were precipitated by the addition of butanol and methanol and centrifuged at 3800 rpm for 5
minutes. The QDs were redissolved in hexane.

Film preparation. All films were prepared on two different working electrodes (WE), on indium-
doped tin oxide (ITO) substrates or on home-built interdigitated gold electrodes (IDEs). The IDE is a
glass substrate containing four different gold working electrodes prepared by optical lithography. The
four working electrodes provide four different sensitivities in the measurements.

ZnO QD films were drop-casted in air and annealed for 1 hour at 60 °C.

CdSe and CdSe/CdS films were made by layer-by-layer dip-coating procedure in a nitrogen filled
glovebox. The substrate was immersed in a QD dispersion for 30 seconds, thereafter in a solution
containing 0.2 M 1,4-butanedithiol cross-linking ligands in methanol for 30 seconds and ultimately it
was dipped in methanol to rinse excess ligands.

For P3DT film preparation, 10 mg of P3DT was dissolved in 1 mL of 1,2-Dichlorobenzene. The
substrate was coated by spin-coating for 60 seconds at 3000 RPM with a ramp of 1000 RPM/s.

For PCBM films, 50 uL of 3 wt% PCBM chlorobenzene solution was spin-coated for 45 seconds at
3000 RPM with a ramp of 1000 RPM/s. The substrate was placed on a hot plate at 100 °C for 10
minutes to ensure the evaporation of chlorobenzene.”
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C,, films were prepared by a physical vapor deposition technique using an AJA ATC Orion evaporator
at high vacuum (<1x10*° mbar). The C_ powder was placed in a crucible and heated to sublimation
temperature. The temperature was kept fixed during the evaporation.™

Electrochemical measurements. All electrochemical measurements were performed in a nitrogen
filled glovebox with moisture <0.5 ppm and O, levels <0.1 ppm. The measurements were performed
with an Autolab PGSTAT128N potentiostat with a bipotentiostat BA module. Two different three
electrode electrochemical cells were used (Appendix, Figure A3.15). The former one was a cuvette cell
where the sample was deposited on a WE and immersed in a LiClO, electrolyte solution. The solution
further contained a Ag pseudo reference electrode (RE) and a Pt sheet as a counter electrode (CE).
The latter electrochemical cell was a flat cell containing a well where the sample on the WE was placed
inside the well and the solvent was placed on top of the sample. On top of the solvent a glass substrate
was placed containing a Ag pseudo RE and a Pt mesh CE (see Appendix, Figure A3.16). It was made
sure both the RE and the CE touched the solvent but not the WE in order to avoid short circuiting.
The flat cell is used when smaller volumes of solvents are needed or when the solvents are very viscous.

Both cell designs were used for cyclic voltammetry measurements (CVs) for different semiconductor
materials. The CVs were performed in a LiClO, electrolyte solution starting from the open circuit
potential (V, ) of the material. The potential was scanned at 50 mV/s in either the positive/negative
direction until charge was injected into the valence/conduction band of the material. The CVs were
repeated three times.

Before the measurements, the Ag pseudoreference electrode was calibrated with a ferrocene/
ferrocenium couple® (cuvette cell) or a decamethylferrocene/decamethylferrocenium couple (flat
cell).’ The difference between the decamethylferrocene/decamethylferrocenium and the ferrocene/
ferrocenium couple was measured as 0.57 V. All potentials are given versus the ferrocene/ferrocenium
couple.

Spectro-electrochemical measurements. The absorbance changes in the spectro-electrochemical
measurements were measured as a function of the applied electrochemical potential with a fiber-based
UV-VIS spectrometer, Ocean Optics USB2000, using an Ocean Optics DH 2000 lamp as a light source.

Source-drain electronic conductance measurements. Source-drain electronic conductance
measurements were performed as previously described by the use of the home-built IDE."” During
the measurements, two WEs were used in a source-drain configuration, the source-drain gap width
was 25 um while the gap length was 6.8 cm. The potential is stepped and after the system reached
equilibrium, the potential of WE1 was scanned in a CV manner around the fixed potential of WE2
with a difference of 10 mV. The slope of the current versus the potential gives the conductance, G.
From the conductance, the conductivity, o, can be calculated with Equation 3.2.

0=(Gxw)/(Ixh) 32
where w is the source-drain width, 1 is the gap length and h is the height of the sample.

Fermi-level stability measurements. Fermi-level stability measurements were performed following
a procedure similar to Pei et al.® The measurements were performed after charge injection into the
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conduction band or the valence band of the different semiconductors. When equilibrium was reached,
the CE was disconnected from the WE and the RE electrode. By doing so, no additional charge can
be injected into the film while the potential between the WE and the RE is measured. This potential
is equal to the Fermi level of the working electrode vs. the Fermi level of the reference electrode. If
injected charges leave the semiconductor, this will result in a drop of the Fermi-level and a change
in potential. When solvents that are solid at room temperature are used, the sample is charged at
elevated temperature when the solution is liquid, after which the temperature is lowered while the
same potential is applied. When the desired temperature is reached, the CE is disconnected from the

WE and the RE.
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Figure A3.1 Spectro-electrochemical measurements for different porous semiconductor films. (a), (c)
and (e) show the CVs for (a) CdSe/CdS QD film (b), C, film and (e) P3HT film. The measurements
are performed in 0.1 M LiClO, acetonitrile solution with a scan speed of 50 mV/sec. The scans are
started at the V__of the system and the scans are repeated three times, the arrow indicates the scan
direction. (b), (d) and (f) show the change in absorbance during the three scans.
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Figure A3.2 Spectro-electrochemical measurement for a C_ film. (a) CV measurement that is
performed in 0.1 M TBACIO, acetonitrile solution with a scan speed of 20 mV/sec. The scans are
started at the V__of the system and the scans are repeated two times. (b) shows the change in absorbance
during the three scans. The sample is not stable throughout the measurements.
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Figure A3.3 A CV measurement performed on a blank ITO in 0.1 M LiClO, acetonitrile solution.
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Figure A3.4 Spectro-electrochemical measurement for a ZnO QD film. (a) CV measurement in 0.1
m LiClO, acetonitrile solution with a scan speed of 50 mV/sec. The scans are repeated three times.
(b) Differential absorbance spectra measured in the infrared during the CV. As electrons are injected
into the conduction band of ZnO QDs, absorbance increases in the NIR due to intraband transitions.
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Figure A3.5 Differential absorbance measurements during a Fermi-level stability measurements on
a ZnO QD film. The graph shows the differential absorbance (color plot) vs. potential (y axis). As the
potential increases the bleach decreases which means that electrons are leaving the conduction band

of the ZnO QDs.
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Figure A3.6 CVs performed on a ZnO QD sample measured in 0.1 M LiClO, in air. The CV was
measured at a scan rate of 50 mV/s and includes three scans.
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Figure A3.7 CV for a ZnO QD film in 0.1 M LiClO, succinonitrile at -77 °C. The scan rate is 0.05 V/s.
No charge injection into the system is seen.
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Figure A3.8 Fermi-level stability measurements performed on ZnO QD films in 0.1 M LiClO,
succinonitrile solution at different temperatures.
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Figure A3.9 Source-drain electronic conductance measurements at different temperatures. The
measurements were performed on a ZnO QD film in 0.1 M LiCIO, succinonitrile solution. The graph
shows CVs for WE1 and WE2. The potential of WEI is scanned +10 mV around a fixed potential of
WE2.
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Figure A3.10 Source-drain conductivity measurements for a ZnO QD film on an IDE at different
temperatures derived from the CVs in Figure A3.9. The potential of WE1 was scanned +10 mV
around the fixed potential of WE2.
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Figure A3.11 Differential scanning calorimetry measurements performed on a) succinonitrile
solution b) 0.1 M LiClO, succinonitrile solution. In both measurements the scan is started at 0 °C and
scanned to 100 °C. At 100 °C the scan is reversed.
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Figure A3.12 Fermi-level stability measurement for a ZnO QD film in LiClO, PEG 4000 solution.
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Figure A3.14 Fermi-level stability measurements for different semiconductor films. (a) CdSe QD film,
(b) CdSe/CdS QD film, (c) P3DT film, (d) PCBM film and (e) C_, film in LiClO, electrolyte solution
at room temperature.
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Figure A3.15 The two used electrochemical cells. (a) The cuvette cell includes a commercial cuvette
containing the electrolyte solution that is placed into a metal holder. A cap containing the sample on
a WE, the RE and the CE fits in the cuvette. (b) The flat cell includes a well, made out of PEEK which
is inert to most chemicals. The WE is placed in the well with the sample on top. Electrical contacts are
made to the WE with four gold pogo pins. The solvent is placed on top of the sample and a substrate
with the RE and the CE is placed on top of the solvent. The CE and the RE make contact with two gold
pogo pins at the base of the cell. The figure is a courtesy of Youp van Goozen.

Figure A3.16 The home-built RE and CE substrate for the flat cell setup. The Ag pseduoreference
electrode is made by a shadow mask while the Pt mesh CE is made by optical lithography. The mesh
allows absorbance measurements during electrochemical measurements.
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Enhancing the stability of the electron density in

electrochemically doped ZnO quantum dots

In Chapter 3, various electrolyte solvents with melting points above room temperature were
investigated in order to gain a stable electrochemically doped semiconductor film at room
temperature. Unfortunately, in all cases injected charge gradually left the films. While there are
multiple possible causes for this, we demonstrate in this chapter, using n-doped ZnO quantum-dot
films of variable thickness that the dominant mechanism is reduction of solvent impurities by the
injected electrons. We subsequently investigate two different ways to enhance the doping stability of
ZnO QD films. The first method uses pre-emptive reduction of the solvent impurities; the second
method involves a solid covering the QD film, which hinders impurity diffusion to the film. Both
methods enhance the doping stability of the QD films greatly.

This chapter is based on: S. Gudjonsdottir, C. Koopman, A. J. Houtepen. J. Chem. Phys. 2019, 151
(14), 144708.



‘Chapter 4

4.1 Introduction

Electrochemical doping provides a controlled way of changing the charge carrier density
of semiconductor materials. So far, (spectro)-electrochemical measurements have been
mainly used as an analytical tool'® for a wide range of semiconductor materials,**
but electrochemistry can also be a powerful method to permanently dope porous
semiconductor films. In electrochemical doping, the semiconductor material is deposited
on a working electrode (WE) and placed in an electrochemical cell. By changing the
potential between the WE and a reference electrode (RE), electrons can be injected
into or extracted from the semiconductor film. That is, the Fermi-level and the charge
carrier density of the semiconductor film can be tuned by changing the potential.>° The
requirement for efficient electrochemical doping is that counterions, that compensate the
charge of injected electrons/holes, can diffuse into the material and result in 3D charge
compensation.

Electrochemical doping has predominantly been used for conducting polymers.” A
notable example is that of the Light Emitting Electrochemical cell, wherein a potential
difference on a planar two-electrode electrochemical cell results in the in situ formation of
a p-i-n junction which exhibits light emission in the i region.""'* Electrochemical doping
has also been applied to films of semiconductor nanocrystals,> * %> fullerenes'® and
carbon nanotubes."”

However, stable electrochemical doping has notbeen achieved, as when the electrochemical
cell is disconnected from the potentiostat, the injected charges spontaneously leave
the semiconductor film.>® > The loss of injected charges can be caused by either
electrochemical reactions of the material itself> '**' or by solvent impurities.” It is
known that impurities can affect doping stability greatly.”*** Gamelin et. al showed that
by exposing n-doped nanocrystals to air or other appropriate oxidants, the injected
charge was removed and the nanocrystals returned to their original oxidation state.”>?¢
Additionally, solvent impurities do not only affect electrochemical doping of the material,
they can also induce a large variation in electrochemical measurements.”” It is highly
desirable to increase the stability of electrochemically injected charge carriers, so that this
technique could be used to prepare active and stable junctions in devices such as light
emitting diodes.

In this chapter we investigate the electrochemical doping stability of ZnO QDs in anhydrous
acetonitrile solution dried over an activated alumina column (Innovative Technology
PureSolv Micro, water content around 5 ppm without 0.1 M LiCIO, and 11.8 ppm with
0.1 M LiClO, measured by Karl-Fischer titration), performed in a nitrogen filled glovebox
(oxygen <0.1 ppm and moisture <0.5 ppm). Even under these conditions, it is observed
that injected electrons gradually leave the conduction band of the QDs after disconnecting
the electrochemical cell. We find that the apparent charge stability is a strong function of
ZnO QD film thickness. This implies that solvent impurities, rather than electrochemical
reactions in the ZnO QD films, are the dominant cause of the decay of the charge density.
Next, we sought methods to eliminate the effect of solvent impurities on the charge
stability, by reducing any eventual impurity oxidant before electrochemical doping or by
covering the film with a solid film of succinonitrile that prevents impurity diffusion. We
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Figure 4.1 Spectro-electrochemical measurements performed on ZnO QD films in 0.1 M LiCIO,
acetonitrile solution. a) CV (shown in black) measured at 0.05 V/s, the arrow indicates the scan
direction. The graph includes the differential band edge absorbance, AA (shown in red). ], stands for
the current density. The sample is made of 3 drop casting steps. b) Fermi-level stability measurement of
aZnO QD film. Before the CE was disconnected the potential was kept at -1.0 V until equilibrium was
reached. When the injected electrons leave the QDs, the Fermi-level drops which corresponds to an
increase in potential. The sample is made of 3 drop casting steps c) Fermi-level stability measurement
for ZnO QD films of different thicknesses. The films were made of 1, 3, 5, 7 and 9 drop casting steps
of QD solution. Measured profilometry thicknesses are shown in Appendix, Table A4.1. By increasing
the film thickness, the doping stability increases.

show that by using either electrochemical or chemical reduction of the solvent impurities,
the doping stability of the doped ZnO QD film increases immensely. When the electrolyte
solvent is exposed to a reducing potential (-1.0 V vs. Ag pseudo reference electrode) this
results in an 18-fold increase in doping stability, as determined with Fermi-level stability
measurements. Chemical reduction of the solvent impurities is achieved by addition of
super hydride, Li[Et,BH]. This greatly improves the doping stability of the ZnO QDs, by
about a factor 100.

Both approaches are effective, but only for a limited time, as more oxidants will inevitably
diffuse into the doped film. To prevent this we have used succinonitrile as an alternative
solvent with a melting point of 57 °C. After charging at 60 °C the film is quickly removed
from the solvent and treated in various ways. This leads to the quick solidification of the
succinonitrile and the formation of a protective thin solid film around the doped ZnO
QDs. In the best cases the loss of injected charge density is around 4% after 2 hours. These
results demonstrate possible avenues for enhancing the stability of electrochemically
injected charges in semiconductor films.

4.2 Results and Discussions

4.2.1 Electrochemical doping of ZnO QD films

Figure 4.1a shows a cyclic voltammogram (CV) and the differential absorbance at the band
edge (360 nm) for a ZnO QD film in 0.1 M LiClO, acetonitrile solution. The 2D plot of the
differential absorbance is shown as Figure A4.1 in the Appendix. The scan starts at 0 V vs.
a Ag pseudoreference electrode (PRE), which corresponds to a Fermi level in the bandgap
of the ZnO QD film. At around -0.5 V the current becomes more negative and the band
edge absorbance decreases due to state filling, which shows that electrons are injected into
the conduction band of the QDs.* From the measured current, I, it is possible to calculate
of total amount of injected (or extracted on the reverse scan) electrons with Equation 4.1:
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Where dE is the potential step (here 0.00244 V), v is the scan rate (here 50 mV/s), e is the
elementary charge and V is the film volume. By the use of Equation 4.1, we find that the
charge density is increased to 2.24*10'® cm™ at -1.0 V. The ratio between extracted and
injected electrons is 0.856 for the measurement in Figure 4.1a. This means that almost
15% of injected electrons are not extracted in the return scan. To investigate this loss
of electrons in more detail, so-called Fermi-level stability measurements are performed
(Figure 4.1b). In this experiment, the potential is changed to -1.0 V, at which point the
counter electrode (CE) is disconnected and the potential of the working electrode (WE)
vs. the pseudo reference electrode (PRE) is recorded. If electrons leave the system the
potential returns to the original open circuit potential (V_, around 0 V). The same trend
is also seen from the change in differential absorbance during the Fermi-level stability
measurements (Appendix, Figure A4.2). Fig. 4.1b shows that in only 10 minutes the
potential increases by about 0.4 V. From the not fully reversible CV and the Fermi-level
stability measurement it is clear that many injected electrons are lost.

As previously discussed®, we consider three possible reasons for electrons leaving the
quantum dot film. First, electrochemical reactions can occur within the material itself.>
3234 For instance, surface Zn?* ions on the QDs could potentially reduce to Zn°.** Second,
counter ions could move out of the film. Such counter ion movement is especially expected
in devices where an electric field is present'’; however in the present experiments such
an electric field is not expected to be present. Third, solvent impurities such as water or
molecular oxygen can react with injected electrons. Indeed, when similar measurements
are performed outside of the glovebox, it leads to much less symmetric CVs (Appendix,
Figure A4.3).

To test which mechanism is responsible for the observed spontaneous drop of the Fermi
level we performed measurements on films of varying thickness. Increasing the film
thickness implies that, for a fixed amount of impurities, the relative change of the electron
concentration in the ZnO QD film is smaller. Hence, if solvent impurities are responsible
for the electron loss, then increasing the film thickness should improve the doping stability.
However, if electrochemical reactions within the ZnO QDs are responsible, increasing the
thickness will not help.

Fermi-level stability measurements were performed on ZnO QD films of different
thicknesses in a fresh electrolyte solution of the same volume from the same batch of
electrolyte solution (Fig 4.1c). The films were made by increasing the number of drop
casted steps. To verify the increasing thickness, CVs and profilometer measurements were
performed (Appendix, Figure A4.4 and Table A4.1). Figure 4.1c shows that increasing
the film thickness indeed leads to a much slower drop of the Fermi level. As the films are
highly porous and the solvent permeates throughout the film,* this shows that electron
extraction is predominantly caused by impurities in the electrochemical environment.

4.2.2 Cathodic preconditioning
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Figure 4.2 Impurities are reduced in a 0.1 M LiClO, acetonitrile (ACN) electrolyte solution.
a) Fermi-level stability measurements for a ZnO QD film on an ITO before and after a cathodic
precondition of -1.0 V was applied to the electrolyte solution (with a bare ITO for two hours). b)
Fermi-level stability measurements performed with different concentration of Li[Et,BH] ranging
from 10 to 10* M. By performing a cathodic preconditioning step or by adding super hydride to the
solution, the doping stability increases greatly.

To prevent impurities from oxidizing the QDs, it should be possible to reduce them before
they react with injected electrons. One way of reducing the solvent impurities is by applying
a negative potential to the solution before the measurements with the ZnO QD film, that is
by using a cathodic preconditioning. Figure 4.2a shows Fermi-level stability measurements
before and after applying the cathodic preconditioning of -1.0 V to the electrolyte solution
for two hours. When applying the potential, a bare ITO is used to make sure no changes
occur to the ZnO QD film. Without cathodic preconditioning of the electrolyte solution, it
takes 32 seconds to get a potential decay of 0.15 V while the same change in potential takes
10 minutes after the solvent preconditioning. This can be seen, somewhat arbitrarily, as an
18-fold increase in doping stability. However, if the electrochemical cell is disconnected
from the potentiostat for about four hours between the measurements, the potential decay
is again similar to original values (Appendix, Figure A4.5). We tentatively conclude that
only a part of the solution is reduced during the treatment. We consider that reduced
impurities may again be oxidized at the counter electrode, causing the electrolyte solution
to reestablish equilibrium over a couple of hours.

4.2.3 Reducing agent

A supposedly irreversible way* of reducing the impurity atoms is by using super
hydride, Li[Et,BH].>***** Upon oxidizing, Li[Et,BH] decomposes into hydrogen gas and
triethylborane, therefore the reversed reaction does not take place at the same potential.*”-**
Figure 4.2b shows Fermi-level stability measurements for a ZnO QD film in 0.1 M LiClO,
acetonitrile solution with a concentration of Li[Et,BH] ranging from 10 to 10* M. Higher
concentrations of super hydride caused sample instability for the ZnO QD film. Both the
open circuit potential and the absorbance of the film were measured when the super
hydride was added to the acetonitrile solution to make sure that the super hydride did not
reduce the ZnO QDs. No bleach and no significant change in the open circuit potential
were seen during the addition (see Appendix, Table A4.2). For reference, a Fermi-level
stability measurement was performed on the sample before the addition of the Li[Et,BH]
to the acetonitrile solution.
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Adding a small amount of Li[Et,BH] greatly increases the doping stability. Before the
addition of super hydride, it takes 3 seconds for the potential to reach a decay of 0.05V,
while it takes around 5 minutes after the addition of super hydride. As before, somewhat
arbitrarily, this can be seen as a 100-fold increase in doping stability. Increasing the
concentration from 10 to 10* M improves the stability only marginally.

To quantify the increased doping stability, CVs were performed at every concentration of
added Li[Et,BH] (Appendix, Figure A4.6). From the CVs the ratio between injected and
extracted electrons is calculated and shown in Table 4.1. Without super hydride 89.8% of
injected electrons are extracted. This charging/discharging ratio increases to 98.7% for 10
M super hydride. Thus, Li[Et,BH] is able to reduce most solvent impurities which leads to
increased charge stability during CVs and Fermi-level stability measurements. However,
a small amount of electrons is still lost. This might be due to internal electrochemical
reactions of the ZnO QDs themselves or it is possible that residual oxygen or water, or
perhaps other impurities, from the glovebox environment diffuse into the electrolyte,
making it impossible to remove all impurities.

4.2.4 Solid diffusion barrier

In all experiments so far, the doped ZnO QD film remained submerged in the electrolyte
solvent. This is necessary for the Fermi level stability measurements. However, since it
appears that impurities in the solvent are dominant in the drop of the charge density it
would be interesting to see the charge stability in absence of the electrolyte. To facilitate
this we have performed source-drain conductivity experiments vs. time. A ZnO QD film
on an interdigitated source-drain electrode is charged, so that the conductance increases
strongly. Subsequently the CE is disconnected and the source drain conductance is
measured with a Keithly 2400 source meter. This can also be done after the film is removed
from the electrochemical cell and is no longer in contact with electrolyte. A decrease in
conductance means that the electron density decreases.

Four different conductance measurements were performed on the same ZnO QD film: in
an acetonitrile solution, in an acetonitrile solution containing 10 M super hydride, on a
dry film (after the film was taken out of the solution) and on a film dried in vacuum after
charging, but before the conductance measurements. As the conductance measurements
are not started at exactly the same time after disconnecting the electrochemical cell, the
initial conductance varies slightly. Therefore, the normalized results are shown in Figure
4.3a (the original traces are in Appendix, Figure A4.7).

Clearly the quickest decay of the conductance is observed for the film in acetonitrile solution.
We note that the conductance in Fig. 4.3a drops more rapidly than the potential in Fig.
4.2 because the potential scales logarithmically with electron density (through the Nernst
law), while the conductivity, o, (and hence also the conductance) scales approximately
linearly with the electron density (via ¢ = nep, where n is the electron density, e is the
electron charge and p is the electron mobility). As the mobility decreases rapidly with
decreasing electrochemical potential in the bandgap,” the drop in conductivity is further
enhanced.
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Figure 4.3 Conductance measurements after charge injection for a ZnO QD film. a) Measurements
performed in 0.1 M LiCIO, acetonitrile solution (ACN) (blue), acetonitrile solution with the addition
of super hydride (yellow), film taken out of the solution (dry film, green) or for a film dried in vacuum
for one minute (red). b) Measurements performed in 0.1 M LiClO, succinonitrile solution at 60 °C
(blue), dry film (green), after the sample was blotted with a filter paper (yellow), after the sample was
stored under vacuum for one minute (red), after the sample was plunged into THF at -80 °C (cyan)
and film measured in vacuum (purple).
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Figure 4.3a shows that by taking the film out of the solution the conductance decays more
slowly. Additionally, the doping stability of the ZnO QD film does not increase by drying
it in vacuum for a minute. Interestingly, the best stability is gained by measuring the
conductance in an acetonitrile solution containing super hydride. This suggests that the
super hydride treated acetonitrile solution contains less contaminants than the glovebox
environment. This also implies that on longer timescales diffusion of impurities from
the glovebox environment into the solution may cause the stability to decrease again.
Therefore, it is important to avoid diffusion of impurities to the film altogether.

One way to reduce impurity diffusion is to cover the film with a solid protective layer.
A convenient way to achieve this is by using an electrolyte solvent that is solid at room
temperature. An example is succinonitrile, which is similar in electrochemical stability
to acetonitrile, but has a melting point of 57 °C. Therefore, we performed source-drain
conductivity measurements on a ZnO QD film measured in 0.1 M LiClO, succinonitrile
solution. The film is charged at 60 °C, above the melting point of succinonitrile. After the
film is charged at -1.0 V, the CE is disconnected and the film is taken out of the solution.
As the sample cools to room temperature, the succinonitrile covering the film solidifies
quickly and the source-drain conductance is measured. A CV for a ZnO QD film measured
in 0.1 M LiCIO, in succinonitrile at 70 °C is shown in Appendix, Figure A4.8.

Figure 4.3b shows the normalized conductance measurements for a ZnO QD film
measured in succinonitrile at 60 °C and on a dry film (the original traces are in Appendix,
Figure A4.9). A few different measurements were performed on dry films, that is when the
film is not in the solution. Firstly, conductance measurements were performed on the film
directly after it was taken out of the solvent. Secondly, to minimize the amount of solvent
around the film, the film was either blotted by a filter paper or placed under a vacuum
for 1 minute. Thirdly, to ensure that the succinonitrile is completely solid, the film was
plunged into THF at -80 °C for 10 seconds before the measurement (the conductance was
measured at room temperature) and finally the conductance was measured when the film
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was under vacuum. The vacuum measurements were performed by placing the sample
in a metal tube with electrical feedthroughs, which was connected to a Varian Tri Scroll
vacuum pump.

By comparing Figure 4.3a and b it is clear that the charge stability of dry ZnO QD films
is a lot better when succinonitrile is used. We attribute this to much reduced impurity
diffusion in the solid succinonitrile that covers the film. In Fig. 4.3b dry films show
much improved stability compared to the one in liquid succinonitrile at 60 °C. Appendix
Figure A4.10 shows a zoom in on the dry films to highlight the differences between them.
Of the dry films, the film that was simply taken out of the cell (“dry film’, green line)
shows the quickest drop in conductance. By decreasing the amount of succinonitrile
(and consequently the total amount of solvent impurities) by either blotting or placing
the film under vacuum for one minute, the charge density becomes more stable. The
stability increases even further by plunging the film in THF at -80 °C for a short time,
allowing the solidification of succinonitrile to occur faster. The best results are obtained
when measuring the ZnO QD film with a solid succinonitrile layer around it in vacuum.
After a 2 hour measurement the conductance has decreased by about 4 %. Apparently,
even if a solid layer is around the ZnO QD film, and the whole sample is in vacuum, the
conductance is not completely stable. It might be that succinonitrile is not solid in the
nanopores of the QD film®' or that internal electrochemical reactions of the ZnO QDs
are taking place.”® Despite of the remaining slow decay of the conductance, the doping
stability of ZnO QDs is enhanced enormously in solid succinonitrile.

4.3 Conclusions

In summary, we have shown by measuring ZnO QD films of different thicknesses
that the instability of the charge density in electrochemically doped ZnO QDs films is
predominantly due to oxidation by solvent impurities, even under very stringent air
and water free conditions. We used two different methods to decrease the influence of
solvent impurities on the doping stability. The first one includes reducing the solvent
impurities, either electrochemically or chemically, while the second one employs a solid
layer covering the ZnO QD film. Using a cathodic preconditioning of the electrolyte
solution, we obtained an 18-fold increase of the doping stability. However, after waiting
several hours the stability return to its original value. Addition of super hydride Li[Et,BH]
results in a 100-fold increase in the doping stability. Furthermore, by reducing the solvent
impurities the CVs became more reversible. The largest increase in doping stability was
obtained by removing the film, after charging it, from a warm succinonitrile solution.
The succinonitrile solidifies and forms a solid protective layer around the sample that
prevents impurity diffusion. In the best case the charge density decreased by only 4%
over the duration of 2 hours. These results increase our understanding in the instability of
electrochemically doped semiconductor films. Therefore, by successful protecting of the
doped film against impurities such as oxygen, the doping stability will increase immensely.

4.4 Methods

Materials. Zinc acetate dihydrate (Zn(CH,COO),-2H,O reagent grade), potassium hydroxide (KOH
pellets), Indium-doped Tin Oxide substrates (ITO), lithium perchlorate (LiClO,, 99.99%), ferrocene
(Fc, 98%), anhydrous solvents (acetonitrile, 99.99%, tetrahydrofuran (THF), 99.9%, methanol, 99.8%,
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ethanol (max 0.01% H,0), hexane, 95%), succinonitrile (99%) and super hydride, (1 M Li[Et,BH] in
THEF). All chemicals were purchased from Sigma Aldrich unless stated otherwise. Acetonitrile and
THF were dried before use in an Innovative Technology PureSolv Micro column. All other chemicals
were used as received.

ZnO QD synthesis and film preparation. The ZnO QDs were synthesized as previously described.*
3.425 mmol of zinc acetate dihydrate was combined with 50 mL ethanol in an Erlenmeyer flask at 60
°C. In the meantime, 6.25 mmol KOH was mixed with 5 mL methanol in a vial. When both mixtures
were clear, the KOH mixture was added dropwise (approximately 1 drop per second) to the Erlenmeyer
flask. After the addition of KOH, the heat source was removed after one additional minute. The ZnO
QDs were purified by the addition of hexane and isolated by centrifugation at 2000 rpm for 1 minute.
The QDs were redissolved in ethanol and stored at -20 °C to avoid further growth by Ostwald ripening.
The ZnO QDs were drop casted either on an ITO or on a home-made interdigitated gold electrode and
annealed at 60 °C for an hour. The diameter of synthesized QDs was calculated as 3.6 nm by using the
empirical correlation from Meulenkamp.”

Electrochemical measurements. All electrochemical measurements were performed in a N, filled
glovebox with an Autolab PGSTAT128N potentiostat. A 3-electrode electrochemical cuvette cell was
used, where the sample was deposited on the working electrode (WE). The WE was either an ITO
or IDE, and was immersed into 0.1 M LiCIO A acetonitrile or succinonitrile solution. The solution
also contains a Ag wire as a pseudo reference electrode (PRE) and a Pt sheet as a counter electrode
(CE). The PRE was calibrated with a ferrocene/ferrocenium couple and its potential was found to be
constant at -4.76 eV vs. vacuum.

Cyclic voltammetry measurements (CVs). Every CV was performed at 0.05 V/s. The measurements
were performed between 0 V and -1.0 V and reversed.

Fermi-level stability measurements. Fermi-level stability measurements were performed after
charge injection into the conduction band of the QDs took place. When the system had reached an
equilibrium, the CE was disconnected from the RE and the WE. By doing so, no more electrons could
be injected into the QDs. The change in potential between the WE and the RE was measured vs. time.
This potential is connected to the Fermi-level of the WE vs. the Fermi-level of the RE. If electrons leave
the conduction band of the QDs the Fermi-level will drop, which leads to an increase in the measured
potential.

Conductance measurements. Conductance measurements were performed on an IDE after electron
injection into the conduction band of the QDs took place. When the system had reached an equilibrium
the potentiostat was disconnected and the conductance was measured with a Keithly 2400 source
meter. After the sample is disconnected from the potentiostat, no electrons can be injected into the
conduction band of the QDs. The source-drain potential difference used was 10 mV.
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Appendix
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Figure A4.1 Spectro-electrochemical measurement for a ZnO QD film in 0.1 M LiCIO, acetonitrile
solution. The 2D plot shows the differential absorbance during a CV scan. The potential was scanned
at 50 mV/s from 0 V to -1.0 V and reversed.
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Figure A4.2 Differential absorbance measurements during a Fermi-level stability measurements

on a ZnO QD film. The graph shows the differential absorbance (AA) vs. potential. As the potential

increases the bleach decreases which means that electrons are leaving the conduction band of the ZnO
QDs.

Profilometry measurements
Profilometry measurements were performed with a Veeco DekTak 8 stylus profiler. As the films are
made by drop casting, they are not very smooth so the error in the measurement is high. Therefore

each sample was measured 5 times and the average is shown in Table A4.1. Additionally, the thicker
films have a higher error.

Table A4.1 Average thickness in nm of the 5 films.

1 3 5 7 9
Thickness 1867.56 4431.50 6362.56 6798.30 14268.19

85



‘Chapter 4

-200

-400

Current [pA]

-600

-800

| | | |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential [V]

Figure A4.3 CVs performed on a ZnO QD film measured in 0.1 M LiClO, acetonitrile solution in air.
The CV was measured at a scan rate of 50 mV/s and includes three scans.
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Figure A4.4 CVs performed on ZnO QD films with different thicknesses in 0.1 M LiCIO, acetonitrile
solution. The numbers in legend indicate the number of QD drop casting steps used in making the
films. As the film thickness increases, the current increases due to higher amount of injected electrons
(the area of the films is the same).
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Figure A4.5 Fermi-level stability measurements for a ZnO QD film on an ITO before, after a potential
of -1.2 V was applied to the electrolyte solution (with a bare ITO for two hours) and after no potential
has been applied for 2 and 4 hours (dashed lines). The measurements were performed in 0.1 M LiClO,
acetonitrile solution. By applying a potential, the doping stability increases, but it returns close to its
original value if no potential is applied to the solution for four hours.
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Table A4.2 The open circuit potential (V, ) for a ZnO QD film by addition of different concentration
of super hydride (LiEt,BH)

ACN 10°M 10° M 10*M
\Y -0.18 -0.18 -0.22 -0.05

OC

Current density [uA/cm?]
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Figure A4.6 CVs on a ZnO QD film performed in 0.1 M LiClO, acetonitrile solution containing
different concentration of Li[Et,BH].
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Figure A4.7 Conductance measurements measured on the same ZnO QD film. Measurements in 0.1
M LiClO, acetonitrile (ACN) solution (blue), acetonitrile solution containing super hydride (yellow),
film taken out of the solution (dry film, green) and a film dried under vacuum for one minute (red).

87



‘Chapter 4

— 40

€

L 204

<

= 0 4

>

=

G -20 -

3

o 40—

5]

= -60 —

=1

© T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Potential [V] vs. Ag PRE

Figure A4.8 CV of a ZnO QD film measured in 0.1 M LiCIlO, in succinonitrile at 70 °C. The scan rate
is 50 mV/s and the scan is repeated three times.
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Figure A4.9 Conductance measurements for a ZnO QD film. Measurements in 0.1 M LiCIO,
succinonitrile solution at 60 °C (blue), film taken out of the solution (dry film, green), a film dried
under vacuum for one minute (red), a film dried by blotting (yellow), a film plunged into THF at -80
°C (cyan) and a film measured in vacuum (purple).
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Figure A4.10 Conductance measurements on a ZnO QD film. Dry film (green), after the sample was

blotted with a filter paper (yellow), after the sample was stored under vacuum for one minute (red),
after the sample was plunged into THF at -80 °C (cyan) and film measured in vacuum (purple).
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Permanent electrochemical doping of semiconductor films

using frozen electrolyte solvents at room temperature

In Chapter 3 we showed stable electrochemically doping at -75 °C by the use of succinonitrile (mp:
57 °C) as the electrolyte solvent. Unfortunately, the doping was not stable at room temperature.
Therefore, a solvent with a higher melting point is needed. In this chapter, we investigate stabilizing
the doping density using four different nitrile based electrolyte solvents that have higher melting
point than succinonitrile: trans-3-hexenedinitrile, cyanoacetamide, 1,2-dicyanobenzene
and 1,3-dicyanobenzene. Using ZnO Quantum Dot (QD) films as test case, we show that no
electrochemical charging/discharging takes place at room temperature in solvents with melting
point over 100 °C. This implies that electrolyte ions are fully immobilized in frozen solvents. Of the
investigated solvents, cyanoacetamide showed the best stability of the doping density at RT, in line
with its superior cathodic stability. Therefore this solvent was chosen for a more in-depth analysis
of the RT doping stability in ZnO QD films. By performing cyclic voltammetry measurements, we
show that ion transport is entirely halted at room temperature. After electrochemical n-doping in
liquid cyanoacetamide and cooling to RT, the electrical conductivity is fully stable for over 20 hours.
On much longer time scales there is a slow but noticeable decrease in the conductivity, but after
10 days, 80% of the initial conductivity is retained, if the sample is stored in an inert atmosphere
glovebox. When a doped film is exposed to ambient air, the conductivity drops rapidly, highlighting
that oxidation by molecular oxygen is the dominant reason for the loss of electrons. This can be
further prevented by the use of additional oxygen blocking layers. Finally, we show that this method
is general and also works for films of PbS QDs and the conductive polymer P3DT. Furthermore, the
conductivity of p-doped P3DT films drops only by 2% over the course of 76 days, and is not affect by
ambient air at all. This is most likely because the stability of p-doped films is not affected by oxygen,
but typically by water.

This chapter is based on: S.Gudjonsdottir and A. J. Houtepen. “Permanent Electrochemical Doping
of Quantum Dots and Semiconducting Polymers”. Advanced Functional Materials. Accepted.



‘Chapter 5

5.1 Introduction

Over the last decades, various promising semiconductor materials have emerged, including
colloidal quantum dots (QDs) and organic semiconductors. These semiconductors are
known for their facile and cheap solution synthesis and their tunable optoelectronic
properties.”*” Therefore, they are promising for, and indeed already used in, various
semiconductor devices such as LEDs, light emitting electrochemical cells (LECs), lasers
and solar cells.> #'® In order to use semiconductors in various devices, control over
the charge carrier density is critical. There are, in principle, various ways to dope the
abovementioned semiconductors, e.g. via impurity doping," or photodoping,***' although
these methods are often faced with difficulties in controlling the charge density and the
stability of the charge density.??*%

Arguably, the most controllable way of doping films of semiconductor QDs or organic
semiconductors is via electrochemical doping. In this approach a semiconductor film
is deposited on the working electrode (WE), and a potential is applied vs. the reference
electrode (RE) in an electrochemical cell. By changing the potential of the WE toward more
negative potentials, electrons can be injected into the conduction band of the material. In
contrast, by applying more positive potentials, electrons can be extracted from the valence
band. Therefore, the desired charge carrier density can be obtained by controlling the
applied potential.*% Essential for efficient electrochemical doping is that counterions are
able to permeate the semiconductor films to provide charge neutrality. For films of QDs,
fullerenes and organic semiconductors this is typically the case, so that electrochemical
doping is a practical and generic method for all of them.

Unfortunately, it is usually observed that the injected charge density is not stable: when
the electrochemical cell is disconnected from the potentiostat the semiconductor film
discharges spontaneously. ***' The main reasons for this self-discharge are intrinsic
electrochemical reactions and redox reactions with impurities, typically oxygen or water.*>
33 Thus, in order to stabilize the doping density, the diffusion of the electrolyte ions and
impurities should be minimized.

Electrochemically injected charges can be stabilized by freezing the electrolyte solvent.
Guyot-Sionnest et al. and Houtepen et al. showed stable electrochemically doped
semiconductor films at cryogenic temperatures.**>¢ These films were stable for days, but
as soon as the temperature was increased the injected charge left the films. The same trend
was observed by Heeger et al. for light emitting electrochemical cells (LECs), where the
LECs were only stable at 200 K or lower.">* Clearly, it is not suitable to keep the films at
cryogenic temperatures if they are to be used as semiconductor devices. Lately, extensive
research has been going on to stabilize LECs at room temperature. While these measures
increased the doping stability, unfortunately, none of them produced stable LECs at room
temperature.’®*

In a previous study, we investigated electrolyte solvents with melting points above room
temperature.”® Various semiconductor films were charged at elevated temperature where
the electrolyte solvent was liquid, and their doping stability was measured at lower
temperatures. Surprisingly, the solvent with the highest melting point (mp), dimethyl

92



Permanent electrochemical doping of semiconductor films using frozen electrolyte solvents at room temperature ——

sulfone (mp: 109 °C), did not show the best stability at room temperature. A probable
explanation for this is that other factors than the melting point play a role. For example
the impurity concentration, the electrochemical stability of the solvent and how well it can
crystallize at room temperature inside and on top of a semiconductor film.

Although the room temperature stability was increased greatly in our previous study, no
solvent showed a truly stable electrochemical doped film at room temperature. However, by
using succinonitrile (mp: 57 °C) as the electrolyte solvent, a fully stable electrochemically
doped ZnO QD film was achieved at -75 °C. This suggests that a high melting point
reduction occurs inside the semiconductor films, and only at -75 °C electrolyte ions and
impurities have become immobile. It appears that succinonitrile is a suitable solvent for
electrochemical doping, with low impurities content and high intrinsic electrochemical
stability, however its melting point is too low for stable doping at room temperature.
Taking inspiration from these results we have searched for chemically similar nitrile
solvents with higher melting points.

In most cases the melting point of a molecule can be increased by increasing the molecular
weight, adding aromaticity (to enhance the crystallinity in the solid state) or hydrogen
bond forming groups such as alcohols.*** In this chapter we investigate four different
nitriles with high melting points: trans-3-hexenedinitrile (mp: 76 °C), cyanoacetamide
(mp: 120 °C), 1,2-dicyanobenzene (mp: 138 °C) and 1,3-dicyanobenzene (mp: 164 °C).
We start by determining the electrochemical stability window of the solvents. Thereafter,
we perform electrochemical doping and stability measurements on ZnO QD films. All

Table 5.1. Melting points and electrochemical potential windows for different nitriles. Either
LiClO, or TBAPF, was used as supporting electrolyte. 20 uA/cm* was chosen as the cutoff current
density for the potential window.

Solvent Melting Chemical Cathodic | Anodic | Cathodic
point [°C] structure limit, limit, limit,
LiClO, [V | LiCIO, [V | TBAPE, [V
vs. Fc/Fc*] | vs. Fc/Fc*] | vs. Fc/Fc*]
Trans-3- 74-79 N -1.39 1.16 --
hexenedintrile N///\/\/
Cyano- 119-121 Y -1.07 0.26 -1.03
acetamide HQNM
1,2- 137-139 //N -0.92 0.44 -0.67
dicyanoabene ©<
\\N
1,3- 163-165 N -0.29 1.00 -
dicyanobenzene
SN
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solvents except trans-3-hexenedinitrile, show no charge injection at room temperature,
which means that ion diffusion essentially does not happen. At temperatures above the
mp, all solvents can be used to charge the ZnO QD films with electrons. When cooling
down after charging, the n-doping of the films is retained. However, we observe a clear
correlation between the stability of the electron density and the cathodic stability limit
of the solvent. This shows that reduction of the solvent is an important factor in the
charge stability of electrochemically doped films. Additionally, if the melting point of the
solvent is not high enough, as is the case for trans-3-hexenedinitrile, the electron density
gradually decreases. Of the solvents used, the stability of the doping density at RT was best
for cyanoacetamide, in line with its superior cathodic stability. Therefore this solvent was
chosen for a more in-depth analysis of the RT doping stability in ZnO QD films.

From an electrochemical analysis it is determined that at 140 °C, when cyanoacetamide
is liquid, the diffusion coeflicient of the Li* ions is found to be ~10° cm?/s, while it drops
to ~10?* cm?*/s at RT. This means that it would take a cation more than 300.000 years to
diffuse through the 1 pm thick ZnO QD film. Clearly, from an ion diffusion perspective
the doping should be stable. Long-term conductivity measurements on doped ZnO QD
films show that the electron density is fully stable over 20 hours. On much longer time
scales there is a slow but noticeable decrease in the conductivity; after 10 days, 80% of the
initial conductivity is retained, if the sample is stored in an inert atmosphere glovebox.

Given the very low diffusion coefficient of the ions, the observed drop in conductivity
is likely cause by electrochemically active impurities (most likely oxygen). As solid
cyanoacetamide is amorphous, it is possible for oxygen to penetrate the cyanoacetamide
layer and react with injected electrons in the ZnO QD film. Indeed, taking a doped ZnO
QD films out of the glovebox and exposing it to air causes the conductivity to drop to
almost zero in about two hours. However, by placing a blocking layer such as PMMA on
the film, the doping stability in air is increased greatly. At last, we show that this method
does not only work for ZnO QDs but also for PbS QD films and poly(3-decylthiophene-
2,5-diyl (P3DT) films. For n-doped PbS QD films, the RT conductivity is entirely stable
for over 5 days. However, as for the ZnO QD film the electrons gradually leave the film
and after 40 days almost 10% of the injected charge has left the film. Interestingly, for
p-doped P3DT films the conductivity decays only by 2% over the span of over 76 days.
Additionally, when the film is taken out of the glovebox, the conductivity is not affected at
all. This is most likely because oxygen is the main impurity responsible for the instability
of n-doped films, whereas the stability of p-doped films is not affected by oxygen, but
typically by water.

5.2 Results and Discussions

5.2.1 Electrochemical potential window

Our previous results showed that succinonitrile, despite a melting point of the pure solvent
of 57°C, was not fully crystallized at RT when used as an electrolyte solvent to dope ZnO
QD films. Table 5.1 shows the four different nitrile solvents investigated in this work with
their melting points. Compared to succinonitrile, trans-3-hexenedinitrile has a longer
carbon chain, cyanoacetamide can form hydrogen bonds and both 1,2-dicyanobenzene
and 1,3-dicyanobenzene are aromatic molecules which are expected to demonstrate
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Figure 5.1. Electrochemical potential window measurements in different electrolyte solvents. The
CVs are performed with blank Au electrodes in a) trans-3-hexenedinitrile, b) cyanoacetamide, c)
1,2-dicyanobenzene, d) 1,3-dicyanobenzene. The solvents contain 0.1 M of either LiClO A (black trace)
or TBAPF, (red trace) and the scan rate is 50 mV/s. The scan is started around -0.3 V vs. Fc/Fc* and is
initially scanned in the cathodic direction (indicated by arrows in the Figure).

increased crystallinity when solid. The melting points of these solvents range from 74 to
165 °C.

In addition to having a high melting point the solvents need to be electrochemically stable
at the potentials used for electrochemical doping. By adding functional groups such as
a benzene or an amine group, the electrochemical stability of the solvent might differ
greatly. The electrochemical potential window of the four high melting point nitriles has
been determined by cyclic voltammetry (CV) on blank Au electrodes with a scan rate of
50 mV/s, as illustrated in Figure 5.1. Both LiClO, and TBAPF, were used as supporting
electrolyte. We use a, somewhat arbitrary, cutoff current density of 20 uA/cm? to determine
the cathodic and anodic stability limits. The resulting limits are shown in Table 5.1. We
find that trans-3-hexenedinitrile is most stable both cathodically and anodically (-1.39 and
+1.16 V vs. Ec/Fc*). In Figure 5.1a the oxidation peaks on the reverse scan between 0 and
0.5 V vs. Fc/Fc* are connected to the reduction of the solvent at around -1.5 V vs. Fc/Fc*.
Therefore, the anodic limit is determined from Figure A5.1 in Appendix, where a smaller
cathodic range was scanned so that no solvent reduction occurred. The electrochemical
potential window of the other three solvents is considerably narrower. Of these solvents
cyanoacetamide and 1,2-dicyanobenzene are more stable at negative potentials (vs. Fc/
Fc*), while 1,3-dicaynobenzene is more stable at positive potentials (vs. Fc/Fc*). At last,
the effect of different electrolyte salts is small, although LiClO, seems to yield a somewhat
better stability than TBAPF .
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5.2.2 Doping of ZnO QD films

To see if these solvents are suitable for electrochemical doping, we performed
electrochemical measurements with ZnO QD films. This material is selected as it exhibits
stable and reversible electron injection, and furthermore allows multiple measurements
to be performed on the same sample.*>* Figure 5.2 shows CVs and Fermi-level stability
measurements for ZnO QD films in 0.1 M LiClO, nitrile solutions. The measurements
were performed at two different temperatures, above the melting point and at room
temperature (20 °C).

Figure 5.2a shows CVs performed in trans-3-hexenedinitrile at both 100 °C and RT. In the
first case, the CV shows clear charging and discharging of the ZnO QD film similar to CV's
on such films using e.g. acetonitrile at RT.*-** However, upon lowering the temperature the
current density decreases drastically. A zoom-in of a CV at room temperature in trans-3-
hexendinitrile is shown in Figure A5.2 in Appendix. It exhibits a minor, but detectable
difference in current density on the forward and backward scan. This shows that the
movement of electrolyte ions has been decreased immensely, but that some charging/
discharging still takes place.

Figure 5.2b shows CVs in cyanoacetamide at both 140 °C and RT. As for trans-3-
hexendinitrile the current decreases drastically by lowering the temperature. However,
a zoom-in of the CV at room temperature (Figure A5.3 in Appendix) shows no sign
of charging/discharging for this solvent. In fact the CV looks very similar to what is
measured when the potentiostat is disconnected (Appendix, Figure A5.4). This means
that the electrolyte ions are effectively immobilized in the frozen solvent. Figures 5.2e,f
show the same trend for both 1,2-dicyanobenzene and 1,3-dicyanobenze. The magnified
versions of the CV's at room temperature are in the Appendix, Figures A5.5 and A5.6, and
again no charging currents are seen.

From the measured current in the CVs at high temperature, it is possible to calculated the
charging ratio between injected and extracted electrons by the use of equation 5.1:

Nextr _ Z(l * dE)
Nipj X *dE) 5.1

Wheren__is the number of extracted electrons, n__ is the number of injected electrons, I is
the measured current and dE is the potential step. We find that in trans-3-hexenedinitrile
88% of injected electrons are extracted. This number is slightly lower for cyanoacetamide
(72%). On the other hand, it drops to 6% and 0% for 1,2-dicyanobenzene and
1,3-dicyanobenzene, respectively. These numbers can be related to the electrochemical (in)
stability of the solvents shown in Figure 5.1. At potentials where electron charging occurs
(roughly negative of -0.6 V vs. Fc/Fc*) 1,2-dicyanobenzene and 1,3-dicyanobenzene show
non-negligible cathodic currents. This implies that the solvent can react with the electrons
injected into the ZnO QDs and explains why they are not extracted.

Figures 5.2¢,d,g,h show Fermi-level stability measurements for ZnO QD films in the
different nitriles: the films are charged when the solvent is liquid, then the counter electrode
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Figure 5.2. Electrochemical measurements performed with ZnO QD films in different nitrile
solvents. CVs are performed with a scan rate of 50 mV/s performed in a 0.1 M LiCIO, a) trans-3-
hexenedinitrile solution, b) cyanoacetamide solution, e) 1,2-dicyanobenzene solution, and f)
1,3-dicyanobenzene solution. Fermi-level stability measurements performed in a 0.1 M LiClO, c)
trans-3-hexenedinitrile solution, d) cyanoacetamide solution, g) 1,2-dicyanobenzene solution, h)
1,3-dicyanobenzene solution. The red traces show measurements performed when the solvent is
liquid, while the blue traces show measurements performed at room temperature.

(CE) is disconnected so that no more charging or discharging is possible via the external
circuit. If electrons disappear from the ZnO QD film, the measured potential will decay
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Figure 5.3. Current peak densities (], red circles) and potential decay over 30 minutes in Fermi-level
stability measurements (AV, blue stars) for different nitrile solvents at room temperature. Used solvents
are: acetonitrile (ACN, mp: -45 °C), succinonitrile (SuN, mp: 57 °C), trans-3-hexenedintirile (3-HDN,
mp: 76 °C), cyanoacetamide (CAA, mp: 120 °C), 1,2-dicyanobenzene (1,2-DCB, mp: 138 °C) and
1,3-dicyanobenzene (1,3-DCB, mp: 164°C). The peak current density for both cyanoacetamide and
1,3-dicyanobenzene is within the noise of the measurements (~ 1 nA).
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towards its original open circuit potential before the film was charged. If no electrons leave
the QDs, the measured potential is stable. For the measurements at room temperature, the
CE was disconnected after room temperature was reached. From these measurements it is
clear that the measured potential decays drastically faster at high temperatures than at RT.
As shown in Figure 5.2¢, a small drop in potential is seen for trans-3-hexenedinitrile over
the course of two hours at RT. This potential decay can be related to the slight charging
and discharging current in the CV at room temperature. This charging current suggests
that the solvent is not entirely frozen. We conjecture that this also allows some diffusion
of impurities such as molecular oxygen, which can react with the injected electrons and
lower the potential. On the other hand, the potential in cyanoacetamide at RT does not
decay at all during the two hours shown (Fig. 5.2d). For 1,2-dicyanobenzene a small drop
in the potential is seen at RT (Fig. 5.2g) while a much faster drop in potential is seen
for 1,3-dicyanobenzene (Fig. 5.2h). As this is in line with the ratio of the extracted and
injected electrons in the CVs, this potential decay can be related to the limited cathodic
stability of these solvents.

From these experiments it is clear that the solvent stability plays an equally important
role as the melting point in producing stable electrochemically doped films at room
temperature. To see this even clearer, Figure 5.3 shows a comparison of 6 different nitriles
that were used in our previous study and this study.*® The nitriles are: acetonitrile (ACN,
mp: -45 °C), succinonitrile (SuN, mp: 57 °C), trans-3-hexenedintirile (3-HDN, mp: 76
°C), cyanoacetamide (CAA, mp: 120 °C), 1,2-dicyanobenzene (1,2-DCB, mp: 138 °C)
and 1,3-dicyanobenzene (1,3-DCB, mp: 164°C). In Figure 5.3 the peak current density at
RT and the change in the potential, AV, observed in Fermi-level stability measurements
over 30 minutes at RT are shown for the different solvents. The RT current density and
drop in Fermi-level generally decrease with increasing melting point. However, we do
not observe that the solvents with the highest melting points have the best Fermi-level
stability, since the two solvents with the highest melting point show (minor) cathodic
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decomposition at the potentials used. By taking all these results into account we conclude
that cyanoacetamide is the most promising solvent for obtaining a stable electrochemically
n-doped semiconductor film at room temperature. Therefore, further measurements were
performed with cyanoacetamide.

5.2.3 Cyanoacetamide as the electrolyte solvent

Figure 5.4a shows CVs performed on ZnO QD films in 0.1 M LiClO, cyanoacetamide
solution at temperatures between 140 °C and 0 °C with a 10 degree interval. Figure 5.4b
shows the peak current density as a function of temperature. A decrease of 6 orders of
magnitude is observed. We have previously shown that the charging current is limited by
cation diffusion.” Thus the decreasing current density results from a decreasing diffusion
coeflicient of the electrolyte cations.

Differential scanning calorimetry measurements indicate that the electrolyte salt causes
a melting point reduction of at most 9 °C. For 0.1 M LiClO, in cyanoacetamide a
recrystallization temperature of 75.6 °C was measured (see Appendix, Figure A5.7, A5.8,
A5.9). Interestingly, no clear phase transition is seen in Figure 5.4b at 75 °C. This suggests
that the crystallization inside the pores of the QD film is hindered and occurs over a wide
temperature range. Full crystallization requires temperatures well below the melting point
of the pure solvent.

We calculate the diffusion coefficient from the peak current density with the Randles-
Sevcik equation:

1/2

anD)

Jp = 0.4463nFC < RT

52

where j is the peak current density, n is the number of electrons, F is the Faradaic
constant, C* is the concentration of the electrolyte, v is the scan rate, D is the diffusion
coeflicient, R is the gas constant and T is the temperature. The diffusion coefficient is
plotted on the right axis in Figure 5.4b. Values below 80 °C are an approximation of the
diffusion coefficient as no clear charging maxima are seen in these CVs (see Appendix,
Figure A5.10). Instead we used the lowest measured current (at around -1 V vs. Fc/Fc*).
At 140 °C the diffusion coefficient of Li* in cyanoacetamide is ~10° cm?*/s, whereas at RT,
it is 12 orders of magnitude lower, or around 10" cm?*/s. Considering the latter value, we
can estimate that it would take a Li* ion ~10" seconds (>300,000 years) to diffuse out of a
1 pm thick ZnO QD film.

So far, in all the measurements the ZnO QD film has been submerged in the electrolyte
solvent. That is, the film was inside a metal cell with a block of frozen solvent around
it. Clearly, this configuration is not suitable for use in semiconductor devices. Therefore
we also performed experiments where the film is removed from the electrolyte solution
after electrochemical doping. The film is charged at 140 °C when the solvent is liquid, the
potentiostat is disconnected and the film is quickly removed from the cell, causing the
temperature todrop and the cyanoacetamide to solidify. Since in this case we cannot measure
the potential vs. a reference electrode we now use source-drain electronic conductivity
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Figure 5.4. Electrochemical measurements for a ZnO QD film in 0.1 M LiClO, cyanoacetamide
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solution. a) CVs performed between 140 °C and 0 °C with 10 degrees interval. The scan rate is 50
mV/s. b) The peak current density obtained from the CVs (red circles) and the calculated diffusion

coefficient (blue stars). ¢) Source-drain electronic conductivity measurements for the ZnO QD film
after it has been taken out of the cyanoacetamide solution. The measurement is carried out at room

temperature, so the solution has solidified. The panel includes an inset that shows the measurements

on a longer time scale, the black trace is a guide to the eyes for the decay of the conductivity. d)

Electronic conductivity measurements performed both inside (red trace) and outside (blue trace) of
the glovebox on a ZnO QD film measured outside of the electrochemical cell. The panel also shows
conductivity measurements outside of the glovebox where a PMMA layer was added on top of the

solid cyanoacetamide (green trace).

measurements to test the doping stability, employing a home-built interdigitated electrode
(IDE) (Figure 5.4c, see an image of the film in the Appendix, Figure A5.11). The advantage
of such conductivity measurements is that they do not require additional electrodes and
can be performed on the doped film directly. Since the conductivity o is linearly related
to the charge density n via o=ney, where y is the electron mobility, the charge stability
can be probed sensitively by measuring the conductivity. In comparison, the potential in
Fermi-level stability measurements decays logarithmically with the charge carrier density,

as expressed by the Nernst law.

Figure 5.4c shows that for the first 20 hours the conductivity does not decrease at all (see a
magnified version in the Appendix, Figure A5.12), in line with the enhanced Fermi-level
stability shown in Figure 5.2d. However, on much longer time scales the conductivity
starts to gradually decrease (see inset in Figure 5.4c): after 10 days around 20% of injected

charge has left the ZnO QD film (see a normalized graph in Appendix, Figure A5.13).

Since the conductivity did not decrease in the beginning of the measurement, we speculate
that this gradual decrease on longer time scales might be due to molecular oxygen. We have
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shown in a previous study the great impact of impurities, such as oxygen, on the doping
stability of ZnO QD films.** Even the controlled atmosphere of a nitrogen filled glovebox
contains impurities, most notably oxygen, in very low concentrations (the oxygen level of
the glovebox used is typically <1 ppm). Therefore, if the solid cyanoacetamide film does
not protect the ZnO QD film against diffusion of oxygen, given long enough time oxygen
molecules will reach and oxidize the QDs. The diffusion of oxygen in cyanoacetamide
is likely influenced by the fact that cyanoacetamide does not form a smooth consistent
layer when it solidifies. Molecular oxygen has a standard reduction potential of ~-1.2 V
vs Fc/Fc*.*> However, this reaction is often irreversible, meaning that even electrons at less
negative potentials (such as the electrons in the ZnO QDs which have a potential between
-0.6 and -1.2 V vs Fc/Fc* in this experiment, set by the potential used during charging),
will react with oxygen given long enough time.

In order to see if this is the case, we performed source-drain electronic conductivity
measurements on a ZnO QD film both inside and outside of the nitrogen filled glove box
(Figure 5.4d). Inside the glovebox the conductivity is stable in the first 20 hours. When
the film is brought outside of the glovebox, the conductivity drops to intrinsic values in
less than two hours. This shows that even if the cyanoacetamide solvent is frozen and
immobilizes the electrolyte cations, it does not fully protect the film against oxygen.

One way of protecting the ZnO QD film against oxygen is to apply a protective layer on
top of the cyanoacetamide solid layer. Figure 5.4d shows a measurement for a ZnO QD
film in 0.1 M LiClO, cyanoacetamide solution with a poly(methyl methacrylate) (PMMA)
layer on top of it, measured outside of the glove box. In this case it takes over 15 hours
for the electronic conductivity to drop, compared to two hours when no PMMA is used.
Since the protection of the film with PMMA has not at all been optimized, this gives hope
that much higher stabilities could be reached. One notable interesting approach would
be to use a thin alumina coating, which can for instance be deposited using ambient
temperature Atomic Layer Deposition.*s

5.2.4 Stable doping of semiconductor materials

Since cyanoacetamide as a frozen electrolyte solvent works well to increase the stability of
electrochemically doped ZnO QD films, it is of interest to see if this method can also be
applied to other semiconducting materials. Figure 5.5 shows results for both films of PbS
QDs and the conductive polymer P3DT. Films of PbS QDs can be n-doped,*” while films
of P3DT are easily p-doped electrochemically.*® **

Figure 5.5a shows CVs for a PbS QD film in cyanoacetamide at 140 °C and at room
temperature. At 140 °C there is a large current density, corresponding to charging and
discharging of the PbS QDs with electrons. The clear separation between the reduction
peak around -1.0 V and the oxidation peak around -0.8 V vs. Fc/Fc* is only observed
when LiClO, is used as an electrolyte, but not when TBAPF, is used (see Appendix, Figure
A5.14) and is probably an indication that Li* intercalation takes place.* As expected, at
room temperature the current density in the CV has decreased drastically (a magnified
version is shown in the Appendix, Figure A5.15), as a result of the freezing of the solvent.
A similar trend is seen for P3DT in Figure 5.5b. At RT only negligible charging/discharging
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Figure 5.5. Doping other semiconducting materials in 0.1 M LiClO, cyanoacetamide. a) CVs for
a PbS QD film at 140 °C (red trace) and RT (blue trace), the scan rate is 50 mV/s. b) CVs for a P3DT
film at 140 °C (red trace) and RT (blue trace), the scan rate is 50 mV/s. ¢) Conductivity for a PbS
QD film measured outside the electrochemical cell at room temperature both before and after it is
taken out of the nitrogen filled glovebox. The black trace is a guide to the eye for the decay of the
conductivity. The panel includes an inset which shows the conductivity in approximately the last two
days of measurements. d) Conductivity for a P3DT film measured outside of the electrochemical cell
at room temperature, both inside and outside of the glovebox. The panel includes an inset which
shows the conductivity in approximately the last two days of measurements. The black trace is a guide
to the eye for the decay of the conductivity. When the film is brought out of the cell, cyanoacetamide
solidifies on top of the film.

is observed (see SI Figure S16 for a zoom in). At 140 °C the CV for P3DT shows clear hole
injection at positive potentials, although no negative current is obtained in the reverse
scan, indicating the holes are not extracted. If we look at Table 5.1 the anodic limit for
cyanoacetamide is 0.262 V vs. Fc/Fc* and we are scanning to 0.3 V vs. Fc/Fc*. Therefore,
we assume that cyanoacetamide partially oxidizes at this positive potential by reacting
with the holes in the P3DT. 1,3-dicyanobenzene might be a better choice as electrolyte
solvent for P3DT. On the other hand, it simplifies the doping process of semiconductor
films if both p and n-type doping can be performed in the same electrolyte solvent.

For both PbS QDs and P3DT we performed source-drain electronic conductivity
measurements in cyanoacetamide at RT after electrochemical doping at 140 °C. The
conductivity is plotted for the PbS QD film in Figure 5.5c and for the P3DT film in Figure
5.5d. Figure 5.5¢, shows that for the PbS QD film, the conductivity is constant for over 5
days (see also Appendix, Figure A5.17), before it starts to gradually decrease. After 40 days
the conductivity has decreased by 9.6%. If the film is taken out of the glovebox it is seen
that the rest of the charge leaves the PbS QD film within 2 hours (inset in Fig 5.5¢). This
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shows that oxidation by molecular oxygen is responsible for the drop in electron density.
As for the ZnO QD film an additional oxygen blocking layer is needed.

Figure 5.5d show the conductivity for a P3DT film. Interestingly, after 76 days of
measurements the conductivity has only dropped by 2% (see Appendix, Figure A5.18 for a
magnification). Furthermore, when the film is taken out of the glovebox, the conductivity
is not affected at all (inset in Fig 5.5d). This shows, that even if the doping takes place at
the edge of the anodic limit for cyanoacetamide, the frozen solvent is still stable enough
to maintain p-doping of the P3DT film. Additionally, the conductivity doesn’t decrease
gradually over time as for ZnO and PbS QD films. The main difference between these
materials is that PbS and ZnO QD films are doped n-type while the P3DT film is doped
p-type. Oxidation by molecular oxygen will not occur at the Fermi-level of the p-doped
P3DT, and would not decrease the hole density even if it did. Rather, the risk is in reduction
by other impurities such as water. As the conductivity does not decrease when the film is
taken out of the glovebox, it shows that cyanoacetamide is a great diffusion barrier against
impurities that oxidize at these potentials (such as water).

These measurements show that it is possible to obtain stable electrochemically doped
semiconductor films made of both QDs (PbS and ZnO) and conductive polymers (P3DT)
by the use of cyanoacetamide at room temperature. Unfortunately, the cyanoacetamide
doesn’t protect the films against oxygen in the case for n-type doping, while the p-type
doping is stable. Therefore, it is important to find a solvent which recrystallizes in such
a way that it protects the doped films against oxygen. Additionally, the electrochemical
potential window of cyanoacetamide is too limited for doping of various semiconductors.
For example, potentials of ~-1.7 V vs. Fc/Fc* are needed to n-dope CdSe QDs, and many
organic semiconductors need more positive potentials for p-doping compared to P3DT.**
%0 At last, this new solvent needs a melting point in the range of 100-200 °C to ensure stable
doping at room temperature and that the films survive. If a solvent will fulfill these three
requirements, it would be ideal for use to gain stable electrochemical doping at room
temperature.

5.3 Conclusions

In summary, we have investigated different nitriles with high melting points as
electrochemical solvents, to obtain stable electrochemically doped semiconductor films
at room temperature. We showed that the stability of n-doping in ZnO QD films is related
to both the electrochemical stability windows and the melting point of the solvents. In the
end both the melting point and the solvent stability determine the suitability of the solvent
for a stable doping by room temperature freezing. The best results for ZnO QD films were
obtained with cyanoacetamide, as the electrolyte ions are completely immobilized at room
temperature. Conductivity measurements of ZnO QD films charged in cyanoacetamide
showed that the doping density is completely stable over 20 hours at room temperature. At
longer timescales the conductivity starts to gradually decrease, and after 10 days around
20% of the injected electrons have left the ZnO QD film. This decrease is likely due to
oxidation by molecular oxygen that penetrates the frozen cyanoacetamide.

At last, we performed electrochemical measurements in cyanoacetamide for two other
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semiconductors, PbS QDs and the conductive polymer P3DT. The n-doped PbS QD
film was stable for over 5 days, but after 40 days, around 10% of the injected electrons
had disappeared. On the other hand, the p-doped P3DT film was stable over the full 76
days of the measurement (conductivity decreased by only 2%). These results show that
electrochemical doping combined with room temperature freezing of the solvent is a
promising method to prepare permanently doped semiconductor thin films, composed of
for instance colloidal QDs or organic semiconductors. Therefore, by successful protecting
of the doped film against impurities such as oxygen, the doped films can be implemented
into devices as stable electrochemically doped films at room temperature.

5.4 Methods

Materials. Zinc acetate dihydrate (Zn(CH,COO),2H,O reagent grade), potassium hydroxide
(KOH pellets), cadmium oxide (CdO, 99.999%), oleic acid (OA, 90%), 1l-octadecene (ODE,
90%), sulfur powder (S, 99.99%), oleylamine (OLA, 70%), lead chloride (PbCL, 99.999%), P3DT
(poly(3-decylthiophene-2,5-diyl), indium-doped tin oxide substrates (ITO, PGO Germany),
lithium perchlorate (LiClO,, 99.99%), tetrabutyalammonium hexafluororphosphate (TBAPF,,
98%), poly(methyl methacrylate) (PMMA), ferrocene (Fc, 98%), trans-3-hexendinitrile (97%),
cyanoacetamide (99%), 1,2-dicyanobenzene (98%), 1,3-dicyanobenzene (98%), anhydrous solvents
(acetonitrile, 99.99%, methanol, 99.8%, ethanol (maximum 0.01% H,0), hexane, 95%, chloroform,
99+%) were all purchased from Sigma-Aldrich unless stated otherwise. Acetonitrile was dried before
use in an Innovative Technology PureSolv Micro column. All other chemicals were used as received.

ZnO synthesis. ZnO synthesis was performed in air as previously described.” 3.425 mmol of Zinc
acetate dihydrate are dissolved in 50 mL ethanol at 60 °C in an Erlenmeyer flask. In a separate vial,
6.25 mmol of KOH are dissolved in 5 mL of methanol, and added dropwise to the stirred Zinc mixture.
After a wait of 1 to 2 minutes the ZnO QDs were removed from the heat source and washed by addition
of toluene. The flocculates are isolated by centrifugation at 2000 rpm for 1 minute and redissolved in
ethanol. The mixture was kept in a freezer at -20 °C to avoid further growth.

PbS synthesis. PbS QDs were synthesized following the procedure of Zhang et. al** where CdS QDs
are initially synthesized and PbS QDs are formed by Pb for Cd cation exchange.

CdS QDs were synthesized by initially heating a mixture of 1 mmol (0.128 g) CdO, 3 mmol (0.942
g) OA and 15 g of ODE for 20 minutes at 260 °C, then the temperature was set to 250 °C. The sulfur
precursor was made by dissolving S powder in ODE (0.5 M) at 130 °C. 1 mL of the sulfur precursor
was injected into the Cd precursor at 250 °C, the solution was maintained at 240 °C. After about 13
minutes additional sulfur precursor was added to the solution drop wise until the desired size was
reached. The CdS QD solution was washed twice with hexane and ethanol and centrifuged at 7500
rpm for 5 minutes. The CdS QDs were redissolved in ODE.

For the PbS QDs, PbCl, (1.5 mmol) was dissolved in OLA (5 mL) at 140 °C for 30 minutes until a white
turbid solution was formed. The solution was heated to 190 °C and 1 mL of the CdS QDs was injected
swiftly. The solution was quenched with a water bath 20 seconds later. At 70 °C 5 mL of hexane were
added and at 40 °C 4 mL of OA were added. The solution was washed 3 times with hexane and ethanol
and centrifuged at 7500 rpm for 5 minutes. The PbS QDs were redissolved in hexane.
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Film preparation. All films were deposited on two different working electrodes (WE). The former one
is an ITO electrode while the second one is a home-built interdigitated gold electrode (IDE). The ZnO
quantum dot films were drop-casted on top of the substrate in air and annealed at 60 °C for an hour.

The PbS quantum dot films were made by dip-coating. Initially the substrate is dipped in the quantum
dot solution, followed by dipping the substrate in methanol containing TBAI (11 mg/mL). The
substrate was kept in the solution for around 30 seconds before being washed in a methanol solution
for about 10 seconds.

For the P3DT films, 10 mg/mL of P3DT were dissolved in 1,2-dichlorobenzen. The solution was spin
coated on the substrate for 60 seconds at 3000 RPM, with a ramp of 1000 RPM/s.

When PMMA was used as a protective layer, the PMMA solution (5 w% in chloroform) is drop casted
on top of the film. This process was repeated several times.

Electrochemical measurements. All electrochemical measurements were performed in a
nitrogen filled glovebox (moisture < 0.05 ppm and O2 level < 0.1 ppm) unless stated otherwise.
The measurements were performed either with an Autolab PGSTAT128N or Autolab PGSTAT204
potentiostat in a three electrode electrochemical cell. The working electrode (WE) was either ITO or a

gold IDE, the counter electrode (CE) was a platinum sheet and the reference electrode (RE) was a Ag
pseudoreference electrode. The reference electrode was calibrated with the ferrocene/ferrocenium (Fc/
Fc*) couple before every measurement, and all potentials are given versus the Fc/Fc* couple.

Source-drain electronic conductivity measurements. The source-drain electronic conductivity
measurements were performed as previously described with the homemade IDE.* Initially, the
semiconductor film was charged by the use of a potentiostat. After a desired doping density was reached,
the sample was disconnected from the potentiostat and the source-drain electronic conductance was
measured with a Keithly 2400 source meter. After the potentiostat was disconnected, charges could no
longer be injected into the semiconductor. The used source-drain potential was 10 mV.

From the measured conductance, the conductivity, o, can be calculated with Equation 5.3:
0=(Gxw)/(Ixh) 5.3

where G is the conductance, w is the source-drain width, 1 is the gap length and h is the height of the
sample.

For calculation of the conductivity for ZnO QD films, a common thickness of 1 pm is used.”

For calculation of the conductivity for both PbS QD films and P3DT films, thickness measurements
proved complicated due to the solid cyanoacetamide layer on top of the film. Therefore, the thickness
of a PbS QD film and a P3DT film made in the same way are used. By using Dektak profilometer, the
thickness for the PbS QD film was measured as approximately 90 nm, while it was approximately 30
nm for the P3DT film.

Fermi-level stability measurements. Fermi-level stability measurements were performed as
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previously described.*®** The sample was charged with a potentiostat, and when a desired doping

density was reached and the system had reached an equilibrium, the CE was disconnected from the

cell. This means that electrons could no longer be injected or extracted from the semiconductor film,

while the potential of the WE vs. the RE was monitored. The measured potential is connected to the

Fermi-level of the film. If injected charges left the film, the Fermi-level decayed into the band gap of

the semiconductor. This means that the potential would decay to its original value (the open circuit

potential) before charge injection took place.
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Appendix

Calculations for current densities.

The current densities in the paper are given for two different electrodes, an IDE and an ITO.
When a semiconductor film is measured, the area of the film is used. In electrochemical
stability measurements a blank Au electrode is used. During the measurement the four
gold contacts are shorted, therefore the area of the electrode that touches the solvent is
used.
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Figure A5.1. Electrochemical stability measurements in 0.1 M LiClO, trans-3-hexendinitrile solution
with a blank Au electrode. The CV is performed when the solvent is liquid (100 °C) The scan rate is 50
mV/s and is started around -0.2 V vs. Fc/Fc* in the cathodic direction.
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Figure A5.2. CV of a ZnO QD film in 0.1 M LiClO, trans-3-hexendinitrile at room temperature. The
scan rate is 50 mV/s.
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Figure A5.3. CV of a ZnO QD film in 0.1 M LiClO, cyanoacetamide at room temperature. The scan
rate is 50 mV/s.
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Figure A5.4. CV when the potentiostat is not connected to anything, that is the noise of the
potentiostat. The scan rate is 50 mV/s.
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Figure A5.5. CV of a ZnO QD film in 0.1 M LiClO, 1,2-dicyanobenzene at room temperature. The
scan rate is 50 mV/s.
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Figure A5.6. CV of a ZnO QD film in 0.1 M LiClO, 1,3-dicyanobenzene at room temperature. The

scan rate is 50 mV/s.

DSC measurements
DSC measurements were performed with Perkin Elmer Diamond DSC in nitrogen
atmosphere at a scanning rate of 10 °C/s.
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Figure A5.7. DSC measurements performed on cyanoacetamide.
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Figure A5.8. DSC measurements performed on 0.1 M LiClO, cyanoacetamide.
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Figure A5.9. DSC measurements performed on 0.5 M LiClO4 cyanoacetamide.
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Figure A5.10. CVs performed in 0.1 M LiClO, in cyanoacetamide for a ZnO QD film at different
temperatures.

Figure A5.11. An image of a ZnO QD film with a thin layer of solid 0.1 M LiClO, cyanoacetamide on
top of the sample.
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Figure A5.12. Conductivity measurements for a ZnO QD film with a thin layer of 0.1 M LiClIO
cyanoacetamide solution on top of it. The source-drain difference is 10 mV.
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Figure A5.13. Normalized conductivity for a ZnO QD film with a thin cover of 0.1 M LiClO
cyanoacetamide solution on top of it. The source-drain difference is 10 mV.
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Figure A5.14. CV for PbS QD film measured in 0.1 M TBAPF, cyanoacetamide solution at 140 °C.
The scan rate is 50 mV/s.
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Figure A5.15. CV of a PbS QD film in 0.1 M LiCIO, cyanoacetamide at room temperature. The scan
rate is 50 mV/s.
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Figure A5.16. CV of a P3DT film in 0.1 M LiCIO, cyanoacetamide at room temperature. The scan
rate is 50 mV/s.
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Figure A5.17. Normalized conductance for a PbS QD film with a thin layer of solid 0.1 M LiCIO,
cyanoacetamide on top. The source-drain potential is 10 mV and the measurement is performed at
room temperature.
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Figure A5.18. Normalized conductivity for a P3DT film with a solid 0.1 M LiClO, cyanoacetamide
on top. The source-drain potential is 10 mV and the measurement is performed at room temperature.
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Summary and outlook

Control over the charge carrier density of semiconductor materials is essential for various
electronic devices. Unfortunately, common electronic doping methods have not always
been successful for new generations of semiconductors, such as organic semiconductors
and colloidal quantum dots. Therefore, a new doping method that offers a great control
over the charge carrier density is needed. Electrochemistry is a powerful way of doping
porous semiconductor films, where the charge carrier density can be controlled by a
button on a potentiostat. Unfortunately, when the semiconductor film is disconnected
from the potentiostat, injected charges leave the film. The work performed in this thesis
is aimed to understand electrochemical doping and the instability with the final goal of
producing stable electrochemically doped semiconductor films at room temperature for
the use in devices.

Chapter 1 introduces the main concepts used in this thesis. The chapter starts by
describing the electronic doping process in semiconductors in detail, and it is explained
why we need doping of semiconductors for electronic devices. Two different doping
methods are discussed, internal doping (impurity doping) and external doping; the latter
can be split up into chemical and electrochemical doping. It is furthermore explained
why the most common doping process, impurity doping, does not work well for both
organic semiconductors and quantum dots. Finally, electrochemical doping is discussed
as a promising way of doping porous semiconductor films. In electrochemical doping,
charge is injected into either the conduction band or the valence band of a semiconductor.
To neutralize the injected charge, electrolyte ions diffuse into the voids of the film.
These electrolyte ions are external dopants. Unfortunately, the doping stability at room
temperature is not good but at temperatures lower than 200 K the doped films are usually
stable.

In order to provide stable electrochemically doped semiconductor films at room
temperature, the doping process needs to be understood. In Chapter 2 the role of the
electrolyte ions in electrochemical doping is investigated. Spectro-electrochemical and
electrochemical transistor measurements are used to investigate the effect of various
electrolyte cations on electrochemical doping of ZnO QD films. It is observed that
electron injection is limited by the diffusion of electrolyte cations into the voids of the
film. Additionally, both the concentration and the size of the cation can affect the charge
injection greatly. Strikingly, the onset of charge injection depends on the size of the cation,
as it is at more positive potential for small ions such as Li* and Na*. This suggest that both
Li* and Na* intercalate into the nanocrystals, while for the larger ions that is not possible
due to steric hindrance. At last it is shown that the electrolyte cations do not affect the
source-drain electronic conductivity.

In Chapter 3 various electrolyte solvents are investigated to see if stable electrochemically
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doped films can be made at room temperature. The used solvents are chemically similar
to common electrolyte solvents, but have a higher melting point (ranging from 37-109
°C). Therefore, at room temperature the solvent should be frozen in the pores of the
semiconductor film, and both impurities and electrolyte ions should be immobilized. By
charging various porous semiconductor films at elevated temperature in different solvents,
the charge stability at room temperature increases immensely, from seconds to days. Also
at -75 °C by using succinonitrile (mp: 57 °C) as the electrolyte solvent, the injected charge
becomes entirely stable on the time scale of our measurements. This shows that at such
low temperature the solvent is frozen even inside the pores of the films. Unfortunately, the
doped films are not completely stable at room temperature. This shows that the solvent
is not completely frozen at room temperature, and that recrystallization occurs at much
lower temperature in the nanopores of the film.

In order to gain stable doped films at room temperature, it is important to know the
dominant process by which injected charges disappear. Therefore, in Chapter 4 we
perform electrochemical measurements on ZnO QD films of different thickness. We find
that the doping stability increases with film thickness, which implies that impurities are
the main reason for charge disappearance, rather than intrinsic electrochemical reactions
of the ZnO QDs. In order to decrease the effects of impurities on the doping stability on
ZnO QDs, we reduce these impurities. That is, we either apply a negative potentials or use
reducing agents to reduce solvent impurities before doping of ZnO QD films takes place.
After impurity reduction, the doping stability increases immensely. Unfortunately, this
only lasts a limited amount of time as more redox active impurities will inevitably diffuse
into the doped films on long timescales. To further minimize the effect of impurities from
the solvent we have taken the films out of the electrolyte after charging and dried them in
various way. In all cases this enhances the doping stability. The best results are obtained
by using succinonitrile as solvent, charging just above its melting point and removing the
film from the warm solution. In the best case this resulted in a drop of the charge density
of only 4% in two hours.

As succinonitrile is the only solvent in Chapter 3 that showed stable electrochemically
doped films, even if it was at -75 °C, nitrile solvents with higher melting points were
investigated in Chapter 5. As in chapter 3, the films are doped when the solvent is
liquid, and the doping stability is measured at lower temperatures. Of the high melting
point nitriles, cyanoacetamide gave the best results: at room temperature the estimated
diffusion coefficient of electrolyte cations is only 10" cm?/s. This means that it would take
a Li* ion 300.000 years to diffuse through the ZnO QD film. Additionally, conductivity
measurements were performed outside of the electrochemical cell. That is, the film
is charged in liquid cyanoacetamide and then it is taken out of the solution where the
cyanoacetamide solidifies around the film. We find that the conductivity of the n-doped
ZnO QD film does not decrease at all for over 20 hours. Unfortunately, on longer time
scales the injected charges gradually leave the film, causing the conductivity to decrease
by 10% in 40 days. The same is seen for PbS QD films, where the conductivity was stable
for over 5 days, but then started to gradually decrease. This is most likely due to molecular
oxygen that can reach the QDs on long time scales. At last, p-type doping was performed
for a P3DT film in cyanoacetamide, which gave a fully stable electrochemically doped
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Figure 1. PbS QD films diode measurements. a) A schematic of a home-built interdigitated
electrode (IDE) containing a PbS QD film. The interdigitated electrodes are used for the formation
of a pn-junction diode by doping a part of the sample n-type with one working electrode and the
rest of the sample p-type with second working electrode. b) Diode measurements for a PbS QD film
with EDT as a cross-linking ligand in 0.1 M LiClO, cyanoacetamide at room temperature. The panel
includes an uncharged film (0 V bias applied over the film, black trace) and a measurement where 1.4
V bias is applied between the two working electrodes (red trace). A magnification of the uncharged
measurement is an inset.

film at room temperature both inside and outside of a nitrogen filled glovebox. The reason
for the difference between the QD films and P3DT is most likely that in p-type doping
other impurities (mostly water) play a role in charge disappearance than for n-type doping
(mostly oxygen).

Opverall the results of this thesis show that it is possible to use electrochemical doping on
a very wide range of porous semiconductors and that the doping density can be stabilized
by using solvents that are frozen at RT. It is expected that the application of a proper gas
diffusion barrier, such as Al O, could stabilize the charge density completely.

Future work includes making stable electrochemically doped films that survive in the
oxygen rich atmosphere, and to use them in devices. Before designing a proper gas
diffusion barrier it is possible to see if a stable pn junction diode can be made inside a
glovebox. Promising preliminary measurements have been performed on PbS QD films
in cyanoacetamide solution at room temperature. PbS QDs are used as they can be doped
both n and p-type. By using a home-built interdigitated gold electrode, it is possible to
use one working electrode to dope a part of the sample n-type, while another working
electrode will dope another part of the sample p-type (Fig 1a). The doping process takes
place at elevated temperature when the solvent is liquid. After the p-n junction has been
made, the temperature is lowered to room temperature, so the cyanoacetamide solidifies.

Figure 1b shows two IV measurement for PbS QD films performed in 0.1 M LiCIO,
cyanoacetamide at room temperature. In the first measurement the sample is uncharged
(no bias is applied between the two working electrodes), and a symmetric curve is seen, as
expected. However, by applying a 1.4V bias (more than the 1 eV bandgap of the PbS QDs)
between the two interdigitated electrodes a strongly asymmetric IV curve is obtained.
This diode-like curve demonstrates that the pn junction is indeed formed. The application
of alarge bias does not destroy the pn junction since ions can no longer move in the frozen
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solvent. The obtained ratio of the current at forward bias compared to reversed bias is
between 10 and 40 for multiple samples. This shows that a diode is formed, although there
is room for improvement.
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Samenvatting en vooruitzichten

Controle over de ladingsdichtheid van halfgeleidermaterialen is essentieel voor
verschillende  elektronische  toepassingen.  Gemeenschappelijke  elektronische
doteringsmethodes zijn helaas niet altijd succesvol geweest voor nieuwe generaties
halfgeleiders, zoals organische halfgeleiders en colloidale kwantum-stippen. Daarom is
een nieuwe doteringmethode nodig die goede controle geeft over de ladingsdichtheid.
Elektrochemie is een methode waarmee poreuze halfgeleiderfilms te gedoteerd
kunnen worden, waarbij de ladingsdichtheid kan worden geregeld met behulp van een
potentiostaat. Wanneer halfgeleiderfilm wordt losgekoppeld van de potentiostaat, verlaten
geinjecteerde ladingen de film. Het werk in dit proefschrift is gericht op het begrijpen
van elektrochemische dotering en de instabiliteit van de geinjecteerde ladingen, met als
uiteindelijk doel het produceren van stabiele elektrochemisch gedoteerde halfgeleiderfilms
bij kamertemperatuur voor gebruik in apparaten.

Hoofdstuk 1 introduceert de belangrijkste concepten die in dit proefschrift worden
gebruikt. Het hoofdstuk begint met een gedetailleerde beschrijving van het elektronische
doteringproces in halfgeleiders en er wordt uitgelegd waarom we dotering van
halfgeleiders voor elektronische apparaten nodig hebben. Er worden twee verschillende
doteringmethoden besproken, interne dotering (onzuiverheidsdotering) en externe
dotering; deze laatste kan worden opgesplitst in chemische en elektrochemische
dotering. Verder wordt uitgelegd waarom het meest voorkomende doteringproces,
onzuiverheidsdotering, niet goed werkt voor zowel organische halfgeleiders als kwantum-
stippen. Ten slotte wordt elektrochemische dotering besproken als een veelbelovende
manier om poreuze halfgeleiderfilms te doteren. Bij elektrochemische dotering wordt
lading geinjecteerd in de geleidingsband of de valentieband van een halfgeleider. Om de
totale lading van een film neutraal te houden, diffunderen elektrolytionen in de holtes van
de film. Deze elektrolytionen zijn externe doterings-deeltjes. Helaas is de stabiliteit van de
dotering bij kamertemperatuur niet goed, maar bij temperaturen lager dan 200 K zijn de
ladingen in de gedoteerde films meestal stabiel.

Om stabiele elektrochemisch gedoteerde halfgeleiderfilms bij kamertemperatuur te
verkrijgen, moet het doteringsproces worden begrepen. In Hoofdstuk 2 wordt de rol van
de elektrolyt-ionen bij elektrochemische dotering onderzocht. Spectro-elektrochemische
en elektrochemische transistormetingen worden gebruikt om het effect van verschillende
elektrolytkationen op elektrochemische dotering van ZnO QD-films te onderzoeken.
Wat we concluderen is dat elektroneninjectie wordt beperkt door de diffusie van
elektrolytkationen in de holtes van de film. Bovendien kunnen zowel de concentratie
als de grootte van het kation de ladinginjectie sterk beinvloeden. Opvallend is dat het
startpotentiaal van de ladinginjectie athangt van de grootte van het kation, omdat het een
positiever potentiaal heeft voor kleine ionen zoals Li* en Na*. Dit suggereert dat zowel
Li* als Na* intercaleren in de nanokristallen, terwijl dat voor grotere ionen niet mogelijk
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is vanwege sterische hindering. Er wordt ook aangetoond dat de elektrolytkationen de
source-drain elektronische geleidbaarheid niet beinvloeden.

In Hoofdstuk 3 worden verschillende elektrolytoplosmiddelen onderzocht om
te zien of stabiele elektrochemisch gedoteerde films gemaakt kunnen worden bij
kamertemperatuur. De gebruikte oplosmiddelen zijn qua chemische structuur
vergelijkbaar met reguliere elektrolytoplosmiddelen, maar hebben een hoger smeltpunt
(variérend van 37-109 °C). Daardoor is het oplosmiddel bij kamertemperatuur bevroren
in de porién van de halfgeleiderfilm en kunnen zowel onzuiverheden als elektrolytionen
worden geimmobiliseerd. Door verschillende poreuze halfgeleiderfilms bij verhoogde
temperatuur in verschillende oplosmiddelen op te laden, neemt de ladingsstabiliteit
bij kamertemperatuur enorm toe, van enkele seconden tot dagen. Ook in succinonitril
als elektrolyt oplosmiddel (mp: 57 °C) bij -75 °C wordt de geinjecteerde lading volledig
stabiel op de tijdschaal van onze metingen. Dit toont aan dat het oplosmiddel bij lage
temperaturen zelfs in de porién van de films wordt bevroren. Helaas zijn de gedoteerde
films niet volledig stabiel bij kamertemperatuur. Dit toont aan dat het oplosmiddel niet
volledig bevriest bij kamertemperatuur en dat herkristallisatie plaatsvindt bij veel lagere
temperatuur in de nanoporién van de film.

Om stabiele gedoteerde films bij kamertemperatuur te maken, is het belangrijk om het
dominante proces te kennen waardoor geinjecteerde ladingen verdwijnen. Daarom voeren
we in Hoofdstuk 4 elektrochemische metingen uit op ZnO QD-films van verschillende
diktes. We vinden dat de doteringsstabiliteit toeneemt met filmdikte, wat impliceert dat
onzuiverheden de belangrijkste reden zijn voor het verdwijnen van ladingen, in plaats
van intrinsieke elektrochemische reacties van de ZnO kwantum-stippen. Om de effecten
van onzuiverheden op de doteringstabiliteit op ZnO kwantum-stippen te verminderen,
verwijderen we deze onzuiverheden. Dat wil zeggen, we passen ofwel een negatieve
potentiaal toe of gebruiken reductiemiddelen om de hoeveelheid onzuiverheden in de
oplosmiddelen te verminderen voordat dotering van ZnO QD-films plaatsvindt. Na
vermindering van onzuiverheid neemt de doteringsstabiliteit enorm toe. Helaas duurt
dit slechts een beperkte hoeveelheid tijd, omdat meer redox-actieve onzuiverheden
onvermijdelijk in de gedoteerde films op lange tijdschalen zullen difftunderen. Om het
effect van onzuiverheden uit het oplosmiddel verder te minimaliseren, hebben we de
films na het opladen uit het elektrolyt gehaald en op verschillende manieren gedroogd.
Dit verhoogt in alle gevallen de doteringstabiliteit. De beste resultaten worden verkregen
door succinonitril als oplosmiddel te gebruiken, de film net boven het smeltpunt op te
laden en de film uit de warme oplossing te verwijderen. In het beste geval resulteerde dit
in een vermindering van de ladingsdichtheid van slechts 4% in twee uur.

Aangezien succinonitril het enige oplosmiddel in Hoofdstuk 3 was waarmee we stabiele
elektrochemisch gedoteerde films verkregen, zelfs als het bij -75 °C was, werden
nitriloplosmiddelen met hogere smeltpunten onderzocht in Hoofdstuk 5. Net als in
hoofdstuk 3 worden de films gedoteerd wanneer het oplosmiddel is vloeibaar en wordt
de doteringsstabiliteit gemeten bij lagere temperaturen. Van de nitrillen met een hoog
smeltpunt gaf cyanoacetamide de beste resultaten: bij kamertemperatuur is de geschatte
diffusiecoéfficiént van elektrolytkationen slechts 102" cm2/s. Dit betekent dat het 300.000
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Figuur 1: a) Schematische weergave van de elektrode en de verdeling van potentiaal over de
geinterdigiteerde goud-‘vingers. b) CVs uitgevoerd op een film van PbS kwantum-stippen in vaste 0.1
M LiClIO, in cyanoacetamide. Zwart: de onopgeladen film, waarbij voor de meting een 1.4 V source-
drain spanning is aangelegd. Rood: de film die wel is opgeladen voor de metingen. We zien een factor
10-40 verhoging van de stroom die loopt bij

jaar zou duren om een Li* ion te laten diffunderen door de ZnO QD-film. Daarnaast
werden geleidbaarheidsmetingen uitgevoerd buiten de elektrochemische cel. De film
wordt opgeladen in vloeibaar cyanoacetamide en vervolgens uit de oplossing gehaald
waar het cyanoacetamide rond de film stolt. We vinden dat de geleidbaarheid van de
n-gedoteerde ZnO QD-film gedurende meer dan 20 uur helemaal niet afneemt. Helaas
verlaten de geinjecteerde ladingen op langere tijdschalen de film geleidelijk, waardoor de
geleidbaarheid in 40 dagen met 10% afneemt. Hetzelfde wordt gezien voor films van PbS
kwantum-stippen, waar de geleidbaarheid meer dan vijf dagen stabiel was, maar daarna
geleidelijk begon af te nemen. Dit komt waarschijnlijk door moleculaire zuurstof die de
kwantum-stippen op lange tijdsschalen kan bereiken. P-type dotering is uitgevoerd voor
een P3DT-film in cyanoacetamide, wat een volledig stabiele elektrochemisch gedoteerde
film bij kamertemperatuur opleverde. De reden voor het verschil tussen de films van
kwantum-stippen en P3DT is hoogstwaarschijnlijk dat bij p-type dotering andere
onzuiverheden (meestal water) een rol spelen bij het verdwijnen van ladingen dan bij
n-type dotering (meestal zuurstof).

Al met al laten de resultaten van dit proefschrift zien dat het mogelijk is om
elektrochemische dotering toe te passen op een zeer breed scala aan poreuze halfgeleiders
en dat de doteringsdichtheid kan worden gestabiliseerd door oplosmiddelen te gebruiken
die bij kamertemperatuur zijn bevroren. Verwacht wordt dat het gebruik van een goede
gasdiffusiebarriére, zoals Al,O,, de ladingsdichtheid volledig zou kunnen stabiliseren.

Toekomstig werk omvat het maken van stabiele elektrochemisch gedoteerde films, waarbij
de gedoteerde ladingen de zuurstofrijke atmosfeer overleven en waarbij de films in
apparaten gebruikt kunnen worden. Voordat een goede gasdiffusiebarriere is ontworpen,
is het mogelijk om te zien of een stabiele pn-junctiediode in een handschoenenkast kan
worden gemaakt. Er zijn veelbelovende metingen uitgevoerd op film van PbS kwantum-
stippen in cyanoacetamide-oplossingen bij kamertemperatuur. PbS kwantum-stippen
worden gebruikt omdat ze zowel n als p-type kunnen worden gedoteerd. Door een
zelfgebouwde, integedigiteerde goud-elektrode te gebruiken, is het mogelijk om één
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werk-elektrode te gebruiken om een deel van het monster n-type te dopen, terwijl een
andere werk-elektrode een ander deel van het monster p-type zal dopen (Fig 1a). Het
doteringsproces vindt plaats bij verhoogde temperatuur wanneer het oplosmiddel
vloeibaar is. Nadat de p-n-overgang is gemaakt, wordt de temperatuur verlaagd tot
kamertemperatuur, zodat het cyanoacetamide stolt.

Figuur 1b toont cyclisch voltammogrammen (CVs) uitgevoerd op dezelfde PbS film
in een vaste 0.1 M LiClO, cyanoacetamide-oplossing bij kamertemperatuur. De eerste
meting wordt uitgevoerd wanneer het monster niet is opgeladen, terwijl de tweede
meting wordt uitgevoerd wanneer het monster is opgeladen door een 1.4 V source-drain
spanning. De spanning wordt aangelegd wanneer de oplossing vloeibaar is, de film wordt
uit de oplossing gehaald (terwijl de spanning nog steeds wordt aangelegd). De CV wordt
gemeten wanneer de cyanoacetamide-oplossing is gestold. De CV van het ongeladen
monster vertoont, zoals verwacht, een symmetrische curve rond 0 V. In figuur 1b is de
curve niet symmetrisch rond 0 en lijkt de het op een (niet ideale) diode.

Zoals hierboven vermeld, toont Figuur 1 voorlopige resultaten. Deze veelbelovende
resultaten tonen aan dat elektrochemische dotering van verschillende halfgeleiderfilms
voor gebruik in functionele apparaten (zoals diodes) nuttig kan zijn, maar laten ook zien
dat dit verder geoptimaliseerd moet worden.
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