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18/07 Welcome session DESY Staff

19/07 Introduction to Photon Science 1 Lucas Schwob
Introduction to Photon Science 2 Lucas Schwob
Introduction to HEP 1 Achim Geiser

20/07 Introduction to Photon Science 3 Lucas Schwob
Introduction to Photon Science 4 Lucas Schwob
Introduction to HEP 2 Achim Geiser

21/07 Introduction to HEP 3 Achim Geiser
Introduction to HEP 4 Achim Geiser
Harbor Boat Trip Boat staff

24/07 Accelerator Physics Part 1 Pedro Castro-Garcia
Accelerator Physics Part 2 Pedro Castro-Garcia
DESY Tour DESY Staff

25/07 Accelerator Physics Part 3 Pedro Castro-Garcia
Accelerator Physics Part 4 Pedro Castro-Garcia

26/07 Reciprocal Space and Principles of Diffraction Oleksandr Yefanov

28/07 Astroparticle Physics Part 1 Gernot Maier
Astroparticle Physics Part 2 Gernot Maier
Welcome Dinner DESY Staff

31/07 Modern Crystallography: Processing Petabytes of Data Oleksandr Yefanov
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01/08

X-ray Spectroscopy of Quantum Materials

Markus Scholz

03/08 Scattering Methods for Investigation of Sustainable | Stephen Roth
Materials
08/08 Fundamentals of X-ray Matter Interaction 1 Sang-Kil Son
09/08 Fundamentals of X-ray Matter Interaction 2 Sang-Kil Son
10/08 Phenomena at High X-ray Intensity 1 Robin Santra
11/08 Phenomena at High X-ray Intensity 2 Robin Santra
14/08 XFEL Tour DESY Staff
15/08 Diagnostic of Light Ulrike Fruehling
16/08 Plasma Wakefield Acceleration 1 Jens Osterhoff
Plasma Wakefield Acceleration 2 Jens Osterhoff
17/08 X-Ray Nano-Analytics and Microscopy 1 Christian Schroer
Introduction to Ultrafast Lasers and Nonlinear Optics Giulio Maria Rossi
18/08 X-Ray Nano-Analytics and Microscopy 2 Christian Schroer
01/09 The PIER Graduate School presents itself to the DESY | Stefanie Tepass
Summer Students
06/09 Final Student Session/Evaluation DESY Staff
07/09 Final Student Session/Evaluation DESY Staff
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Abstract

Organic solar cell fabrication is one of the most important fields of research
concerning the path towards sustainable energy and waste-free environment.
Much of the research utilises the spin-coating method to create organic solar
cells because of its consistent result. However, the method lacks the scalability
for industrial-scale mass production. Another scalable method to produce
consistent organic solar cells is needed. In this paper, we study the spray
deposition method to use with the fabrication of all layers of the organic solar

cells.
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1.

Introduction

Organic solar cells (OSCs) have become one of the most active research fields for both
academia and industry, owning to their potential sustainability and abundance of resources.
Compared to traditional solar cells, OSCs use fewer environmentally harmful materials, have
lower embodied energy, are more flexible and integrable, and possess shorter energy payback
times. All these advantages make OSCs a desirable choice for the transition towards green
energy and a sustainable future.

In most cases, the fabrication of OSCs is by the spin-coating method (Figure 1.). It is
the most reliable and consistent method to produce uniform thin films for OSCs with
relatively low material wastage. The solar cells produced by this method have the highest
power conversion efficiency (PCE) and highest homogeneity in relation to other methods.
However, the method lacks the essential scalability required for industry-scaled
manufacturing.

Other deposition methods that allow for cost-effective and easy scaling up the
production are much more desirable for the eventual commercialisation of OSCs. The coating
methods include doctor-blading, slot-die coating, dip coating, and spray coating. These
methods have good consistency and can be integrated into the roll-to-roll system. This
continuous form of manufacturing reduces the wastage of the material and allows for the
construction of the OSCs to be automated from start to finish.

Out of the aforementioned, the spray coating method (Figure 2.) has the potential to
deposit thin films onto flexible and curved surfaces due to its non-contact nature, which gives
it high tolerance towards surface roughness, and its droplet-based deposition, which disperses
the solution uniformly and additively. It is also ideal for avoiding contamination of the
solution and the wearing down of the contact surface.

‘ , Deposited Solution

Substrate

Rotating Chuck

Figure 1. Spin-coating method for thin film deposition. Taken from Spooner et al. (n.d.) [1]



Solution Supply

Movement of

head Gas stream

-— .

Figure 2. Spray-coating method for thin film deposition. Taken from Spooner (n.d.) [2]

Although the spray-coating method has the downside of higher thin-film roughness
compared to the spin-coating method, we can remedy the defects by adjusting the spraying
parameters (Aziz & Ismail, 2015) [3] such as the distance between the nozzle and the
substrate, the temperature of the heating plate during the deposition, the spray time, the dry
time, and the cycles.

Due to time, resource, and equipment constraints, we cannot conduct comprehensive
testing on every parameter or assemble the full OSCs to test the PCE and its recyclability.
Only the optimisation of the spray parameters and the associated difficulties will be the focus
of this report.



2.

2.1.

2.2,

Theory
Much of the material discussed here can be found in more exhaustive detail in Gray (2011) [4]
How Solar Cell Works

Solar cells convert sunlight into electricity by the photoelectric effect, on which all
photovoltaic materials are based. The solar cells absorb the photons hitting their surfaces and
convert them to energy that ionises the electrons orbiting the material. These electrons then
travel across the circuit and generate electricity which we can use to power appliances.

The material used to fabricate solar cells is crucial in determining the properties of the
solar cells, including their fill factor (FF), power conversion efficiency (PCE), and absorption
spectra. Semiconductors are required to create an effective solar cells. They are materials
whose band gaps are low enough for the excitation from photons to ionise the electrons of the
valence band into the conduction band.

Since electrons like to stay at lower energy levels, the excited electrons will eventually
return to their initial band. We can utilise this property to construct a diode to disallow the
electrons from immediately combining with the holes, the empty spots of the valence band.
Instead, we force the electrons to travel through the conduction wire to do work for us on their
way to combine with the holes.

Structure of the Solar Cells

Figure 3. shows a schematic structure of a traditional solar cell.

First, we need a substrate as the foundation for the solar cell. The typical substrate is
ITO glass because of its transparency and conductivity as well as its stability.

The semiconductors responsible for supplying the electrons and the holes, the
representation of the empty orbits, are the n-type and the p-type layers. The n-type material is
an impure material that has been doped with another material with more valence electrons.
This results in extra electrons floating within the material. As for the p-type material, the
dopant has fewer valence electrons, resulting in extra holes.

We called the n-type layer the electron transport layer (ETL) and the p-type layer the
hole transport layer (HTL). The ETL provides extra electrons while the HTL provides extra
holes.

We also construct the n-type layer to be smaller than the p-type layer to increase
charge mobility and diffusion length of the minority carriers.

The lower metal contact is responsible for transporting the holes to the upper metal
grid to combine with the ionised electrons. The ionised electrons are prevented from
combining with the holes inside the solar cells because of the diode. They must travel along
the wire, passing through the appliance or energy storage, before they can combine. Both of
them function as



Lastly, the antireflective layer is applied to reduce the reflective coefficient, increasing
the transmission rate and thus the efficiency of the solar cells. As long as there is sunlight of
the right frequencies or wavelengths, the solar cells will continue to generate electricity until

their components break down.

l

metal grid \

Sunlight

!

/ antireflective layer

n-type layer

—

p-type layer

h+’|

}

metal contact —/

Figure 3. A schematic of a traditional solar cell. Taken from Gray (2011) [4]

Keep in mind that the specific arrangement and proportion of the solar cell structure
may vary depending on the type of the solar cells. This is only a general description of a

traditional solar cell.



3. Experiment
3.1. Cleaning Substrates

Since Indium Tin Oxide (ITO) glass is expensive and fragile, we instead use microscope
slides (DURAN) as the substrate to optimise the spray parameters. The ITO glass and
microscope glass have similar absorption spectra and won’t change the result of the
experiment.

Here are the steps to prepare the substrate for the eventual spray:

1. Cut the glass slides with the glass cutter into three 25 mm. x 25 mm. substrates.
2. Place the substrates into a holder, the holder into a beaker, and fill the beaker with
water and cleaning solution. Ultrasonicate the substrates for 30 minutes.

BAMNMDOELIR
SONOREX

Figure 4. Ultrasonic machine (Bandelin)

3. Clean out the cleaning solution and submerge the substrates in DI water (de-ionised
water). Ultrasonicate them for 30 minutes.

4. Submerge the substrates in acetone and ultrasonicate them for 30 minutes. Cover the
beaker’s lid with aluminium foil.

5. Submerge the substrates in isopropyl and ultrasonicate them for 30 minutes. Cover the
beaker’s lid with aluminium foil.

6. Repeat steps 4. and 5. one more time.

7. Dry the substrates with a nitrogen gun before storing them in a substrate box.

Caution: Use the fume hood when dealing with chemical solvents.



3.2. Preparing Substrates

To enhance the result of the spray deposition, we must first prepare the substrates. Here are
the steps to be followed before placing the substrates for spraying:

1. Put the substrate into the UV Ozone Cleaner (Ossila) in the fume hood. Treat the
substrates with ozone radiation for 20 minutes.

2. Use the nitrogen gun to blow away the remaining dust on the substrates before placing
them on the spray platform.

The substrates must be used immediately once the preparation steps are complete.

Figure 5. Fume hood

Note: The UV Ozone Cleaner must be operated in the fume hood.



UV Ozone Cleaner

Figure 6. UV ozone cleaner

3.3. Making the Solution

The material we use as the HTL is PEDOT: PSS. We deposit it on the substrate via spray
deposition after we’ve dispersed the material in DI water. Here are the steps:

1. Mix in a bottle the pure PEDOT: PSS (Ossila, Al 4083) with the DI water with a 1:1
ratio. The amount depends on the amounts of substrates we want to spray.

2. Seal the bottle with parafilm before putting it in a beaker. Fill the beaker with DI water
and ultrasonicate it for 10 minutes to uniformly disperse PEDOT: PSS in DI water.

3. Use a syringe to collect the solution. Filter the solution through a 0.45 um. hydrophilic
PTFE/L filter (Sigma Aldrich).

4. Before spraying the solution, ultrasonicate it for 10 minutes.



3.4. Spray Deposition

While the solution is being ultrasonicated, we complete the spray setup to test the nozzle and
the gases as well as heat up the spray platform. The specifications are 20 cm.
nozzle-to-substrate distance, nitrogen gas for the air chamber, compressed gas for the cycle

chamber, and the solution for the liquid chamber. Make sure to align the nozzle with the
substrate.

Figure 7. The nozzle with AIR chamber, CYCLE chamber, and LIQUID chamber.

The optimisation will be done for the dry time and the temperature of the platform.
The temperature is controlled by the heating machine and measured by the spray setup

program while the spray time (high time), the dry time (low time), and the number of cycles
(quantities) are controlled by the program.

The controlled factors are 100 ms. spray time, 3000 ms. delay, and 5 spray cycles.

10



Figure 8. The heating machine

Here are the sets of parameters we vary:

e 30°C

O O O O O O

e 40°C

O O O O

50 s dry time
60 s dry time
70 s dry time
80 s dry time
90 s dry time
100 s dry time
110 s dry time
120 s dry time

50 s dry time
60 s dry time
70 s dry time
80 s dry time
90 s dry time
100 s dry time

50 s dry time
60 s dry time
70 s dry time
80 s dry time

11

40 s dry time
50 s dry time
60 s dry time
70 s dry time

30 s dry time
40 s dry time
50 s dry time
60 s dry time

20 s dry time
25 s dry time
30 s dry time
35 s dry time
40 s dry time
45 s dry time
50 s dry time

10 s dry time
15 s dry time
20 s dry time
25 s dry time



o 30 s dry time o 8 sdrytime
o 35 sdry time o 11 s dry time
o 40 s dry time o 14 sdry time
e 100°C o 17 sdry time
o 5sdrytime o 20 s dry time
10 s dry time e 120°C
o 15 sdry time o 2sdrytime
o 20 sdry time o 4sdrytime
o 25 sdry time o 6 sdrytime
o 30 s dry time o 8 sdrytime
e 110°C o 10 s dry time
o 5sdrytime

500
e TR SRR I TL A L T B AN A AT
LowTime inms:  Low Time in ms:

: 11

Quantitiy
=1

‘Remaining: \ﬂk : Remaining:
o SITTE 0
C Pulsel ¢ Pulse2 ¢ Pulse3 IG" Pulse 1 and 2 and SI
Status:
|idle

Temp 1: [2252 C

Temp 2: [22.35 ¢

Figure 9. The spray setup program

Note: Before the spray, blow the prepared substrates with the nitrogen gun to clear any
remaining dust from the storage.
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3.5. Annealing Substrate

After spray deposition, anneal the substrates for 10 minutes at 150 °C in open air. Finally,
store the substrates in the substrate boxes for optical microscope imaging.

Safe Temp: 383°C

actual rpm

570

set rpm

IK ®§c€|10i B e

Figure 10. Hot plate for annealing.
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4. Result and Discussion

Here are some of the optical microscope (OM) images of the substrates sprayed with PEDOT:
PSS at various temperatures and dry times. Because of the lack of ITO glasses, the images
didn’t have the rainbow patterns consistent with the literature. These patterns are caused by
the interference, specifically thin-film interference, between the glass substrate, ITO, and the
deposited solution. Because PEDOT: PSS has an almost identical refractive index as a glass
substrate, the interference pattern is too minimal to be captured by the OM.

The thin-film interference can be comprehensively reviewed in Hecht (2002) [5].

As such, we can only see the dark outlines of the deposited PEDOT: PSS without
being able to see its homogeneity. Moreover, since the deposited droplets are transparent, the
OM cannot reliably measure the roughness of the surface.

Figure 11. OM images of sprayed substrates at 1) 50°C with 60s dry time, 2) 80°C 25s, 3) 110°C 8s, and 4)
120°C 4s.

With increasing temperature and lower dry time, the dark outlines of the droplets
become more prominent. This indicates that the deposited PEDOT: PSS congregates around
each other at a higher temperature because of the insufficient stand-by time for the solution to
merge into a thin film after landing on the substrate. The result is the inhomogenous
coffee-ring effect. At lower temperatures, the droplets merge and disperse relatively uniformly

14



such that the dark outlines are harder to detect to the point of being near invisible at lower
temperatures.

However, due to the lack of thin-film interference, we cannot be conclusive with the
optimum temperature and dry time for our spray deposition. Additional experiments must be
performed with ITO glass substrates. Unfortunately, the lack of time means we cannot
perform as many experiments as we hope. We also cannot use atomic force microscopy
(AFM) to observe the roughness of the substrates because the machine is currently out of
commission.

5. Conclusion

The temperature of the spray platform and the dry time have a significant impact on the
homogeneity of the thin film. As shown, higher temperatures and longer dry time lead to
inadequate stand-by time that is larger than evaporation time. Such a condition causes the
coffee-ring effect, which indicates the nonuniform distribution of the solution on the sprayed
thin film.

Because of the lack of thin-film interference, we cannot conclusively select the best
parameters for spray deposition of PEDOT: PSS. Further experiments, done with ITO glasses,
are required to determine the finer detail of the parameters. Moreover, the AFM is out of
commission, making it difficult to calculate the surface roughness of the sprayed solution.

15
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