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Abstract

Recent experiments and calculations [1][2][3], suggest that the transport of charges

can be strongly enhanced inside an optical cavity. This effect occurs when electronic ex-

citations in a material are strongly coupled to a cavity mode. In this strong light-matter

coupling regime, the hybridization between electronic and optical degrees of freedom redis-

tributes the electronic density of states and opens new transport channels. The question

stands: Can one modify the conductivity of a semi-conductor by strongly coupling elec-

tronic excitations in such semi-conductor to cavity modes. This thesis encompasses the

preceding steps that had to be made in order to investigate whether and how the trans-

port of charges can be strongly enhanced inside an optical cavity. For the purpose of

this research 2(PEA) PbI4 crystals were grown using the AVC method [4]. Platinum

electrodes were made on top of DBRs using UV-lithography, E-beam evaporation, and

chemical reactions in the lab. The crystals were exfoliated until right size and thickness

and transferred onto the platinum electrodes. Lastly, the bare perovskite crystals were

characterized both optically and electrically. The optical characterization shows an ab-

sorption peak at approximately λ = 517nm and the PL shows a peak at approximately

λ = 527nm. The electrical characterization was evaluated using the Simmons model. This

thesis is a stepping stone for further research in polariton mediated enhanced conductivity

in semiconductors.
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1 Introduction

This project is inspired by recent experiments and calculations [1][2][3], sug-

gesting that the transport of charges can be strongly enhanced inside an

optical cavity. This effect occurs when electronic excitations in a material

are strongly coupled to a cavity mode. In this strong light-matter coupling

regime, the hybridization between electronic and optical degrees of freedom

can redistribute the electronic density of states and open new transport chan-

nels. In reference [3] the conductivity of organic semiconductors has even

gone op 10 times.

The ultimate goal of this project is to insert a 2D perovskite semi-

conductor crystal into the cavity and to measure the conductivity as a func-

tion of cavity length. By varying the thickness of the perovskite and the

cavity length the light-matter coupling strength and exciton-photon detun-

ing can be controlled. The question stands: Can one modify the conductivity

of a semi-conductor by strongly coupling electronic excitations in such semi-

conductor to cavity modes.

Before inserting the perovskite into a microcavity and measuring its con-

ductivity, some preceding steps had to be made:

• Fabrication: The perovskite semiconductor crystals that were used

in this research had to be grown. To eventually measure the conduc-

tivity of these crystals, platinum electrodes were made on top of high

reflectivity mirrors.

• Exfoliation and Transfer: The perovskite crystals had to be exfo-

liated until right size and thickness. After exfoliation they had to be

transferred onto the platinum electrodes.

• Optical and Electrical Characterization: The bare perovskite

crystals had to be characterised both optically and electrically.

This thesis encompasses the preceding steps that had to be made in order
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to investigate whether and how the transport of charges can be strongly

enhanced inside an optical cavity.

This thesis is structured according to the order of the steps mentioned

above. Methods, results and discussion will be explained along the way

following these steps.
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2 Background

To understand whether and how the transport of charges can be strongly

enhanced inside an optical cavity, some background is needed on polaritons

and how these polaritons open up new charge transport channels.

2.1 Polaritons

The description of the interaction of light and matter can be explained at

two levels, known as the weak and the strong coupling limits. In the weak

coupling limit, the electromagnetic field of light and the excitations in matter

are independent variables, they do not interact. In the strong coupling limit,

there is an interaction between light (photons) and matter (QW excitons)

and it is this interaction which leads to the formation of polaritons. A po-

lariton is therefore a quasi-particle resulting from the strong coupling of an

electromagnetic wave and an excitation in matter.

Excitons are the excited states in a semi-conducting crystal. They are the

bound states of an electron in the conduction band and a hole in the valence

band. Excitons can move freely within the crystal and transport energy,

but not charge as they are electrically neutral. Excitons are unstable as the

electron and the hole eventually will recombine. In semiconductors, excitons

can be created either by the absorption of a photon having less energy than

the bandgap but sufficient to excite an electron to an excitonic bound state,

or by absorption of a photon having more energy than the direct bandgap

which generates a free electron and a free hole which then relax in energy

until they form a bound state.

In the semiconductor in this thesis, the excitons are weakly bound, mak-

ing Wannier-Mott excitons. Wannier-Mott excitons are excitons where the

attraction between the electron and the hole is small in comparison to the

bandgap energy and their radius is much larger in comparison to the inter-

atomic spacing. The binding energy of a typical semiconductor exciton is on
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the order of 10 – 100 meV and its Bohr radius is about 10 – 100 Å, extending

over tens of atomic sites in the crystal [5]. The electron and the hole form

a dipole that interacts with the electromagnetic field of light. Its interaction

strength varies with the excitonic oscillator strength.

A semiconductor quantum well is a thin layer of semi-conductor, sand-

wiched between two barrier layers with a much larger bandgap. If the mate-

rial is thin enough (a thickness comparable to the Bohr radius of the exciton),

quantum well excitons behave as two-dimensional quasi-particles. This con-

finement has several consequences. It modifies the valence band structure and

the optical transition selection rules. Also due to the confinement, a quantum

well exciton has a smaller Bohr radius and a larger binding energy compared

to a bulk exciton, leading to an enhancement of the oscillator strength. This

enhancement is often counteracted by a reduction in overlap between the

light field and the exciton. So, to achieve a stronger exciton-photon cou-

pling, it is necessary to also confine the photon field in the z-direction by

introducing a microcavity.

A microcavity is typically a structure where a sample (in this case the

semi-conducting perovskite) is sandwiched between two distributed Bragg

reflectors (DBRs). A DBR is made of layers of alternating high and low

refractive indices, each layer with an optical thickness of λ/4, where λ is

defined as the wavelength. Light that reflects on each surface in the DBR

destructively interferes with itself, creating a stopband (range of wavelengths)

for transmission. So the DBR acts as a high-reflectance mirror whenever the

wavelength of the incoming light is within the stopband. When the spacing

between the mirrors is such that half a wavelength fits in the cavity, there

will be a resonance in the cavity leading to a sharp increase in transmission.

The photon field is then concentrated around the center of the cavity. This

microcavity structure confines the light in the z-direction.

A cavity polariton is a quasiparticle resulting from the strong coupling

between excitons and a strongly confined photon field in excitonic material.
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Once the interaction energy between a photon and an exciton in a micro-

cavity becomes sufficiently large, a back-transfer of energy becomes possible,

the system is now in the strong coupling regime. It is no longer possible to

distinguish between a donor and an acceptor. The excitation becomes delo-

calized and we must view the pair as one system [6]. So, the polariton is a

linear superposition of an exciton and a photon. Since they are both bosons,

so is a polariton.

Figure 1: This schematic was taken from reference [7]. It shows the dispersion relation
for a photon in an optical cavity. When the photon mode is tuned to the energy of an
electronic excitation, exciton, photon-exciton coupling inside the cavity gives rise to new
hybrid modes, polaritons (black lines).

Under the resulting strong coupling system, the dispersions anti-cross, as

seen in figure 1 [7]. This anti-crossing results in two new dispersion relations

for the upper polariton (UP, higher energy) and the lower polariton (LP,

lower energy). The Rabi splitting of polaritons is the energy difference be-

tween the lower and the upper polariton at zero detuning and it is different
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for the different materials that are used to create these exciton-polaritons.

The exciton-polariton effective mass is predominantly determined by the pho-

tonic component, whose effective mass is much lighter and whose lifetime is

much shorter than the excitonic part. The lifetime of the photons is deter-

mined by the quality of the DBRs (leakage of light from the cavity). The

polariton lifetimes are determined by the photonic part and the polariton-

polariton interactions are predominantly determined by their excitonic part.

This results in extremely light quasiparticles with short lifetimes, but with a

sizeable nonlinear interaction.

Particularly interesting for polariton physics are 2D hybrid organic - inor-

ganic perovskites with large excitonic binding energies. The one used in this

thesis: 2(C6H5C2H4NH3)PbI4 or 2(Phenyl − Ethyl − Ammonium)Lead−
Iodide or 2(PEA)PbI4 or PEPI crystals. This strong excitonic binding en-

ergy induces strong excitonic effects in these materials. The optical ab-

sorbance spectrum will have a sharp resonance, which is a consequences of

dominating exciton transitions. The strong excitonic effects cause a signif-

icant oscillator strength from band-to-band transitions and this strong os-

cillator strength induces strong light-matter interactions [8]. Due to these

characteristics, these perovskites make great candidates for exciton-polariton

physics.

2.2 Enhanced Charge Transport in Polariton Systems

As stated in the introduction, this research was inspired by Orgiu et al.[3]

“Conductivity in organic semiconductors hybridized with the vacuum field”

[3]. In this article it is shown that the conductivity of an organic semicon-

ductor can be enhanced by an order of magnitude. It shows an approach

to improving carrier mobility: by injecting carriers into states that are hy-

bridized to the vacuum field. To do so, organic semiconductors were strongly

coupled to plasmonic modes to form coherent states that can extend over as

many as 105 molecules and should therefore benefit conductivity [3]. The
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current is then enhanced due to a change in field-effect mobility. The ori-

gin of the enhanced mobility can be explained by the extended coherence of

the states induced by the hybridization with the vacuum field. This occurs

over lengths that correspond to the mode volume, in contrast to the normal

situation where the carrier is mostly confined to the molecular scale.

Large vacuum Rabi splittings have been reported for strongly coupled

molecules, which significantly modifies the electronic structure of the molec-

ular material. Organic semiconductors are of great interest in conducting

devices due to their potential in making large, flexible and inexpensive ma-

terials. They are, however, limited by their charge carrier mobility due to

disorder in these materials. In theory, charge carrier mobility should be

enhanced by the extended coherence associated with light-matter coupling.

Disorder in semiconductors in one dimension is known to lead to wavefunc-

tion localization and thereby vanishing conductivity. When coupling this

system to the vacuum electromagnetic field it is expected that polaritonic

states delocalized throughout the mode volume should appear [3]. The elec-

tronic component of the polaritonic state is delocalized despite the disorder

in this strong coupling regime. In addition to the polaritonic state it is found

that under strong coupling conditions, other electronic states in the conduc-

tion band are also modified by the hybridization with the vacuum field and

become delocalized. These circumstances affect the conductivity positively.

In Orgiu et al.[3], “Conductivity in organic semiconductors hybridized

with the vacuum field”, several materials with intense absorption bands are

used to strongly couple to surface plasmon resonances. The conductivity of

strongly coupled organic semiconductors to plasmonic modes is compared to

the conductivity of the bare molecular material. This is done by recording

IV-curves for both cases for thin films on top of a hole array between 2 elec-

trodes. As a result, peaks in the current are visible when plotted against

in-plane momentum. These current peaks correspond directly to the inter-

sections of the molecular absorption and the surface plasmon modes. So,
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current is boosted when an organic semiconductor is strongly hybridized

with the surface plasmon modes. The current can be enhanced by an order

of magnitude in this strongly coupled regime.

Orgiu et al. have shown that it is possible to enhance conductivity in some

materials under strong coupling. Since this paper has been published, several

research groups have tried to replicate their research with no success [9] [10].

The scope of this research is to find out whether there is the possibility to

enhance a materials conductivity under strong light-matter coupling.
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3 Fabrication of Perovskite Semiconductor Crys-

tals and Electrical Contacts

For the purpose of this research 2(PEA)PbI4 (Phenyl-Ethyl-Ammonium

Lead-Iodide) perovskite crystals were grown in the lab. These particular

perovskite crystals are chosen for several reasons:

• technological relevance and potential (solar cells, perovskite detectors,

etc.)

• availability and interest at the host research institute, Amolf

• high reflectance mirrors with a maximum reflection at λ = 530nm are

used for measurements and these crystals have photoluminescence and

absorption peaks close to this value

To measure the conductivity of these crystals, platinum electrodes were

made on top of distributed Bragg reflectors (high reflectance mirrors). In

this chapter, the process of making semiconductor perovskite crystals and

electrical contacts is explained.

3.1 Perovskite Semiconductor Crystals

Hybrid organic-inorganic perovskites have shown to be advantageous for op-

toelectronic applications. One key aspect that was made use of in this thesis

is the ability to synthesize large areas of mono-crystalline thin films. For this

specific research 2D Phenyl-Ethyl-Ammonium Lead iodide (2(PEA) PbI4)

crystals were synthesized using the “Anti-solvent Vapor-assisted Crystalliza-

tion” (AVC) method [4]. These crystals are very well suitable for opto-

electronic devices working with cavity-polariton quasi-particles [11] [12]. To

make these crystals suitable, large grains of mono-crystalline thin films are

needed. The thickness is controlled by a seemingly simple process called “the

scotch tape method”, this will be discussed in a later chapter.
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To start the synthesis of the crystals a precursor has to be made. A

precursor is a solution which contains all the necessary components for the

crystal structure, solved in a preferred type of solvent. This precursor is

made to have a 1M concentration. For a 1M precursor solution, 2,305 g PbI2

and 2,480 g PEAI are dissolved in their solvent, 5 mL of γ-butyrolactone

(GBL). This mixture is then heated at 50 °C until complete dissolution.

Once the precursor is finished, a set-up has to be made. The set-up has

to be left alone for five days minimum. A cartoon of the set-up can be seen

in figure 2. 2 mL of precursor is put into a small vial. This small vial is left

open and put into a larger vial which must be able to be sealed with a cork

so the set-up is airtight. Inside the large vial, antisolvent is placed. This

antisolvent is dichloromethane (DCM). This set-up is sealed with a cork and

left alone for 5 days minimum.

Figure 2: Cartoon of the set-up. A smaller vial with precursor solution is put into a
larger vial sealed with a cork. This larger vial should be sealed so that it is airtight.

The anti-solvent will diffuse into the precursor solution and decrease its

solubility. The effect of this decreased solubility is that the molecules in the

precursor will recombine and form crystals. Crystallization is a very sensi-

tive process and for the formation of big mono-crystalline crystal surfaces the

crystallization should happen in a controlled environment. An ideal crystal-

lization process takes place in a very cold environment with no vibrations.

Since this was not achievable at the Amolf facilities, the set-up was placed
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in a wet-bench in a relatively quiet place. For even larger crystals with less

imperfections, there is room for improvement.

After 5 days, the set-up will look like in figure 3. As can be seen in the

figure, the DCM has completely diffused into the precursor solution. Dark

orange crystals can be seen on the inside of the smaller vial. These are the

2(PEA) PbI4 crystals. These crystals can now be taken out of the solution

and dried under a warm lamp. In figure 4 a photo of the crystals after drying

can be seen. These 3D crystals can reach a lateral size of approximately 1

cm, which is quite large for single-crystal perovskites. When left in solution

for more than 5 days, the crystals are able to grow even bigger.

Figure 3: The set-up after a crystallization period of five days. The antisolvent has
diffused into the smaller vial and dark-orange crystals have formed inside the small vial.
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Figure 4: The crystals after drying beneath a warm lamp. Some reach a lateral length
of 1cm.

3.2 Electrical Contacts

In this paragraph, the process of making electrodes on a DBR mirror is ex-

plained. To facilitate the measurement of the conductivity of the crystals in-

side a microcavity, platinum contacts were made on top of a high-reflectivity

DBR mirror. This structure (DBR mirror with attached electrodes) makes

one half of the microcavity that is used in the experiment. The DBR mirror

has a glass surface on top of which these contacts are made. The contacts

consist of a pattern of platinum electrodes, a picture of which can be seen in

figure 5. On the left side of figure 5, 5 mm long platinum ”fingers”, from left

to right, can be seen. Each platinum finger is numbered with an even number

from 1 to 100, so there are 50 fingers. On the right side of this figure is a

large slab of platinum. The fingers on the left and the slab of platinum are

separated by approximately 2 microns, see figure 6 for a microscopic photo

of the gap between the electrodes. The size of this hole is 2 microns for two

reasons. The first reason is that eventually crystals will be put on top of the

contacts. These crystals will be very small, only several microns wide. The

second reason is because the microcavity will make for a small mode volume

in the middle of the cavity, smaller than 2 microns wide. So, the beam waist
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in the cavity will fit through this hole of 2 microns.

Figure 5: Image of the complete product: 11 mm x 18mm mirror with platinum contacts.
On the left side of the mirror the so called platinum ”fingers” and on the right side a slab
of platinum. In between these areas of platinum is a 2 micron hole, see figure 6.

Figure 6: A hole of approximately 2 microns separates the platinum finger (left, in black)
and the platinum slab (right, in black).

The contacts on top of the DBR mirror are made in several steps, each
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step using different fabrication techniques. Below, the steps and correspond-

ing techniques are explained:

• step 1: cleaning the surface of the mirror

• step 2: spincoating resist on top of the clean mirror

• step 3: patterning the resist

• step 4: evaporating metal on top of the sample

• step 5: lifting off left-over resist

step 1: cleaning the surface of the mirror

First the mirrors are cleaned using a Base Piranha [13]. Base Piranha is a

mixture of ammonia solution and hydrogen peroxide in water (1:1:5). This

mixture is heated to 75 °C and samples (in this case DBR mirrors) are put

into the mixture for 15 minutes. After 15 minutes the samples should be

rinsed with demineralized water first and 2-propanol (IPA) second. The

samples can now be dried using a nitrogen gun. To keep them clean for

approximately two weeks, the samples need to be stored in an oxygen-low

cabinet. This cleaning method is used to get rid of all organic residue, so that

there is a better adhesion and less chance of failure in the following steps.

After this cleaning process the samples are ready to be covered with resist.

step 2: spincoating resist on top of the clean mirror

To create a pattern on top of the mirror, negative resist will be spincoated

on top of it. After spincoating the resist, the samples will be patterned using

UV-lithography. Since the resist on the samples will be patterned using a

negative light-mask, the resist that will be used is also a negative resist. A

negative light-mask is a mask where only the pattern of the mask is exposed

to UV-light when put on top of the sample. To be able to do so, the sample

is first spincoated with two types of resist.

15



The first type of resist is LOR (Lift-off resist) 20B diluted with cyclopen-

tanone (1:1). This type of resist is used to create an undercut after devel-

opment to make the eventual lift-off of excess metals easier. In figure 7 a

schematic of how this sample eventually develops is shown. This type of re-

sist is spincoated such that it reaches a thickness between 600-800 nm. After

spincoating the sample is baked on a hotplate at 150 °C for 3 minutes, to let

the solvent of the resist evaporate.

The second type of resist is S1805. S1805 is a light-sensitive resist. This

property is used to develop a pattern after UV exposure. The S1805 is

spincoated such that it reaches a thickness of 500-700 nm. After spincoating,

it has to be baked at 115 °C for 1 minute to let solvent of the resist evaporate.

A schematic of this process is shown in figure 8.

Figure 7: A side-cartoon of how the resist develops. The undercut that is created after
development makes the lift-off easier.
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Figure 8: Spincoating resist. 1) An amount of diluted Lift-Off-Resist (LOR) 20B, 1:1, is
deposited on top of the sample. 2) The sample is spinned at 4000 rpm. 3) The sample is
baked at 150 °C for 3 minutes. 4) An amount of S1805 resist is deposited on top of the
sample. 5) The sample is spinned at 4000 rpm. 6) The sample is baked on 115 °C for one
minute.

step 3: patterning the resist

When the light-sensitive resist is deposited on top of the sample, the next

step will be UV-lithography to make a pattern in this resist. UV lithography

uses UV-light to transfer a pattern from light-mask onto resist. The pattern

on the light-mask is similar to the one in figure 5, except the fingers are

shorter on the light mask and have to be extended on the sample. To extend

the fingers, the sample is exposed to UV-light and developed twice. First

only the left part of the pattern is exposed with 25 mJ/cm² for 5 seconds.

The sample can now be developed in MF-319 for 3 seconds, just to see a

little bit of the pattern under the microscope so that the light-mask and the

pattern can be aligned. When the fingers are visible under a microscope, the

sample can be aligned with the light-mask to expose the rest of the pattern

on top of the sample. Depending on the thickness of the resist, we now

develop in MF-319 between 25-40 seconds (depending on the exact thickness

of the resist). The sample will now look like in figure 9.
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(a) (b)

Figure 9: Top view of the patterned resist. a) A 10x magnification of the sample after
development. The dark orange areas are the mirror’s surface and the brighter oranges
areas are areas where there’s still resist left. b) A 50x magnification of the sample after
development.

step 4: evaporating metal on top of the sample

Once the pattern is developed into the resist, we are able to evaporate metal

on top of the sample. To evaporate metal, the sample is put into the E-flex

at the Amolf Nanolab. The E-flex is an E-beam physical vapor deposition

apparatus. The sample is loaded into the vacuum chamber of the E-flex

where an electron beam is used to heat metals into their gaseous phase.

Metals in their gaseous phase float around in the vacuum chamber until they

touch the surface of the sample, forming a film of this metal on top of it. To

make reliable contacts we need a film thickness with a minimum of 130 nm

platinum. Platinum does not adhere to the mirror (with a glass surface) by

itself, so an adhesion layer of 5 nm chromium is firstly put onto the sample.

After deposition the sample looks as in figures 10a and 10b.
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(a) (b)

(c) (d)

Figure 10: a) 50x magnification of the sample covered in platinum, after depostion
and before lift-off. The gap between the two features is approximately 2 microns. b) 20x
magnification of the sample covered in platinum, after deposition and before lift-off. c) 50x
magnification of the sample after lift-off. In light-grey we can see the platinum contacts
and the dark grey area is the background mirror. The gap between the two features is
approximately 2 microns. d) 50x magnification of the sample after lift-off. In light-grey
we can see the platinum contacts and the dark grey area is the background mirror.

step 5: lifting off left-over resist

The last step of the process, the most critical one, is lift-off. The lift-off

process gets rid of all the remaining resist and thereby loses the excess metals.

To get rid of all the material outside of the pattern, we put the sample into

a 60 °C bath of N-methyl-2-pyrrolidone, NMP. The NMP will dissolve the

left-over LOR and s1805 resists, so that the metal on top of it will let go.

The only thing that remains is the pattern of the light mask in platinum on

top of the mirrors, see figures 10c and 10d. These are the finished platinum
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contacts on top of the mirror, see figure 5.
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4 Crystal Exfoliation and Transfer

The fabricated crystals need to be exfoliated in order to reach the right

thickness and lateral size. A thickness of approximately 300 nm is desired.

When these crystals have the right thickness and lateral size, they have to

be transferred onto the platinum electrodes to measure their conductivity.

In this chapter, the process of exfoliation of the perovskite crystals and the

transfer of the exfoliated crystals onto the platinum electrodes is explained.

When exfoliation and transfer have been done, the setup will look similar to

figure 11, minus the electrical probes.

Figure 11: A schematic of the finished product and the way current will be measured.
The grey sample is an 11x18 mm DBR mirror with platinum electrodes, on top of which
a crystal is placed. Current through the crystal can be measured using a probe system
attached to a source measurement unit.

4.1 Crystal Exfoliation

Once the crystals have successfully grown, it is time to reduce their size and

thickness. Before exfoliation, the thickness can reach up to 2 mm, while

the desired thickness of the crystals is approximately 300 nm. To reduce

the thickness a seemingly simple method called “the scotch tape method”

is used. This exfoliation method is a form of mechanical exfoliation. The

principle of the scotch tape method is easy: for the first exfoliation a piece

of Nitto tape (General purpose, only adheres to certain surfaces. Luckily it
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adheres to the surface of the crystal.) is placed on top of the bare crystal.

This tape is then peeled off leaving smaller and thinner crystals on the tape.

This piece of tape, with corresponding crystals is now your first exfoliation.

For the second exfoliation, the same piece of tape is covered with a second

(clean) piece of tape. This second piece of tape is then peeled off again and

is now the second exfoliation. This process is repeated until you reach the

desired thickness for the crystals. The thickness can be measured using a

profilometer, available at the Amolf facilities. In figure 12 we can see the size

of the crystals for each next exfoliation.
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(a)
(b)

(c) (d)

(e) (f)

Figure 12: The scale bar in every picture is 100 micrometer a) First exfoliation. A very
large area of crystal with almost no imperfections. b) Second exfoliation, reducing the size
of the crystal. c) Third exfoliation. d) Fourth exfoliation. e) Fifth exfoliation. f) Three
small crystals after transfer onto GEL-FILM PDMS.
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4.2 Deterministic Transfer onto Electrodes

When the desired thickness of the crystals is reached, it is time to transfer the

crystals from the Nitto tape onto a piece of PDMS. PDMS had viscoelastic

properties which are good for transfer onto PDMS and onto electrodes. These

properties make sure that when large and high velocity motions are used,

crystals stick to the PDMS. At small and low velocity motions, crystals are

more likely to stick to the other surface on which the PDMS is placed. For the

purpose of this research the crystals are transferred onto GEL-FILM®PF-

60-X4 from the company ”Gel-Pak”, which is an industrial form of PDMS

very suitable for transfer. This type of PDMS has very little imperfections

and a smooth surface.

For the transfer from Nitto tape to PDMS, the last exfoliation (on Nitto

tape), with approximately 300 nm thin crystals, is placed on top of a piece of

PDMS and quickly ripped off. The fast motion will make it more likely for

the crystals to stick to the PDMS than onto the tape, leaving some crystals

on the surface of the PDMS, see figure 12f.

For the deterministic transfer from PDMS onto the platinum contacts

on the mirror a microscope was built, such as the one in figure 13. The

microscope has two moving stages which make it possible to place micrometer

sized crystals on a determined place on the contacts. In figure 13a a picture

from reference [14] can be seen. On the left side of this figure, there is a

stamping stage. Once the crystals have been transferred onto PDMS, the

PDMS is suspended upside-down from the stamping stage. This stamping

stage is able to move in all directions (x, y, z). This allows the crystal,

attached to the stamping stage, to be moved around while it is suspended

above the patterned mirror. The mirror is placed on the sample stage of the

microscope, which can also be seen through the microscope.
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(a)
(b)

Figure 13: Figures of the microscope used for the deterministic transfer of perovskite
crystals onto electrodes. a) figure from reference [14], where the microscope set-up can be
seen schematically. b) a photo of the microscope set-up as used in the lab, similar to the
one seen on the left.

Once the crystal is suspended above the right place on the mirror, the

crystal can be brought down and stamped onto the mirror. To clarify the

process, microscope images can be seen in figure 14. The placement of the

crystal makes use of the viscoelastic properties of the PDMS. This time, low

velocity and small movements will make the crystal more likely to stick to

the surface of the mirror. In figure 14a, in the yellow circle, there is a crystal

that has to be placed on top of the 2 micrometer gap between the platinum

electrodes (orange parts) on the mirror. A darker area on the top of the figure

shows where the PDMS is already in contact with the mirror. The lighter

area at the bottom of the figure is where the two surfaces are not touching

yet. For a successful transfer of the crystal it is vital that the PDMS around

the to-be-placed crystal is touching the surface of the mirror, i.e. preferably

no air bubbles surrounding the crystal.

In figure 14b the PDMS is pushed down more and the darker area grows

bigger, meaning the surfaces are touching. More importantly, as can be seen,

there is no air around the to-be-placed crystal. Once the crystal is in good

contact with the mirror it is time to very slowly peel off the PDMS. This

is done with a piezoelectric actuator, taking care of the very slow upward

motion of the stage. It is now visible in figure 14c that the touching areas
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are getting smaller again, thus the surfaces are letting go of each other. To

make sure that the crystal is now stuck to the mirror, the PDMS is removed

from the microscope set-up. In figure 14e, the PDMS is removed and the

crystal is placed at the right place on the contacts.

The complete sample, including mirror, contacts, and crystal, is now

finished and ready to be inserted into the microcavity. Before that, the

optical and electrical characterization of the crystals is done.
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(a) (b)

(c) (d)

(e)

Figure 14: Transfer of a perovskite semiconductor crystal onto the gap between the
electrodes on a patterned mirror. a) In the yellow circle is the to-be-placed crystal. The
dark area at the top is the place where PDMS and the mirror are already touching. The
lighter area at the bottom is where the PDMS and the patterned mirror are not touching
yet. b) The stamping stage is pressed down and the area where the surfaces are touching is
growing. The crystal is not surrounded by air bubbles, this indicates a successful transfer
onto the platinum electrodes. c) The stamping stage is lifted up very slowly and the
touching areas are decreasing in size again. d) The PDMS is completely removed from the
setup. e) The small crystal remains at the right place on the patterned mirror, transfer
successful. 27



5 Optical and Electrical Measurements

In this section the results of the optical and electrical characterization of the

crystals is shown. The results are discussed and compared to values as seen

in theory.

5.1 Optical Measurements

To optically characterize the perovskite crystals, both photoluminescence and

absorbance were measured. Photoluminescence is the emission of light from

the crystal after it has been excited by a laser and falls back into the ground

state.

Absorbance spectroscopy is performed to show the optical absorbance of

the crystal as a function of wavelength. From the absorbance spectrum we

know the maximum absorbance, which is characteristic for the substance that

is irradiated. From the absorbance peak we can derive the exciton energy

and linewidth.

Absorbance and photoluminescence are measured to reveal whether the

crystal is suitable for a strong coupling experiment. Because strong coupling

requires strong excitonic absorption and a narrow linewidth in the spectrum.

In the graph below, it is shown that the photoluminescence has a peak

at approximately λPL = 527nm, the absorbance peaks at approximately

λA = 517nm. These number are favorable, because the DBRs used in the

experiment have a maximum transmission at λ = 530nm.

The shift between the absorbance and the photo-luminescence peak is

corresponding to 45.2 meV, this is called the Stokes shift and shows the

energy that is lost in the crystal between absorbance and emission due to

relaxation or dissipation in the crystal.
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Figure 15: Absorbance and photoluminescence for 2(PEA)PbI4 in bulk. Peaks for
absorbance and photoluminescence are at λA = 517 and λPL = 527 respectively. Stokes
energy is corresponding to 45.2 meV.

The values that were found for the PL peak and the absorbance peak

correspond to the values found in similar studies in references [15], [16], and

[17]. In figure 15, it can be seen that the PL and the absorbance peak of these

crystals are dominated by an exciton band at roughly 2.4 eV, consistent with

a large exciton binding energy [18]. Materials having a large binding energy

are specifically interesting for optoelectronics and therefore very suitable for

the purpose of this research.
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5.2 Electrical Measurement

In order to electrically characterize the perovskite crystals a setup like in

figure 16 was made. In this setup, a crystal was transferred onto a contacted

mirror. Two electrical probes were attached to both sides of the platinum

electrodes, so that current is able to flow through the crystal. These probes

are connected to a Source Measure Unit (SMU) that is able to precisely

measure the current and voltage at the same time. The SMU is connected

to a computer where all data is received and processed.

Figure 16

In figure 17, several IV curves from electrical measurements made on

the perovskite crystals can be seen. These IV-curves were fitted using the

Simmons model [19]. The Simmons model is a way to describe the electron

transfer through these crystals. It can be used to approximate the barrier

widths, L, and the barrier heights, φ0 of the crystal.

This Simmons model [20] gives current density, i, as:
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h

√
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• i = current density

• φ0 = mean barrier height

• L = barrier length

• e = electron charge

• m = electron mass

• h = Planck’s constant

• V = voltage

With this approximation to the IV-curve, it is possible to get values for

the mean barrier height, φ0, and the barrier length, L [20]. The barrier height

is the difference between the metal work function and the electron affinity of

the semiconductor. It is dependent on the combination of the semiconductor

and the metal that is used (0.5–1 eV, for Si). Typical Schottky barrier heights

that were found in platinum-semiconductor contacts are between the values

of 0.4 - 0.9 eV [21] [22] [23].

The barrier width is dependent on, among other things, the doping den-

sity of the semiconductor (the concentration of carriers in this semiconduc-

tor). It is therefor possible to tune barrier widths in order to allow more or

fewer electrons [24]. Typically the size of the barrier width is on the order of

L = 10 - 1000 nm [25].
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Figure 17 shows measurements to crystals and their values for φ0 and L

and corresponding IV-curves. In figures 17a, 17b and 17c, we can see IV

measurements on the perovskite crystals. All these figures were measured

from -1 V to 1 V. Note that the scale-bars are different. In figures 17a and

17b the current is on the order of 10−8A and in figure 17c it is on the order

of 10−9A. The barrier heights for all these crystals is simulated with the

Simmons model and is either 3 eV or 3.1 eV. The barrier width however,

is not consistent and is 1.7 µm in figure 17a, 245 nm in figure 17b, and

400 nm in figure 17c. All these graphs show a non-ohmic contact (no linear

IV-curve), as can be expected from metal-semiconductor connections.

When comparing the barrier heights, φ0, to values found in literature,

the barrier height found in these measurements is at least three times higher.

Even though the barrier height is tunable and can thus for a certain degree

be chosen, we are unsure of the origin of the value here reported. When com-

paring barrier widths, L, to that of normal values, only the barrier widths

in figures 17b and 17c are of normal value. The barrier width in figure 17a

is too big. And again, we are unsure of the values reported here. More im-

portantly, the Simmons fit seems to be not a very good fit for the measured

IV-curves. The uncertainty of the parameters could be large enough so that

the fit parameters are comparable, but no quantitative estimates of the un-

certainty is given. The parameters should therefore be taken with a grain of

salt.
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(a) The red dots correspond to the IV-measurement
and the black stripes to the Simmons fit. The current
was measured from -1 to 1 V and the vertical axis is
on the order of 10−8A.

(b) The red dots correspond to the IV-measurement
and the black stripes to the Simmons fit. The current
was measured from -1 to 1 V and the vertical axis is
on the order of 10−8A.

(c) The red dots correspond to the IV-measurement
and the black stripes to the Simmons fit. The current
was measured from -1 to 1 V and the vertical axis is
on the order of 10−9A.

Figure 17: IV-curves of 3 different crystals, with corresponding barrier heights, φ0, and
barrier lengths, L. Notice the different scales for the different graphs. Red dots correspond
to the actual measurement and the black stripes to the Simmons fit.
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6 Conclusion and Outlook

In this chapter, the results of this thesis are repeated. Furthermore, it ex-

plains what has been done and also what should be done next.

The electrical measurements on the bare perovskite crystals did not show

a consistent result. Not only did it not show a consistent result, we are unsure

of the values that are reported here. This could be due to the fact that the

method of measuring is not accurate enough. This electrical measurement is

a highly sensitive measurement, since we are dealing with exceptionally small

and thin crystals and a low current. Therefore, the process of measuring the

current through the crystals should be altered in order to measure more

exact. In order to do so, there should be electrical wires attached to every

finger of the contacts on the DBR mirror. These wires will make a more

steady connection between the contacts and the SMU.

The optical results of the crystals show great promise for the crystals to

be put into a microcavity and measuring its enhanced current due to strong

coupling and exciton-polaritonic effects. The photoluminescence has a peak

at 527 nm and the absorbance at 517 nm. These two values were compared

to similar studies and it was found that they are comparable. The PL and

the absorbance peak of these crystals are dominated by an exciton band at

roughly 2.4 eV, consistent with a large exciton binding energy [18]. Ma-

terials having a large excitonic binding energy are specifically interesting in

optoelectronics and therefor very suitable for the purpose of further research.

In this thesis the ground work for this further research was done. This

ground work encompassed:

• Fabrication: The perovskite semiconductor crystals that were used in

this research had to be grown and to eventually measure the conduc-

tivity of these crystals, platinum electrodes were made on top of high

reflectivity mirrors.

• Exfoliation and Transfer: The perovskite crystals had to be exfoli-
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ated until right size and thickness, after which they had to be trans-

ferred onto the platinum electrodes.

• Optical and Electrical Characterization: The bare perovskite

crystals had to be characterised both optically and electrically.

The next step in this research is altering the way that current is measured

so that it matches the very sensitive measurement. When this is achieved,

the crystals are ready to be put inside the microcavity and have their current

measured during excitation of a laser. Hopefully, this thesis will be helpful

in accomplishing the final goal of the research: to modify the conductivity

of a perovskite semiconductor by strongly coupling electronic excitations in

these semiconductors to cavity modes.
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