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Electrochemical doping of semiconductor materials

FIELD OF THE INVENTION
The invention relates to a method for providing a doped semiconductor layer.
The invention further relates to a doped semiconductor layer. The invention further relates to

the use of the doped semiconductor layer in a semiconductor device.

BACKGROUND OF THE INVENTION

Methods for doping semiconductor materials are known in the art. For
example, US20060149002A1 describes a method for forming a conjugated polymer which is
doped by a dopant including the steps of (a) adding a doping agent comprising a dopant
moiety to a solution containing the conjugated polymer or a precursor thereof and, optionally,
a second polymer, the dopant moiety being capable of bonding to the conjugated polymer,
precursor thereof or the second polymer; (b) allowing the dopant moiety to bond to the
conjugated polymer, precursor thereof or the second polymer to perform doping of the
conjugated polymer, wherein the amount of doping agent added in step (a) is less than the
amount required to form a fully doped conjugated polymer.

Yuen J, et al., “Electrochemical Doping in Electrolyte-Gated Polymer
Transistors”, Journal of the American Chemical society, 2007 describes charge injection into
a polymer film which is in contact with an electrolyte, causing ions to move from the
electrolyte into the bulk of the polymer.

W02004017422 relates to a material for an intermediate layer of an organic
photovoltaic component. It describes that the photovoltaic component has an improved
efficiency by the adaptation of a working function.

FR2759495 describes a polymer semiconductor device comprising a rectifying
function formed by a polymer film between a first and a second electrode, the polymer film
constituting a host matrix for polar molecules, the polar molecules being electrically oriented
in a direction perpendicular to the electrodes, the electric charges of the polar molecules

having the same sign being directed towards the same electrode.
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SUMMARY OF THE INVENTION

Impurity doping, the intentional introduction of impurity atoms to
semiconductor materials to control the charge carrier density, may be at the heart of the
semiconductor industry. Over the last decades several new promising semiconductor
materials may have emerged, including semiconductive polymers, fullerenes, semiconducting
organic molecules, semiconducting metal organic frameworks and (colloidal) quantum dots.
However, these semiconductor materials may have the caveat in common that their charge
carrier density may not be easily tuned via methods of impurity doping that were developed
for bulk inorganic semiconductors such as for silicon semiconductors and for other bulk
((semi-)crystalline) semiconductors such as Ge, GaAs, InP, and CdTe semiconductors. This
may limit the application of these new promising semiconductor materials in semiconductor
devices.

The electronic doping of aforementioned new promising materials may be a
huge challenge. The ability to dope these materials on an industrial scale may be limited
(organic semiconductors) or may even be absent (quantum dots, metal organic frameworks).
The state of the art for organic semiconductors may be that they can be doped via molecular
doping; the addition of redox molecules that donate electrons or electron holes to the organic
semiconductor. Challenges with molecular doping may include a limited control over the
doping density through complex interactions between the molecular dopants and the
semiconductor, which may result in limited control over the concentration and/or the spatial
distribution of the dopant molecules, as well as diffusion of the organic dopant molecules,
which may result in unstable charge densities that prevent long term use in devices.

Prior art methods for the doping of semiconductor materials may be unsuitable
for the doping of new promising semiconductor materials, may provide insufficient control
over the doping process, may be practically incompatible with semiconductor applications,
may require substantial process optimization due to different process condition requirements
for different semiconductor materials, may be limited to specific dopants, and/or may provide
unstably doped semiconductor materials.

Hence, it is an aspect of the invention to provide an alternative method for
providing a doped semiconductor material, which preferably further at least partly obviates
one or more of above-described drawbacks. The present invention may have as object to
overcome or ameliorate at least one of the disadvantages of the prior art, or to provide a useful

alternative.
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Surprisingly, the inventors discovered that a reversibly doped semiconductor
layer doped via electrochemical doping can be hardened to provide a (stably) doped
semiconductor layer.

Electrochemical doping of organic semiconductors may be a means to actively
temporarily switch the conductivity in an organic transistor. Typically, in electrochemical
doping, a layer (also “film”) may be deposited on a working electrode and charge may be
injected into the layer from the electrode. To neutralize the injected charge, electrolyte ions
of the opposite charge may diffuse into the layer and act as external dopants. The amount of
injected charge and thus the placement of the Fermi level may be determined by the potential
applied to the working electrode, for example with a potentiostat, and may thus be precisely
controlled. However, when the charged layer is disconnected from the working electrode it
has been repeatedly observed in the prior art that the injected charge disappears. This loss of
charge carrier density may, for example, be due to electrochemical reactions with impurities
or intrinsic electrochemical reactions with the material itself or, when used in devices, applied
voltages may cause diffusion of ions that act as external dopants resulting in a change of the
doping density.

Surprisingly, the inventors discovered that the injected charge may be
stabilized by immobilizing the ions at the doped semiconductor material, while the injected
electrons (or holes) may still move within the hardened semiconductor material.

Therefore, in a first aspect, the invention provides a method for providing a
doped semiconductor layer, wherein the method comprises: - a charge injection stage
comprising imposing a potential difference between (1) a layer arranged on an (electrically
conductive) substrate and (ii) a reference electrode, wherein the layer comprises a
semiconductor material, and wherein the layer is in fluid contact with an electrolyte solution
comprising ions, wherein the layer is porous to the electrolyte solution, thereby introducing
ions into the layer; and - an immobilization stage comprising immobilizing the ions in the
layer; thereby providing the doped semiconductor layer.

The method according to the invention may open up new and enticing
possibilities such as the development of improved and tunable properties, and the
establishment of cheap, competitive and environmentally friendly processing conditions. The
method may be broadly applicable for the electronic doping of semiconductor materials
without the need to search for and optimize new molecular dopants for each semiconductor

material.
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The method according to the invention may provide a doped semiconductor
layer having a desired spatial distribution of charge carrier density by successively and
selectively immobilizing parts of the layer while imposing different potential differences (see
further below). This may enable the design of new device geometries, such as lateral pn
junctions that could enable easy on chip integration of, for example, solution processable
LEDs.

A semiconductor material (also “semiconductor”) is a material having an
electrical conductivity that falls between a metal and an insulator. The electrical conductivity
of a material may depend on the (number of) partially filled electron states near the Fermi
level of the material; the electrons occupying these electron states may move around relatively
freely, thereby allowing electrical conductivity. Typically, a metal — a good electrical
conductor — has many partially filled electron states near the Fermi level, an insulator has few
partially filled electron states near the Fermi level, and a semiconductor falls in between, i.e.,
for insulators and semiconductors the Fermi level falls in an energy range wherein no electron
states are available; a band gap. However, for a semiconductor this band gap is relatively
small allowing, for example, thermal excitation of electrons from the valence band to the
conduction band, resulting in partially filled electron states in the valance band and in the
conduction band.

The semiconductor material may be arranged in a (thin) layer (also: “film”) on
an electrically conductive substrate, i.e., a layer comprising a semiconductor material may be
arranged on an electrically conductive substrate. The layer may substantially cover a surface
of the electrically conductive substrate. In embodiments, the layer may have a thickness > 20
nm, such as > 50 nm, especially > 100 nm, such as > 200 nm, especially > 500 nm, such as >
1000 nm, especially > 1500 nm. The layer is porous to the electrolyte solution. Hence, the
layer may comprise part of the electrolyte solution. In embodiments, the layer may further
comprise a binder and/or cross-linking molecules.

The electrically conductive substrate may comprise or be functionally coupled
to a working electrode, especially a working electrode arranged in an electrolytic cell. Hence,
in embodiments, the layer may be arranged on a working electrode. The layer may be in fluid
contact with an electrolyte solution. In embodiments, the electrically conductive substrate

may be used as working electrode.
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The electrolyte solution comprises ions, especially ions having a size suitable
for entering the layer, 7.e., the layer may be a porous layer comprising pores having a pore
size Sp and the ions may have an ion size smaller than the pore size S,.

The electrolyte solution may be in fluid contact with a reference electrode (or
“counter electrode”). In embodiments, the working electrode and the electrolyte solution and
the reference electrode may be arranged in an electrolytic cell, i.e., an electrolytic cell may
comprise the working electrode, the electrolyte solution and the reference electrode. In further
embodiments, the electrolytic cell may be controlled by a potentiostat.

The charge injection stage comprises imposing a potential difference between
the layer arranged on the electrically conductive substrate and the reference electrode,
especially resulting in a charge injection in the layer, more especially a charge injection in the
semiconductor material. In embodiments, the potential difference may be selected to provide
a positive charge injection. The term “positive charge injection” refers to an electron leaving
the valence band of the semiconductor material, resulting in a positive charge of the
semiconductor material, and resulting in an electron hole in the valence band (and thereby in
partially filled electron states in the valence band). In further embodiments, the potential
difference may be selected to provide a negative charge injection. The term “negative charge
injection” refers to an electron entering the conduction band of the semiconductor material,
resulting in a negative charge of the semiconductor material, and resulting in partially filled
electron states in the conduction band. The term “charge injection” may be used herein to
refer both to “positive charge injection” and “negative charge injection™.

A semiconductor material having a positive charge injection resulting in
electron holes in the valence band may be referred to as a P-type semiconductor.

Similarly, a semiconductor material having a negative charge injection
resulting in electrons in the conduction band may be referred to as an N-type semiconductor.

It will be clear to the person skilled in the art that the potential difference
required for a charge injection may depend on several factors, including, for example, the
desired charge carrier density, the semiconductor material, the type of reference electrode
used, the temperature, the composition of the electrolyte solution, the porosity of the
semiconductor material, and duration (of imposing the potential difference). The Fermi level
in the semiconductor layer corresponds to the applied potential difference added to the Fermi
level of the reference electrode. The desired Fermi level depends in first instance on the

desired charge carrier density in the semiconductor material (which differs for different
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applications), as well as the conduction or valence band of the semiconductor material and
the Fermi level of the reference electrode that is used. The person skilled in the art will be
capable of selecting a potential difference and other parameters suitable for the desired charge
injection. In embodiments, optical spectroscopy and/or electrical conductivity measurements
may be used to determine whether the desired charge carrier density is reached.

The conductivity of a semiconductor material may be modified via the
introduction of a dopant into the semiconductor material. A dopant is an intentionally
introduced impurity that modifies the electrical conductivity of the semiconductor material.

Herein, the term “dopant” may especially be used to refer to an ion stabilizing
the charge injected into the semiconductor material, ie., stabilizing the positive charge
resulting from an electron hole in the valence band or stabilizing the negative charge resulting
from an electron in the conduction band.

The term “ions™ herein may refer to cations, anions, and to a mixture of cations
and anions as appropriate. For example, it will be clear to the person skilled in the art that the
term “ions” in a phrase such as “ions stabilizing a positive charge injection” will refer to
anions, and that the term “ions” in a phrase such as “ions stabilizing a negative charge
injection” will refer to cations.

The charge injection stage may provide a (reversibly) doped semiconductor
layer. The (reversibly) doped semiconductor layer comprises a semiconductor material and
ions, wherein the semiconductor material comprises an injected charge, and wherein the ions
stabilize the injected charge. The stabilization of the charge may facilitate maintaining the
electron or the electron hole in respectively the conduction band or the valence band.
However, the (reversibly) doped semiconductor layer may not be stable as the ions are not
immobilized, i.e., the injected charge and the ions may be lost if the potential difference is no
longer imposed between the layer and the reference electrode, and particularly if electric fields
are present, such as in a working semiconductor device selected from the group comprising
an LED, a transistor and a solar cell, which may cause the ions to migrate away from their
intended location.

Hence, the immobilization stage comprises immobilizing the ions in the layer.
The immobilization of the ions in the layer enables the 1ons to continue to stabilize the charge
injection in the semiconductor material without the need for a potential difference being

continuously applied between the layer and the reference electrode, i.e., after the charge
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injection stage. Hence, the immobilization stage may provide a (stably) doped semiconductor
layer.

The doped semiconductor layer may have a more stable charge carrier density
than doped semiconductor layers obtained via prior art methods for doping of non-bulk
semiconductors. The long term stability regarding the charge carrier density may be better
than for alternative methods (1.e. molecular doping) facilitating the use in devices that operate
for prolonged periods.

Hence, in embodiments, the method may provide a stably doped
semiconductor layer. The term “stably” in “stably doped semiconductor layer” refers to the
charge carrier density remaining stable over time, especially under the application of electric
fields. In preliminary examples, the Fermi level was shown to drop by less than 0.2V after 3
days at 21°C and no loss of charge density was observed at a reduced temperature of -75°C
showing that further improvements are possible. Especially, under the application of an
electric field of 1 MV/m no loss of charge density was observed in 1000s at -75°C.

The term “stage” used herein refers to a (time) period (also “phase”) of the
method. The different stages may in embodiments (partially) overlap (in time). For example,
the charge injection stage may be initiated prior to the immobilization stage, but may continue
until the end of the immobilization stage or even longer. It will be clear to the person skilled
in the art how the stages may be beneficially arranged in time. For example, the charge
injection stage may last during substantially all of the immobilization stage, and an optional
second charge injection stage (see further below) may especially be temporally arranged after
the immobilization stage.

In specific embodiments, the method may comprise a charge injection stage
and an immobilization stage, wherein the charge injection stage comprises imposing a
potential difference between a layer arranged on an electrically conductive substrate and a
reference electrode, wherein the layer comprises a semiconductor material, and wherein the
layer is in fluid contact with an electrolyte solution comprising ions, wherein the layer is
porous to the electrolyte solution, thereby introducing ions into the layer; and wherein the
immobilization stage comprises immobilizing the ions in the layer; thereby providing the
doped semiconductor layer. In further embodiments, the electrolyte solution may comprise a
cross-linkable and/or polymerizable matrix forming material configured to harden when
exposed to radiation comprising a first wavelength, wherein the immobilization stage

comprises hardening of the matrix forming material via one or more of cross-linking and
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polymerization. wherein the immobilization stage comprises providing radiation comprising
the first wavelength to a first part of the layer. In further embodiments, the electrolyte solution
may comprise a solvent having a solvent melting point Tws, wherein the charge injection stage
comprises imposing a temperature at or above the solvent melting point Trs, and wherein the
immobilization stage comprises imposing a temperature below the solvent melting point Tis.
In further embodiments, the charge injection stage may comprise imposing a first pressure
and the immobilization stage may comprise imposing a second pressure, wherein the first
pressure is selected such that the electrolyte solution is at least partially liquid, and wherein
the second pressure is selected such that the electrolyte solution solidifies.

In embodiments, the working electrode and the reference electrode may be
composed of any conductive and stable material including e.g. gold, silver, platinum, or
indium tin oxide or fluorine doped tin oxide, glassy carbon or commonly used reference
electrodes such as silver/silver chloride, calomel, etc.

In embodiments, the immobilization stage may comprise hardening of the layer
(for immobilizing the ions in the layer). In further embodiments, the hardening of the layer
may comprise the hardening of a matrix forming material (to provide a matrix material),
especially via one or more of cross-linking and polymerization. In yet further embodiments,
the hardening of the layer may comprise solidifying (of the layer), especially solidifying by
cooling.

In embodiments, the electrolyte solution may comprise a cross-linkable and/or
polymerizable matrix forming material. In such an embodiment, the immobilization stage
may comprise hardening of the matrix forming material via one or more of cross-linking and
polymerization, especially to provide a matrix material. Hence, the (liquid) electrolyte
solution may comprise ions and a cross-linkable and/or polymerizable matrix forming
material. During the charge injection stage, (part of) the ions may enter the layer to stabilize
the injected charge. Similarly, part of the ions that were in the layer may leave the layer (for
example, anions may migrate to the reference electrode during a negative charge injection in
the layer). During the immobilization stage, the electrolyte solution is hardened, thereby
immobilizing the ions in the layer (and inhibiting other ions from entering the layer). The ions
may effectively become locked in place within the cross-linked and/or polymerized matrix
material. In embodiments, the (cross-linked and/or polymerized) matrix material may

comprise the ions, especially monomeric ions may have become part of the matrix material.
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In embodiments, the electrolyte solution may comprise a cross-linkable and/or
polymerizable matrix forming material. In further embodiments, the matrix forming material
may comprise a cross-linkable material, and the immobilization stage may comprise cross-
linking of the matrix material. In further embodiments, the matrix forming material may
comprise a polymerizable material, and the immobilization stage may comprise
polymerization of the matrix material.

The matrix forming material may comprise a material cross-linkable and/or
polymerizable via the addition of an initiator, such as a free radical. The matrix forming
material may comprise a material cross-linkable and/or polymerizable via exposing the
material to specific conditions, such as heat and/or illumination.

In embodiments, the matrix forming material may be configured to harden
when exposed to radiation, especially radiation comprising a first wavelength, and the
immobilization stage may comprise providing radiation, especially radiation comprising the
first wavelength, to (at least) a first part of the layer, especially to substantially the entire layer.
The term “harden” with regards to the matrix forming material may refer to “cross-linking”
and/or “polymerizing”.

In further embodiments, the first wavelength may especially comprise a
wavelength selected from the UV-spectrum, i.e., a wavelength selected from the range of 10
— 380 nm, or up to deep blue such as up to 420 nm. In further embodiments, the first
wavelength may comprise a wavelength selected from the visible spectrum, i.e., a wavelength
selected from the range of 380 — 780 nm.

The first part of the layer may comprise substantially all of the layer, however,
the layer may also be partially hardened, thereby facilitating partitioning the layer into parts
with different types and/or concentrations of dopants, as well as different (levels of) charge
injections and/or different charge carrier densities, as well as undoped (intermediate) parts.

In further embodiments, the (electrically conductive) substrate may be
translucent, especially transparent, allowing the radiation to be provided to the layer through
the substrate, especially allowing the first wavelength to be provided to the layer through the
substrate. In yet further embodiments, the electrically conductive substrate may comprise
indium tin oxide (ITO).

In further embodiments, the (electrically conductive) substrate may comprise

an opaque material. In yet further embodiments, the (electrically conductive) substrate may
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comprise an (opaque) metal, which may be beneficial due to the relatively low resistivity of
metals.

In further embodiments, the method may comprise: (i) a second charge
injection stage comprising imposing a second potential difference to the layer, especially
resulting in a second charge injection in the layer, wherein the second potential difference is
different from the potential difference (in sign and/or value), especially resulting in a second
charge injection different from the charge injection, thereby introducing (second) ions into
the layer; and (ii) a second immobilization stage comprising providing radiation comprising
the first wavelength to a second part of the layer, wherein the second part is at least partially
non-overlapping with the first part. Hence, the immobilization stage and the second
immobilization stage may resemble a photolithographic method. In further embodiments, an
optical mask may be used to selectively expose the first part (or the second part) to the
radiation comprising the first wavelength. The method thus facilitates partitioning the layer
into multiple parts having different charge densities and dopant concentrations and/or types.
Hence, the method according to the invention may facilitate precisely controlling the charge
carrier density (also: “charge density”) in (new) semiconductor materials and also facilitates
patterning of the doping density via methods akin to photolithography.

The phrase “imposing a (second) potential difference to the layer” may
especially refer to imposing a (second) potential difference between the layer and the
reference electrode.

Hence, in embodiments, the second charge injection stage may comprise
imposing a second potential difference between the layer and the reference electrode,
especially resulting in a second charge injection in the layer, wherein the second potential
difference is different from the potential difference (in sign and/or value), especially resulting
in a second charge injection different from the charge injection, thereby introducing (second)
ions into the layer.

In general, the first part and the second part may be arranged in the same plane
(of the layer), especially, the first part and the second part may be arranged in a different plane
(within the layer). For example, in embodiments, the layer may be exposed to radiation from
different angles during the immobilization stage and the second immobilization stage.

The second charge injection stage especially occurs after the immobilization
stage. In embodiments, the second charge injection stage may occur after the (first) injection

stage and the (first) immobilization stage. In further embodiments, the method may comprise
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three or more charge injection stages and respective immobilization stages. In such
embodiment, there may especially be an immobilization stage arranged between successive
charge injection stages, especially there may be an immobilization stage arranged at the end
of each charge injection stage. Hence, in embodiments, the method may comprise a plurality
of stages arranged according to the pattern (SigjSimmob)n, Wherein Siy indicates an charge
injection stage, and wherein Simme» indicates an immobilization stage, wherein SiySinmob
indicates that the charge injection stage and the immobilization stage may partially overlap in
time, and wherein n > 1 and is an integer.

In further embodiments, the second charge injection stage may comprise
(bringing) the layer in fluid contact with a second electrolyte solution. The second electrolyte
solution may comprise second ions different from the ions in concentration and/or type. The
second electrolyte solution may comprise a second matrix forming material, especially a
second matrix forming material configured to harden when exposed to radiation comprising
a second wavelength. Hence, the second immobilization stage may comprise providing
radiation comprising the second wavelength (instead of or in addition to the first wavelength)
to a second part of the layer. In general, the electrolyte solution and the second electrolyte
solution may be substantially similar, especially, the electrolyte solution may be the same /..,
the electrolyte solution is not replaced after an immobilization stage and before the subsequent
(such as second) charge injection stage.

In embodiments wherein the layer is brought into fluid contact with a second
electrolyte solution after the immobilization stage, the second electrolyte solution may
typically be selected such that the hardened (first) part of the layer may be substantially
unaffected by the second electrolyte solution, i.e., the ions may be substantially immobilized
in the hardened part of the layer, and the second ions may practically not enter the hardened
part of the layer.

In further embodiments, the potential difference and the second potential
difference may be of opposite sign. Especially, the potential difference and the second
potential difference may be selected such that the injected charge carriers are of opposite sign,
which may be at a potential difference and second potential difference of the same sign. The
doped semiconductor layer provided via such embodiment may thus, for example, comprise
a first part (second part) having a positive charge injection and a second part (first part) having

a negative charge injection, 7.e., the doped semiconductor layer may comprise a first part
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(second part) comprising a p-type semiconductor and a second part (first part) comprising an
n-type semiconductor.

Hence, in further embodiments, the method according to the invention
provides a doped semiconductor layer comprising a pn junction. In particular, in embodiments
wherein the electrolyte solution comprises a material that may be hardened when exposed to
radiation comprising a first wavelength, the pn junction may be provided with a high spatial
resolution, facilitating providing stably doped semiconductor materials with a precisely
determined pn junction arrangement. In further embodiments, the doped semiconductor layer
may comprise a pn junction selected from the group comprising a lateral pn junction, an
interdigitated later pn junction, and a transverse pn junction.

In further embodiments, the ions may comprise ionic monomers configured to
bind to the matrix forming material during hardening, especially monomers configured to
covalently bind to the matrix forming material during hardening. Hence, the electrolyte
solution, especially the matrix forming material, may comprise an ionic monomer. In further
embodiments, the ionic monomers may copolymerize with the matrix forming material
(during hardening). In further embodiments, the ionic monomers may cross-link with the
matrix forming material (during hardening).

In further embodiments, the matrix forming material may comprise one or
more compounds selected from the group comprising di(ethylene) glycol dimethacrylate
(DEGMA), poly(ethylene glycol) dimethacrylate (PEGDMA), poly(ethylene glycol)
diacrylate (PEGDA), and pentaerythritol tetraacrylate (PETA).

In further embodiments, the matrix forming material may comprise one or
more compounds selected from the group comprising ethylene glycol dimethacrylate
(EGMA), DEGMA, tetra(ethylene glycol) diacrylate (TEGA), and poly(ethylene glycol)
(PEG), such as PEGS550, including poly(ethylene glycol) dimethacrylate PEGSSOMA. In
further embodiments, the matrix forming material may comprise one or more compounds
selected from the group comprising EGMA and DEGMA, especially DEGMA.

In further embodiments, the ionic monomer may comprise one or more
compounds selected from the group comprising 4-vinylbenzenesulfonate, vinylsulfonate,
acrylate, 3-Sulfopropyl acrylate, 3-Sulfopropyl methacrylate. The person skilled in the art will

select an ionic monomer suitable for binding to the matrix forming material during hardening.
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In a specific embodiment, the matrix forming material may comprise 2-[2-(2-
methylprop-2-enoyloxy)ethoxy Jethyl 2-methylprop-2-enoate (also: “di(ethylene) glycol di-
methacrylate” and “DEGMA?”), and the ionic monomer may comprise 2-(acryloyloxy)-
N,N,N-trimethylethan-1-ammonium.

In further embodiments, the electrolyte solution may comprise a photo
initiator, especially 4,4’-bis(diethylamino)benzophenone. The photo initiator may be
configured to initiate hardening of the matrix forming material when exposed to radiation,
especially radiation comprising the first wavelength. In further embodiments, the photo
initiator may provide reactive species when exposed to the radiation, especially one or more
reactive species selected from the group comprising free radicals, cations and anions, more
especially free radicals.

In embodiments, the electrolyte solution may comprise a solvent, especially a
solvent selected for the solubility of one or more of the matrix forming material, an ionic
monomer, and/or a photo initiator therein. Hence, in embodiments, the electrolyte solution
may comprise a solvent, wherein the solvent is selected to be suitable to provide a solution of
the matrix forming material, the ionic monomer and the photo initiator. In further
embodiments, the solvent may comprise a solvent selected from the group comprising N-
methyl-2-pyrrolidone (NMP) and formamide (FA), especially FA. Formamide may be
particularly suitable as a solvent as films with improved stability are obtained.

In embodiments, the volumetric ratio matrix forming material : solvent may be
selected from the range of 5:1 to 1:1.

In embodiments, the electrolyte solution may comprise the ionic monomer in
a concentration selected from the range of 0.001M - 1M.

In embodiments, the electrolyte solution may comprise the photo initiator in a
concentration selected from the range of 0.001- 4 mg/ml, especially from the range of 0.001
- 0.5 mg/ml, such as from the range of 0.005 - 0.3 mg/ml, more especially from the range of
0.005 - 0.1 mg/ml, such as from the range of 0.005 - 0.02.

In embodiments, the electrolyte solution may comprise a solvent having a
solvent melting point Tws, wherein the charge injection stage comprises imposing a (first)
temperature at or above the solvent melting point Ty (to the layer), and wherein the
immobilization stage comprises imposing a (second) temperature below the solvent melting
point Tws (to the layer). Hence, in embodiments, the electrolyte solution may be (at least

partially) liquid during the charge injection stage, and the electrolyte solution may be cooled
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down (or “frozen”) during the immobilization stage to solidify, especially to immobilize the
ions.

In further embodiments, the solvent melting point Tws > 20 °C, such as > 25
°C, especially > 40 °C, such as > 50 °C, especially > 75 °C, such as > 100 °C.

Similarly, the charge injection stage may comprise imposing a first pressure
(to the layer) and the immobilization stage may comprise a second pressure (to the layer),
wherein the first pressure is selected such that the electrolyte solution is (at least partially)
liquid, and wherein the second pressure is selected such that the electrolyte solution solidifies.

It will be clear to the person skilled in the art that the phase transition of a
material may be dependent on both temperature and pressure, and that a material may exhibit
hysteresis in its solid-liquid transition temperatures (and/or pressures). Hence, the charge
injection stage may comprise imposing a first pressure and a first temperature (to the layer)
and the immobilization stage may comprise imposing a second pressure and a second
temperature (to the layer), wherein the combination of the first pressure and the first
temperature cause the electrolyte solution to be in an (at least partially) liquid state, and
wherein the combination of the second pressure and the second temperature cause the
electrolyte solution to solidify.

In further embodiments, the solvent may comprise a solvent selected from the
group comprising ethylene carbonate, succinonitrile, fumaronitrile,
2,2,3,3-tetramethylsuccinonitrile, 1,4-dicyano-2-butene, and polyethylene glycol, especially
a polyethylene glycol selected from the group comprising PEG600, PEG4000, PEG6000,
PEGS8000, PEG20000, and PEG35000, and dimethyl sulfone.

In further embodiments, the solvent may comprise a solvent selected from the
group comprising succinonitrile, 3-hexenedinitrile, 1,2-dicyanobenzene, butyramide, iso-
butyramide, and cyanoacetoamide, especially a solvent selected from the group comprising
butyramide, iso-butyramide, and cyanoacetoamide, more especially cyanoacetoamide.

In embodiments wherein the immobilization stage comprises imposing
temperature below the solvent melting point Ty, the solvent may especially be selected for
one or more, especially all, of a high melting point, low/no charge extraction, electrochemical
stability, the generation of hydrogen bonds, and a melting rather than subliming behavior
when heated.

In further embodiments, the solvent may comprise a eutectic solvent, wherein

for which the melting point may be selected by changing the ratio of two solvent components.
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In particular, the solvent may comprise a solvent selected from the group comprising biphenyl
diphenyl ether eutectic, choline chloride + ethylene glycol, choline chloride + 1,2-
propanediol, choline chloride + triethanolamine, choline chloride + trifluoracetamide, choline
chloride + glycerol.

In general, the pressure and/or temperature of the immobilization stage may
reflect (or be based on) the intended application conditions of the doped semiconductor layer.
Hence, if the doped semiconductor layer is intended for application at room temperature under
atmospheric pressure, the immobilization stage may comprise imposing a similar temperature
and pressure. In contrast, in embodiments, the charge injection stage may comprise imposing
a temperature different from room temperature, especially an elevated temperature, and/or a
non-atmospheric pressure, especially a reduced pressure, to cause the electrolyte solution to
be in a liquid state.

In embodiments, the doped semiconductor layer may comprise a plurality of
layers. Especially, after the immobilization step, the method may be repeated with a second
layer arranged on top of the (first) layer. Hence, in embodiments the invention also provides
a multi-layer stack, wherein two or more layers comprise doped semiconductor parts, e.g. pn
layers.

Hence, in embodiments, the method may further comprise: - a second layer
application stage comprising arranging a second layer on the layer, especially after the
immobilization stage; and - a second layer charge injection stage, especially following the
second layer application stage, comprising imposing a second layer potential difference to the
second layer, especially resulting in a second layer charge injection in the second layer,
thereby introducing second layer ions into the second layer; and - a second
layer immobilization stage comprising immobilizing the second layer ions in the second layer,
especially by hardening (at least) a first part of the second layer. In particular, the second layer
charge injection stage may comprise imposing a second layer potential difference between
the second layer and the reference electrode.

In further embodiments, the method may comprise further layer application
stages and corresponding charge injection stages and immobilization stages.

In further embodiments, the second layer potential difference may be different
from the potential difference. Especially, the potential difference and the second potential
difference may be selected such that the injected charge carriers are of opposite sign, which

may be at a potential difference and second potential difference of the same sign. Hence, the
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second layer charge injection may be different from the charge injection, especially of
opposite sign. In further embodiments, the potential difference and the second layer potential
difference may (at least) be of opposite sign.

In further embodiments, the method may comprise both (1) partitioning a layer
into a first part and a second part via a (first) charge injection stage and a second charge
injection stage, and (i1) providing a second layer via a second layer application stage (and a
second layer charge injection stage and a second layer immobilization stage). In yet further
embodiments, the second layer may be partitioned into a first part and a second part via a
second layer charge injection stage and a second layer second charge injection stage. It will
be clear to the person skilled in the art how the partitioning within a layer and along layers
may be temporally arranged to provide a doped semiconductor layer having a desired three-
dimensional arrangement of dopants (and charge (carrier) densities).

Hence, in embodiments, aforementioned pattern (SinjSimmob)a may be repeated
k times with intermittent layer application stages, wherein n may have different values for
different layers. For example, for k=3, the (first) layer may be provided via pattern
(SiniSimmob)3, the second layer may be provided via pattern (SinjSimmon)s, and the third layer
may be provided via pattern (SiniSimmov)s. Especially, in embodiments, n may also have the
same value for different layers, such as for sets of two or more (adjacent) (stacked) layers.

The embodiments involving a matrix forming material that may be hardened,
especially via exposure to radiation, may be particularly suitable for partitioning both within
a layer and for providing multiple layers. However, the embodiments involving immobilizing
via changes in temperatures and/or pressures may also be used to provide such partitioning
by using multiple different electrolyte solutions.

In embodiments, (after the charge injection stage but) before the
immobilization stage the electrolyte solution outside the layer is removed. For instance, in an
electrolytic cell the electrolyte solution may be removed, followed by the immobilization.
Alternatively, (after the charge injection stage but before the immobilization stage) the
electrically conductive substrate with layer may be removed from the electrolyte solution
followed by the immobilization. Alternatively, especially when the electrically conductive
substrate with layer is configured in a horizontal configuration (especially with the layer on
top), (after the charge injection stage but before the immobilization stage) the position of the
layer and the liquid level of the electrolyte solution may be chosen such that the liquid level

of the electrolyte solution 1s essentially as high as the layer (or its top layer). Having achieved
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this configuration, the immobilization stage may be executed. The latter embodiment may be
useful as one or more of the following may be obtained: (i) the electrolyte liquid may stay in
contact with an edge of the layer, (ii) the electrolyte liquid may stay as film over the layer,
(ii1) the time between removal of (at least part of the liquid) over the layer and the
immobilization stage may be short, and (iv) the potential difference may be maintained until
close to (in time) the immobilization stage or even during the immobilization stage.

In embodiments, the immobilization stage may also (inevitably) comprise
hardening (part of) the electrolyte solution external from the layer. In further embodiments,
the hardened electrolyte solution external from the layer may be (partially) removed, for
example, via cutting and/or etching. In further embodiments, the doped semiconductor layer
may be provided with hardened electrolyte solution external from the layer, i.e., with part of
the continuous phase external from the layer, and be used as such.

In further embodiments, a distance d; between the electrically conductive
substrate and the reference electrode may be < 1000 pm, such as < 500 pm, especially < 100
um, such as < 50 pm, especially < 30 um, such as < 10 um, especially with the layer
configured between the electrically conductive substrate and the reference electrode. Such
embodiments may be particularly suitable for providing the doped semiconductor layer with
hardened electrolyte solution external from the layer.

Hence, in embodiments, the method according to the invention may also
provide a doped semiconductor layer with a pn junction within a layer and/or with a pn
junction between a layer and an adjacent layer.

The definitions and embodiments described herein for a charge injection stage
and/or an immobilization stage may also apply respectively — insofar appropriate — to other
charge injection stages and other immobilization stages and vice versa. Hence, in general the
embodiments for the charge injection stage may further apply for the second charge injection
stage, the third charge injection stage, the second layer charge injection stage, the second layer
second charge injection stage, the third layer charge injection stage, and so forth, unless
indicated otherwise or clear from the context.

Solvent impurities may extract the injected charges from the
conduction/valence band of a (doped) semiconductor material. For example, molecular
oxygen, a common impurity, can be reduced to its radical anion superoxide by electrons in

the conduction band of a semiconductor material.
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Hence, in embodiments, the method may comprise executing the charge
injection stage and the immobilization stage in a controlled atmosphere. In further
embodiments, the controlled atmosphere may have an Oz concentration < 1000 ppm, such as
<1 ppm, especially < 0.1 ppm, such as < 0.01 ppm. In further embodiments, the controlled
atmosphere may have an H>O concentration < 1000 ppm, such as < | ppm, especially < 0.1
ppm, such as < 0.01 ppm.

In further embodiments, the method may comprise executing the charge
injection stage and the immobilization stage in a nitrogen filled glovebox providing the
controlled atmosphere.

In further embodiments, the method may comprise pre-treating one or more
materials to remove O and/or H>O, especially by degassing, such as vacuum degassing. In
further embodiments, the method may comprise pre-treating (at least part of) the electrolyte
solution to remove Oz and/or H>0O, especially by vacuum degassing. In further embodiments,
the method may comprise pre-treating one or more of the solvent, the matrix forming material,
the ionic monomer, and the photo initiator, especially the solvent and/or the matrix forming
material, to remove Oz and/or H:0, especially by degassing, such as vacuum degassing.

The method according to the invention may be particularly suitable for a
semiconductor material that (i) is electrochemically stable, i.e. does not decompose at the
applied potential difference, and (i1) offers a pathway for electrolyte 1ons to diffuse close to
the injected charge for charge stabilization, /.e. a material that is (nano)porous. Hence, in
embodiments, the layer, especially the semiconductor material, may comprise pores having a
pore size S, enabling the diffusion of ions, i.e., a pore size Sp > the ion size of the respective
ions, such as a pore size Sp > the cation size of the respective cations and/or a pore size Sp >
the anion size of the respective anions. In further embodiments, the pores may (typically) have
a (median) pore radius larger than the radius of the ions, especially a pore radius > 0.1 nm,
such as > 0.5 nm, especially > 1.0 nm.

In embodiments, the semiconductor material may be a material selected from
the group comprising semiconductive polymers, fullerenes, semiconductor nanomaterials
such as quantum dots, semiconductive nanowires and nanoplatelets, semiconducting metal
organic frameworks, semiconductive graphene, and 2D layered semiconductors such as
transition metal dichalcogenides, especially from the group comprising semiconductive
polymers, fullerenes and semiconductive graphene. In further embodiments, the

semiconductor material may comprise a solution-synthesized semiconductor material. In
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further embodiments, the semiconductor material may comprise a semiconductor material
with nanometer scale porosity, such as a semiconductor material comprising pores (typically)
having a (median) pore radius larger than the radius of the ions, especially a pore radius > 0.1
nm, such as > 0.5 nm, especially > 1.0 nm.

In embodiments, the semiconductor material may comprise a nanocrystal,
especially a quantum dot (QD). In further embodiments, the QD may especially be selected
from the group comprising ZnO QD, PbS QD, CdSe QD, CdSe/CdS QD.

In embodiments, the ions may comprise one or more ions selected from the
group comprising Li", ClOs, 2-(acryloyloxy)-N,N,N-trimethylethan-1-ammonium, 4-
vinylbenzenesulfonate, vinylsulfonate, acrylate, 3-Sulfopropyl acrylate, 3-Sulfopropyl
methacrylate, especially one or more ions selected from the group comprising 2-
(acryloyloxy)-N,N,N-trimethylethan-1-ammonium, 4-vinylbenzenesulfonate, vinylsulfonate,
acrylate, 3-Sulfopropyl acrylate, 3-Sulfopropyl methacrylate.

In a second aspect, the invention further provides a doped semiconductor layer,
wherein the doped semiconductor layer comprises a semiconductor material selected from the
group comprising semiconductive polymers, fullerenes, semiconductor nanomaterials such as
quantum dots, semiconductive nanowires and nanoplatelets, semiconducting metal organic
frameworks, semiconductive graphene, and 2D layered semiconductors such as transition
metal dichalcogenides, especially from the group comprising semiconductive polymers,
tfullerenes and semiconductive graphene, wherein the doped semiconductor layer comprises
a continuous phase wherein the semiconductor material is embedded, wherein the continuous
phase comprises one or more of (i) a cross-linked and/or polymerized matrix material, and
(i1) a material having a solvent melting point Tws > 40 °C, wherein the continuous phase
further comprises one or more ions.

In embodiments, the doped semiconductor layer may be provided by the
method according to the invention.

In embodiments, the continuous phase may comprise a matrix material
obtainable from a matrix forming material, especially from a matrix forming material that was
hardened during an immobilization stage.

In further embodiments, the continuous phase may comprise a solidified
solvent, especially a solidified solvent obtained during an immobilization stage.

In a further aspect the invention provides a semiconductor device comprising

the doped semiconductor layer according to the invention. In embodiments, the
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semiconductor device may comprise a device selected from the group comprising a light-
emitting diode, a laser diode, a solar cell, and a photodetector.

The embodiments described herein are not limited to a single aspect of the
invention. For example, an embodiment describing a matrix forming material in relation to
the immobilization stage may further apply to the doped semiconductor layer; it will be clear
to the person skilled in the art that if a matrix forming material may be used during the method
to provide the stably doped semiconductor material that the stably doped semiconductor
material may comprise the matrix material formable by the matrix forming material.

The doped semiconductor layer may be part of or may be applied in
semiconductor devices such as (LED) displays, (LED) lighting systems, (flexible) solar cells,

transistors, camera's, lasers, photodetectors, and in new unforeseen applications.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

Fig. 1 schematically depicts an embodiment of the method according to the
invention.

Fig. 2 schematically depicts another embodiment of the method according to
the invention providing a doped semiconductor layer comprising a pn junction.

Fig. 3 schematically depicts an embodiment of a doped semiconductor layer
provided with the method according to the invention using interdigitated electrodes.

Fig. 4A-H are graphs depicting measurements obtained using doped
semiconductor layers examples obtained via the method according to the invention.

The schematic drawings are not necessarily to scale.

DETAILED DESCRIPTION OF THE EMBODIMENTS

Fig. 1| schematically depicts the method 10 for providing a doped
semiconductor layer 150. Fig. 1-I schematically depicts a layer 100 arranged on an electrically
conductive substrate 107. In the depicted embodiment, the electrically conductive substrate
107 comprises the working electrode 127 of an electrolytic cell. The electrolytic cell further
comprises a reference electrode 128. In the depicted embodiment, the layer 100 comprises a

semiconductor material 101 selected from the group comprising quantum dots. In further
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embodiments, the semiconductor material 101 may be selected from the group comprising
semiconductive polymers, fullerenes, semiconductor nanomaterials such as quantum dots,
semiconductive nanowires and nanoplatelets, semiconducting metal organic frameworks,
semiconductive graphene, and 2D layered semiconductors such as transition metal
dichalcogenides. The layer 100, especially the semiconductor material 101, is in fluid contact
with an electrolyte solution 110 comprising ions 112. The layer 100, especially the
semiconductor material, 1s porous to (at least part of) the electrolyte solution 110, allowing
(at least part of) the electrolyte solution 110 to enter the layer 100 between the semiconductor
material 101. In further embodiments, the electrolyte solution may comprise a compound
larger than the pore size Spof the layer. For example, part of the ions 112, such as part of or
all of the anions 113 (or cations 114), may be larger than the pore size S; of the layer 100.
The electrolyte solution 110 may further be in fluid contact with a reference electrode 128.

In Fig. 1-I the potential difference applied between the layer 100 and the
reference electrode 128 results in the Fermi level Er to remain between the valence band 104
and the conduction band 105 of the semiconductor material 101. Hence, no charge is injected
into the semiconductor material. Reference E: indicates the Fermi level of the reference
electrode.

Fig. 1-II schematically depicts an embodiment of the charge injection stage 12.
A negative potential difference is imposed between the layer 100 and the reference electrode
128 such that the Fermi level Er becomes sufficiently high to inject charge (electrons ) into
the conduction band 105 of the semiconductor material 101. Hence, a charge injection 106
may occur in the layer, especially in the semiconductor material 101. As the charge injection
106 is negative (due to the injection of charge (electrons) into the conduction band 105),
cations 114 may diffuse into the layer 100 to stabilize the injected charge. Hence, the layer
100 may be doped with ions 112.

In further embodiments, a positive potential difference may be imposed
between the layer 100 and the reference electrode 128 such that the Fermi level Er becomes
sufficiently low to inject charge (electron holes) into the valence band 104 of the
semiconductor material 101.

If the imposing of negative potential difference as depicted in Fig. 1A-II is
ceased, the injected charge and the ions 112 may again leave the layer 100.

Hence, the method 10 further comprises an immobilization stage comprising

immobilizing the ions 112 in the layer 100.
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In the depicted embodiment, the electrolyte solution 110 may comprise a cross-
linkable and/or polymerizable matrix forming material, and the immobilization stage
comprises hardening of the matrix forming material via one or more of cross-linking and
polymerization. Hence, the immobilization stage may comprise immobilizing part of the
electrolyte solution, such as the electrolyte solution 110 in and directly surrounding the layer.
The immobilization stage may comprise hardening the matrix forming material to a
continuous phase 117, especially to a matrix material.

Fig. 1-1IT schematically depicts the layer 100 after the immobilization stage.
The continuous phase 117 may prevent the ions 112 stabilizing the charge injection 106 from
diffusing away from the semiconductor material 101. Hence, even if the imposed potential
difference 1s returned to the level of Fig. 1-1, the charge injection 106 may remain in the layer,
especially in the semiconductor material 101. Hence, the method 10 may provide a doped
semiconductor layer.

In embodiments, the ions 112 may comprise ionic monomers configured to
bind to the matrix forming material during hardening. Hence, the immobilization stage may
comprise hardening the matrix forming materials and the ionic monomers, such that the ionic
monomers become (covalently) bound to the continuous phase 117, which may provide
particularly good immobilization of the ions 112 in the layer 100.

During (and after) the method 10 for providing the stably doped semiconductor
material 150, solvent impurities may extract the injected charges from the conduction band
104 / valence band 105 of a (doped) semiconductor material 101. For example, molecular
oxygen, a common impurity, can be reduced to its radical anion superoxide by electrons in
the conduction band of a semiconductor material 101. Hence, in embodiments, the method 10
may comprise executing the charge injection stage and the immobilization stage in a
controlled atmosphere having an H,O concentration < 1000 ppm and an Oz concentration <
1000 ppm. In further embodiments, the method 10 may comprise executing the charge
injection stage and the immobilization stage in a nitrogen filled glovebox providing the
controlled atmosphere.

Fig. 2 schematically depicts an embodiment of the doped semiconductor layer
150 comprising a pn junction and provided by an embodiment of the method 10 according to
the invention. In the embodiment of the method 10, the layer 100 may be arranged on a first
electrically conductive substrate 107, 107a comprising a working electrode 127 and on a

second electrically conductive substrate 107, 107b comprising a reference electrode 128. The
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layer may comprise a first semiconductor material 101, 101a (arranged on the first electrically
conductive substrate 107, 107a) and a second semiconductor material 101, 101b (arranged on
the second electrically conductive substrate), wherein the first semiconductor material 101,
101a and the second semiconductor material 101, 101b are independently selected from the
group comprising semiconductive polymers, fullerenes, semiconductor nanomaterials such as
quantum dots, semiconductive nanowires and nanoplatelets, semiconducting metal organic
frameworks, semiconductive graphene, and 2D layered semiconductors such as transition
metal dichalcogenides. In further embodiments, the first semiconductor material 101, 101a,
and the second semiconductor material 101, 101b may comprise the same semiconductor
material 101. In the depicted embodiment, the first semiconductor material 101, 10la
comprises an n-type (doped and negatively charged) semiconductor material 102, whereas the
second semiconductor material 101, 101b comprises a p-type (doped and positively charged)
semiconductor material 103. The injected charge in the first semiconductor material 101, 101a
comprises electron holes h™. The injected charge in the second semiconductor material 101,
101b comprises electrons e”.

In the depicted embodiment, the layer 100 spans between the working
electrode 127 and the reference electrode 128. Hence, the depicted embodiment may be
particularly suitable for embodiments of the immobilization stage comprising imposing
substantially the same conditions to the entire layer. Hence, in further embodiment, the
electrolyte solution 110 may comprise a solvent having a solvent melting point Tis, wherein
the charge injection stage 12 comprises imposing a temperature at or above the solvent
melting point Tws, and wherein the immobilization stage comprises imposing a temperature
below the solvent melting point Tws, especially wherein the solvent melting point Twms > 40
°C. The hardening of the solvent provides the continuous phase 117. In further embodiments,
the solvent may comprise a solvent selected from the group comprising ethylene carbonate,
succinonitrile, fumaronitrile, 2,2,3,3 tetramethylsuccinonitrile, 1,4-dicyano-2-butene,
polyethylene glycol, and dimethyl sulfone.

In further embodiments, the doped semiconductor layer 150 may comprise two
or more layers provided by an embodiment of the method 10 comprising two or more charge
injection stages 12 and two or more immobilization stages. Hence, in further embodiments,
the method 10 further comprises: - a second layer application stage comprising arranging a
second layer on the layer 100; and - a second layer charge injection stage comprising imposing

a second layer potential difference to the second layer, thereby introducing second layer ions
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into the second layer; and - a second layer immobilization stage comprising immobilizing the
second layer ions in the second layer. In further embodiments, the second layer may be in
physical contact with the reference electrode 128 (as in Fig. 2), however, in general, the
second layer may be physically separated from the reference electrode by 128 the electrolyte
solution 110.

Hence, in further embodiments, the first continuous phase 117, 117a may be
provided by the charge injection stage and the immobilization stage, whereas the second
continuous phase 117, 117b may be provided by the second layer charge injection stage and
the second immobilization stage.

In further embodiments, the potential difference and the second layer potential
difference may be of opposite sign.

Fig. 2 schematically depicts a doped semiconductor layer 150 comprising a pn
junction within the layer 100. The doped semiconductor layer 150 may especially be provided
by an embodiment of the method 10 wherein the layer 100 is partitioned into two or more
parts. Especially, in embodiments, the electrolyte solution 110 may comprise a cross-linkable
and/or polymerizable matrix forming material, and the immobilization stage comprises
hardening of the matrix forming material via one or more of cross-linking and polymerization.
In further embodiments, the matrix forming material may be configured to harden when
exposed to radiation, especially radiation comprising a first wavelength, wherein the
immobilization stage comprises providing radiation, especially comprising the first
wavelength, to (at least) a first part of the layer. Hence, part of the layer may selectively be
immobilized by exposing the part of the layer to radiation comprising the first wavelength,
especially by exposing the part of the layer to radiation using a (photo)mask. By successively
and selectively immobilizing parts of the layer, a doped semiconductor layer with a desired
spatial distribution of charge (carrier) density may be obtained. In further embodiments, the
method 10 may comprise: - a second charge injection stage comprising imposing a second
potential difference to the layer, wherein the second potential difference is different from the
potential difference, thereby introducing (second) ions into the layer; and - a second
immobilization stage comprising providing radiation comprising the first wavelength to a
second part of the layer, wherein the second part is at least partially non-overlapping with the
first part. Especially, the potential difference and the second potential difference may be of
opposite sign. The matrix forming material configured to harden when exposed to radiation

may facilitate providing a layer 100 with a desired spatial distribution of charge carrier density
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and dopants (ions), especially wherein sharp transitions exist between n-type semiconductor
material and p-type semiconductor material, or especially wherein transitions exist between
parts having a different concentration of the same dopants (and charge (carrier) density).

In further embodiments, the method 10 may comprise both partitioning of the
layer 100 in a first part and a second part, as well as arranging a second layer on top of the
layer 100. The doped semiconductor layer 150 obtained from such an embodiment may
comprise a desired 3D spatial distribution of both charge (carrier) density and (different)
dopants. In further embodiments, the doped semiconductor layer 150 may comprise a plurality
of different semiconductor materials (especially in different layers). In further embodiments,
the method 10 may comprise the use of different electrolyte solutions, such as electrolyte
solutions differing, for example, in ions, solvents, and/or matrix forming materials.

Fig. 3 schematically depicts an embodiment of a doped semiconductor layer
150 provided with the method 10 according to the invention. The layer 100 was arranged on
interdigitated electrodes, 7.e., the layer was arranged on a first electrically conductive substrate
107, 107a comprising a working electrode 127 and on a second electrically conductive
substrate 107, 107b comprising a reference electrode 128, wherein the working electrode 127
and the reference electrode 128 are interdigitated. The working electrode 127 and the
reference electrode 128 are not in direct physical contact. The layer 150 comprises a first
continuous part 117, 117a (the hashed ‘beams’) comprising an n-type semiconductor material
101, 102, and a second continuous part 117, 117b comprising a p-type semiconductor material
101, 103. In particular, the layer comprises an arrangement of beams alternatingly comprising
n-type and p-type semiconductor materials. For visualization purposes only, parts of the
(rightmost) beams are removed to visualize the structure of the working electrode 127 and the
reference electrode 128 underneath the layer 150. In further embodiments, the doped
semiconductor layer 150 of Fig. 3 may be applied in a (sensitive) photodiode.

Fig. 1-1I1, Fig. 2, and Fig. 3 schematically depict a doped semiconductor layer
150, especially obtainable by the method according to the invention. The doped
semiconductor layer 150 comprises a semiconductor material 101 selected from the group
comprising semiconductive polymers, fullerenes, semiconductor nanomaterials such as
quantum dots, semiconductive nanowires and nanoplatelets, semiconducting metal organic
frameworks, semiconductive graphene, and 2D layered semiconductors such as transition
metal dichalcogenides. The doped semiconductor layer 150 comprises a continuous phase 117

wherein the semiconductor material 101 is embedded. The continuous phase 117 further
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comprises one or more ions 112 (to stabilize the charge injection). In embodiments, the
continuous phase 117 comprises one or more of (i) a cross-linked and/or polymerized matrix
material, and (it) a material having a solvent melting point Ty > 40 °C.

Fig. 4A-C depict experimental measurements of examples of
electrochemically doped semiconductor layers provided by the method according to the
invention. The method for providing the doped semiconductor layer as well as the subsequent
electrochemical measurements were performed in a nitrogen-filled glovebox.

Fig. 4A - example 1: immobilization of ions through cooling at different
temperatures. ZnO quantum dots (also: “QDs”) were drop-casted in air and annealed for 1
hour at 60 °C to provide the layer 100 on an electrically conductive substrate 107 comprising
a working electrode 127. The electrically conductive substrate 107 (with the layer 100) was
immersed in a 0.1 M LiClO; electrolyte solution comprising succinonitrile as the electrolyte
solvent. The solution further contained an Ag pseudo reference electrode (RE) and a Pt sheet
as a counter electrode (CE). A potential difference of -1.36 V was applied between the layer
100 and the reference electrode 128 at temperatures where charge injection can occur, here
60°C. While continuously applying this potential the temperature was reduced. Next, Fermi-
level stability measurements were performed at different temperatures (the potential i1s
normalized, such that the applied potential is 1 and the initial open circuit voltage Voc is 0)
and the experimental measurements are depicted in Fig. 4A. The electrochemical
measurements were performed in a nitrogen filled glovebox with H>O and O3 levels < 0.1
ppm. Fig 4 A depicts the normalized potential (V) against time in seconds at 60 °C (Ty), 50
°C (Tz), 40 °C (Ts), 20 °C (T4), 0°C (indiscernible in the graph from 20 °C) and -77 °C (Ts).
For measurements performed at temperatures above the melting point of succinonitrile (57
°C), electrons are still in the conduction band of the QDs after 10 mins, but a significant drop
in potential is observed. By lowering the temperature, the potential increases (becomes less
negative) more gradually, showing that electrons leave the conduction band of the ZnO QDs
more slowly. Strikingly, at temperatures below the melting point of pure succinonitrile,
electrons do not stay permanently in the conduction band. It is not until -77 °C that the injected
electrons are entirely stable for at least 10 minutes. Still, at 20 °C it takes around 145 minutes
for the potential to reach the value of -1.17 V vs. ferrocene.

In the Fermi-level stability measurements, the electrons may leave the
conduction band spontaneously, but it is also possible to apply a potential close to the original

Ve after charging, to see how long it takes to force the electrons out of the conduction band
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of the ZnO QDs. This may show the stability of the injected electrons and counter ions under
the application of an external electric field. In an experimental measurement, a potential of -
1.36 V was applied to the ZnO QDs when the solvent was liquid, then the temperature was
lowered and at the desired temperature the potential was changed to -0.36 V and the current
was recorded. At 60 °C (when succinonitrile is liquid) it takes around 1 second to discharge
the doped semiconductor layer, while at -30 °C it takes about 1000s. At -75 °C the electrolyte
cations are immobilized by the frozen solvent and there was no noticeable decay in the charge
carrier density of the doped semiconductor layer after several days.

Fig. 4B — example 2. immobilization of ions at the same temperature in
different electrolyte solutions comprising different solvents. Doped semiconductor layers
were obtained as described in example 1, except that the electrolyte solution comprised
different solvents. Fig. 4B depicts Fermi-level stability measurements for ZnO QD layers with
LiClOs in acetonitrile (Ci), ethylene carbonate (C2), dimethyl sulfone (Cs), succinonitrile (Cs)
and PEG 6000 (Cs). The compounds may be known to have the following melting points:
acetonitrile: -45 °C, ethylene carbonate: 37 °C, succinonitrile 57 °C, PEG 6000: 56-63 °C
(depending on chain length), and dimethyl sulfone: 109 °C. The measurements were
performed on an ITO (indium tin oxide) electrode at room temperature. After 170 minutes,
the potential of the ZnO QD layer in PEG 6000 has changed from -1.30 V to -1.273 V while
it only takes 11 seconds for a ZnO QD layer to reach this potential in acetonitrile. Therefore,
the measured electron stability is three orders of magnitude higher in PEG 6000 compared to
acetonitrile. It may be observed that PEG 6000 has a lower melting point than dimethyl
sulfone (56-63 °C vs. 109 °C) but shows better electron stability at the same temperature.
Without being bound by theory, the inventors hypothesize that the better stability in PEG
6000 may be caused by its high viscosity, resulting in slower diffusion of impurities, or by a
lower impurity concentration.

Fig. 4C — example 3: immobilization of different ions in a matrix forming
material. ZnO QD layers were prepared by drop-casting on indium tin oxide (ITO) coated
glass substrates and subsequent annealing at 60 °C for 1 hour in open-air. The electrochemical
measurements were performed using a three-electrode system. The QD layer arranged on a
working electrode was immersed in an electrolyte solution. The electrolyte solution contained
a 5:3 ratio of matrix forming material to solvent, wherein the matrix forming material
comprised di(ethylene) glycol dimethacrylate (also: “DEGMA”), and wherein the solvent

comprised acetonitrile. A Pt wire electrode was used as counter electrode and an Ag wire was
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used as pseudo reference. A potential difference of -1.0 V was imposed between the working
electrode and the reference electrode. Measurements took place with a potentiostat configured
inside a nitrogen-filled glovebox to minimize the exposure to impurities such as Oz and H>O.
Three different sets of ions are used for example 3: a first set of ions comprising Li* and C104
, (ii) a second set of ions comprising tetrabutylammonium® and hexafluorophosphate”, and
(iii) a third set of ions comprising 2-(acryloyloxy)-N,N N-trimethylethan-1-ammonium”
(also: “ATMA™) and I'. In particular, ATMA is an ionic monomer suitable to (covalently)
bind DEGMA during hardening in the immobilization stage.

Line My in Fig. 4C depicts the electron stability (in V) of the layer over time
(in seconds) with the third set of ions (comprising 2-(acryloyloxy)-N,N,N-trimethylethan-1-
ammonium” and I') ,without the layer having been exposed to an immobilization stage (M;).

M>-M; depict the electron stability (in V) of the layer over time (in seconds)
with the three different sets of ions, wherein the layer was exposed to radiation comprising a
wavelength of 400 nm suitable for the polymerization and cross-linking of DEGMA: line M>:
the first set of ions (Li" and ClOyY), line Mj: the second set of ions (comprising
tetrabutylammonium™ and hexafluorophosphate”, line My: the third set of ions (comprising 2-
(acryloyloxy)-N,N,N-trimethylethan-1-ammonium™ and I'). Clearly, the immobilization stage
improves the electron stability of the layer 100 (Ms vs. My). Without being bound by theory,
the results depicted in Fig. 4C further suggest that (1) larger 1ons may result in a better electron
stability (M3 vs. M), and (i1) an ionic monomer suitable for (covalently) binding the matrix
forming material during hardening may result in a better electron stability.

Hence, in embodiments, the matrix forming material may comprise 2-[2-(2-
methylprop-2-enoyloxy)ethoxy Jethyl 2-methylprop-2-enoate, and the ionic monomer may
comprise 2-(acryloyloxy)-N,N N-trimethylethan-1-ammonium.

Fig. 4D-H — example 4: open circuit measurements with doped semiconductor
materials comprising different semiconductor materials. Fig. 4D-H depict measurements
obtained with the method as described for Fig. 4B with different semiconductor materials:
CdSe quantum dots (Fig. 4D), CdSe/CdS quantum dots (Fig. 4E), the organic polymer
(system) P3DT (Fig. 4F), the fullerene (system) PCBM (Fig. 4G) (in acetonitrile (C1),
succinonitrile (C4) and PEG 6000 (C5)), and the fullerene (system) C60 (Fig. 4H) (in
succinonitrile (C4) and PEG 6000 (C5)).

Fig. SA-D schematically depict experimental measurements of examples of

electrochemically doped semiconductor layers provided by the method according to the
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invention. The method for providing the doped semiconductor layer as well as the subsequent
electrochemical measurements were performed in a nitrogen-filled glovebox.

Fig. SA — example 5: open circuit voltage measurements with doped
semiconductor layers provided from the four different matrix forming materials DEGMA,
EGMA, TEGA and PEG550MA. Each of the matrix forming materials was mixed with a
0.1M solution of ATMA-CI in formamide in a 5:3 ratio of matrix forming material to
formamide and with 0.1 mg/ml of photo initiator and with ZnO nanocrystals and was
polymerized for 90 minutes. The lines correspond to linear fit of the measurements for
DEGMA (L1, n=2), EGMA (L,, n=1), TEGA (L;, n=4), and PEG550MA (Ls, n=9). The
measurements were started at -0.9 V vs a silver-wire pseudo-reference electrode, which has a
potential of -4.79 V vs vacuum. The open-circuit potential before electrochemical doping was
0 V vs Ag for all four experiments.

As is clear from fig. 5A, the doped semiconductor layers are stable for hours
after doping, especially for the doped semiconductor layers provided from EGMA and
DEGMA, especially DEGMA.

Fig. 5B — example 6: conductance (S) versus time in days measurements (Ls)
of an embodiment of a doped semiconductor layer, wherein the semiconductor material
comprises PbS nanocrystals. The electrolyte solution contains
[2-(Acryloyloxy)ethylJtrimethylammonium chloride as polymerizable salt, Di(ethylene
glycol)dimethacrylate as matrix forming material, 4 4'-bis(diethylamino)benzophenone as
photoinitiator and formamide as solvent. Fig. 5B shows that the doped semiconductor layer
is essentially stable for three weeks. The results are similar to those obtained for ZnO
nanocrystals and demonstrate that the method of the invention is general and is applicable to
a wide range of semiconductor materials.

Fig. 5C — example 7: stability measurements with different potential values
selected for the electrochemical charge injection. The selected potential values for the
electrochemical charge injection are about 0.9 V (Ls), 0.7 V (L7), 0.5 V (Lg). The depicted
results correspond to ZnO nanocrystals semiconductor material, formamide as solvent,
DEGMA as matrix forming material, and 4,4"-bis(diethylamino)benzophenone as photo
initiator. Both formamide and DEGMA were vacuum degassed for 3 hours under rigorous
stirring before use and were stored in a glove box. The ZnO nanocrystal film was immersed
in an electrochemical cell containing 0.1 M ATMA-CI electrolyte solution in a solvent

mixture of FA:DEGMA (40% v/v) together with a Ag wire as pseudoreference electrode and



10

20

30

WO 2020/111943 PCT/NL2019/050791
30

Pt wire as counter electrode. Hence, embodiments of the method of the invention may provide
stably doped semiconductor layers with the ability to tune the doping density.

Fig. SD — example 8: conductance measurements (Ls) for a ZnO nanocrystal
film in 0.1 M LiClO4 cyanoacetoamide at room temperature. The doped semiconductor layer
was electrochemically doped at a temperature above the solvent melting point Tws of
cyanoacetoamide (~120 °C) and was immobilized by providing a temperature below the
solvent melting point Ty of cyanoacetoamide. For about the first 20 hours no decrease in the
conductance was observed. The term “plurality” refers to two or more. Furthermore, the
terms “a plurality of” and “a number of” may be used interchangeably.

The terms “substantially” or “essentially” herein, and similar terms, will be
understood by the person skilled in the art. The terms “substantially” or “essentially” may
also include embodiments with “entirely”, “completely”, “all”, etc. Hence, in embodiments
the adjective substantially or essentially may also be removed. Where applicable, the term
“substantially” or the term “essentially” may also relate to 90% or higher, such as 95% or
higher, especially 99% or higher, even more especially 99.5% or higher, including 100%.
Moreover, the terms “about” and “approximately” may also relate to 90% or higher, such as

95% or higher, especially 99% or higher, even more especially 99.5% or higher, including

b Y4
2

100%. For numerical values it is to be understood that the terms “substantially”, “essentially”,
“about”, and “approximately” may also relate to the range of 90% - 110%, such as 95%-
105%, especially 99%-101% of the values(s) it refers to.

The term “comprise” includes also embodiments wherein the term “comprises”
means “consists of”.

The term “and/or” especially relates to one or more of the items mentioned
before and after “and/or”. For instance, a phrase “item 1 and/or item 27 and similar phrases
may relate to one or more of item 1 and item 2. The term "comprising" may in an embodiment
refer to "consisting of" but may in another embodiment also refer to "containing at least the
defined species and optionally one or more other species".

Furthermore, the terms first, second, third and the like in the description and
in the claims, are used for distinguishing between similar elements and not necessarily for
describing a sequential or chronological order. It is to be understood that the terms so used
are interchangeable under appropriate circumstances and that the embodiments of the

invention described herein are capable of operation in other sequences than described or

illustrated herein.
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The devices, apparatus, or systems may herein amongst others be described
during operation. As will be clear to the person skilled in the art, the invention is not limited
to methods of operation, or devices, apparatus, or systems in operation.

It should be noted that the above-mentioned embodiments illustrate rather than
limit the invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims.

In the claims, any reference signs placed between parentheses shall not be
construed as limiting the claim.

Use of the verb "to comprise" and its conjugations does not exclude the
presence of elements or steps other than those stated in a claim. Unless the context clearly

requires otherwise, throughout the description and the claims, the words “comprise”,

2% <
2
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“comprising”, “include”, “including”, “contain”, “containing” and the like are to be construed
in an inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in the sense
of “including, but not limited to”.

The article "a" or "an" preceding an element does not exclude the presence of
a plurality of such elements.

The invention may be implemented by means of hardware comprising several
distinct elements, and by means of a suitably programmed computer. In a device claim, or an
apparatus claim, or a system claim, enumerating several means, several of these means may
be embodied by one and the same item of hardware. The mere fact that certain measures are
recited in mutually different dependent claims does not indicate that a combination of these
measures cannot be used to advantage.

The invention also provides a control system that may control the device,
apparatus, or system, or that may execute the herein described method or process. Yet further,
the invention also provides a computer program product, when running on a computer which
is functionally coupled to or comprised by the device, apparatus, or system, controls one or
more controllable elements of such device, apparatus, or system.

The invention further applies to a device, apparatus, or system comprising one
or more of the characterizing features described in the description and/or shown in the
attached drawings. The invention further pertains to a method or process comprising one or
more of the characterizing features described in the description and/or shown in the attached
drawings. Moreover, if a method or an embodiment of the method is described being executed

in a device, apparatus, or system, i1t will be understood that the device, apparatus, or system
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is suitable for or configured for (executing) the method or the embodiment of the method
respectively.

The various aspects discussed in this patent can be combined in order to
provide additional advantages. Further, the person skilled in the art will understand that
embodiments can be combined, and that also more than two embodiments can be combined.

Furthermore, some of the features can form the basis for one or more divisional applications.
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CLAIMS:

1. A method (10) for providing a doped semiconductor layer (150), wherein the
method (10) comprises:
- a charge injection stage (12) comprising imposing a potential difference
between a layer (100) arranged on an electrically conductive substrate (107) and a reference
electrode (128), wherein the layer (100) comprises a semiconductor material (101), and
wherein the layer (100) is in fluid contact with an electrolyte solution (110) comprising ions
(112), wherein the layer (100) is porous to the electrolyte solution (110), thereby introducing
ions (112) into the layer (100); and

- an immobilization stage comprising immobilizing the ions (112) in the layer
(100); thereby providing the doped semiconductor layer (150);

wherein:

- the electrolyte solution (110) comprises a cross-linkable and/or
polymerizable matrix forming material configured to harden when exposed
to radiation comprising a first wavelength, wherein the immobilization
stage comprises hardening of the matrix forming material via one or more
of cross-linking and polymerization. wherein the immobilization stage
comprises providing radiation comprising the first wavelength to a first
part of the layer (100), or

- the electrolyte solution comprises a solvent having a solvent melting point
Tws, wherein the charge injection stage comprises imposing a temperature
at or above the solvent melting point Ty, and wherein the immobilization
stage comprises imposing a temperature below the solvent melting point
T, or

- wherein the charge injection stage comprises imposing a first pressure and
the immobilization stage comprises imposing a second pressure, wherein
the first pressure is selected such that the electrolyte solution is at least
partially liquid, and wherein the second pressure is selected such that the

electrolyte solution solidifies.
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2. The method (10) according to claim 1, wherein the electrolyte solution (110)
comprises the cross-linkable and/or polymerizable matrix forming material, wherein the
immobilization stage comprises hardening of the matrix forming material via one or more of
cross-linking and polymerization, and wherein the matrix forming material is configured to
harden when exposed to radiation comprising a first wavelength, wherein the immobilization
stage comprises providing radiation comprising the first wavelength to a first part of the layer

(100).

3. The method (10) according to claim 3, wherein the method comprises:

- a second charge injection stage comprising imposing a second potential
difference between the layer (100) and the reference electrode (128), wherein the second
potential difference is different from the potential difference, thereby introducing (second)
ions into the layer (100); and

- a second immobilization stage comprising providing radiation comprising the
first wavelength to a second part of the layer (100), wherein the second part is at least partially

non-overlapping with the first part.

4. The method (10) according to claim 3, wherein the potential difference and the

second potential difference are of opposite sign.

5. The method (10) according to any one of the preceding claims 2-4, wherein
the 1ons (112) comprise ionic monomers configured to bind to the matrix forming material

during hardening.

6. The method (10) according to claim 5, wherein the matrix forming material
comprises 2-[2-(2-methylprop-2-enoyloxy)ethoxy]ethyl 2-methylprop-2-enoate, and wherein

the ionic monomer comprises 2-(acryloyloxy)-N,N,N-trimethylethan-1-ammonium.

7. The method (10) according to any one of the preceding claims, wherein the
method (10) further comprises:
- a second layer application stage comprising arranging a second layer on the

layer (100); and
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- a second layer charge injection stage comprising imposing a second layer
potential difference between the second layer and the reference electrode (128), thereby
introducing second layer ions into the second layer; and

- a second layer immobilization stage comprising immobilizing the second layer

ions in the second layer.

8. The method (10) according to claim 7, wherein the potential difference and the

second layer potential difference are of opposite sign.

9. The method (10) according to any one of the preceding claims 1-8, wherein
the electrolyte solution (110) further comprises a photo initiator, wherein the photo initiator

comprises 4,4’-bis(diethylamino)benzophenone.

10. The method (10) according to any one of the preceding claims, the method (10)
comprising executing the charge injection stage (12) and the immobilization stage in a
controlled atmosphere having an H2:O concentration < 1000 ppm and an Oz concentration <

1000 ppm.

11. The method (10) according to any one of the preceding claims, wherein the
semiconductor material (101) is selected from the group comprising semiconductive
polymers, fullerenes, semiconductor nanomaterials such as quantum dots, semiconductive
nanowires and nanoplatelets, semiconducting metal organic frameworks, semiconductive

graphene, and 2D layered semiconductors such as transition metal dichalcogenides.

12. The method (10) according to any one of the preceding claims, wherein the
electrolyte solution (110) comprises a solvent having a solvent melting point Tws, wherein the
charge injection stage (12) comprises imposing a temperature at or above the solvent melting
point Ty, and wherein the immobilization stage comprises imposing a temperature below the

solvent melting point Trms, wherein the solvent melting point Tuws > 40 °C.

13. The method (10) according to claim 12, wherein the solvent comprises a

solvent selected from the group comprising ethylene carbonate, succinonitrile, fumaronitrile,
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2,23, 3-tetramethylsuccinonitrile, 1,4-dicyano-2-butene, polyethylene glycol, and dimethyl

sulfone.

14. A doped semiconductor layer (150), wherein the doped semiconductor layer
(150) comprises a semiconductor material (101) selected from the group comprising
semiconductive polymers, semiconductive fullerenes, semiconductor nanomaterials such as
quantum dots, semiconductive nanowires and nanoplatelets, semiconducting metal organic
frameworks, semiconductive graphene, and 2D layered semiconductors such as transition
metal dichalcogenides, wherein the doped semiconductor layer (150) comprises a continuous
phase (117) wherein the semiconductor material (101) is embedded, wherein the continuous
phase (117) comprises one or more of (i) a cross-linked and/or polymerized matrix material,
and (11) a material having a solvent melting point Tws > 40 °C, wherein the continuous phase

further comprises one or more ions (112).

15. The doped semiconductor layer (150) according to claim 14, obtainable by the

method (10) according to any one of the preceding claims 1-13.

16. The doped semiconductor layer (150) according to any one of the preceding
claims 14-15, wherein the continuous phase (117) comprises cross-linked and/or polymerized

matrix material.

17. A semiconductor device comprising the doped semiconductor layer (150)

according to any one of the preceding claims 14-16.
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