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Abstract

Solar energy is a great alternative for conventional energy production. It provides a envi-

ronmental friendly and sustainable energy source.

While the market is focused nowadays on crystalline solar cells, hybrid solar cells join the

great advantages of crystalline and organic solar cells. The major drawback is that hybrid

solar cells still show less e�ciencies than pure crystalline silicon solar cells.

The purpose of this study was to manufacture and characterize nanostructured hybrid

solar cells as these nanostructures in hybrid solar cells might provide higher e�ciencies.

Solar cells with di�erent nanowires have been produced and the in�uence of the nanowire

size considering the solar cell behavior has been analyzed. The nanostructures have been

manufactured by a top down process that has been further optimized in this work. This

process can easily be adjusted so that the nanostructures �t every need.

Several characterization methods have been used. The optical and electrical properties

of the solar cells have been analyzed.

It could be observed that the nanostructured solar cells show a distinctively reduced

re�ection compared to planar solar cells. The solarcells with the shortest nanowires show

the best antire�ective behaviour in the visible range while the solar cell with the longest

nanowires showed the best antire�ection in the near infrared range. The external quantum

e�ciency (EQE ) has been higher for the nanostructured solar cells over a wide range of

the spectrum. The solar cell with the shortest nanowires (50 nm high and 670 nm in

diameter nanowires) achieved 92% external quatum e�ciency (@480nm). Looking at the

IV measurements the nanostructured solar cells show slightly higher short circuit current

density (JSC) (31− 33mA
cm2 ) than planar cells (29mA

cm2 ).

The solar cell achieving the highest e�ciency of 11.9% was the nanostructured cell with

the longest silicon nano wires (SiNW ) (500 nm high and 500 nm in diameter).
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Kurzfassung

Solarenergie stellt eine gute Alternative zur konventionellen Energieerzeugung dar. Sie ist

umweltfreundlich und nachhaltig. Der Markt basiert momentan noch sehr auf kristalline

Solarzellen. Hybride Solarzellen vereinen die Vorteile aus der kristallinen und organischen

Welt. Der Nachteil sind niedrigere E�zienzen im Vergleich zu kristallinen Solarzellen.

Das Ziel dieser Masterarbeit war die Herstellung von nanostrukturierten hybriden So-

larzellen. Nanostrukturen in hybriden Solarzellen könnten die E�zienzen steigern. Es

wurde analysiert wie sich verschiedenen Nanodrahtdimensionen auf das Verhalten von So-

larzellen auswirken. Diese Nanostrukturen wurden in einem Top-Down Prozess hergestellt

der im Zuge dieser Arbeit optimiert wurde. Das Verfahren kann einfach angepasst werden

um verschiedene Nanostrukturen herzustellen.

Es wurden verschiedene Charakterisierungsmethoden verwendet. Die Zellen wurden

sowohl auf ihre optischen Eigenschaften, als auch auf ihre elektronischen Eigenschaften

hin untersucht.

Die nanostrukturierten Solarzellen zeigten eine stark reduzierte Re�ektivität im Vergleich

zu den planaren Solarzellen. Solarzellen mit den kleinsten Nanodrähten (50 nm hoch, 670

nm Durchmesser) wiesen das beste Antire�ektionsverhalten im VIS Bereich auf während

die Solarzellen mit den höchsten Nanodrähten (500 nm hoch, 500 nm Durchmesser) die

geringste Re�exion im NIR Berich aufzeigten. Im Vergleich der externen Quantene�zienz

zeigten die strukturierten Zellen über weite Teile des Spektrums eine höhere Quantenaus-

beute als die planaren Zellen. Die Solarzelle mit den kleinsten Nanodrähten zeigte bei 480

nm 92% Quantenausbeute. In den IV Messungen zeigten die nanostrukturierten Zellen

leicht höhere Leerlaufspannungen (31− 33mA
cm2 ) als planare Solarzellen (29mA

cm2 ).

Die höchste E�zienz im Zuge dieser Arbeit wurde von einer nanostrukturierten So-

larzelle erzielt und lag bei 11.9%.
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Chapter 1

Motivation

Nowadays crystalline solar cells are commonly used in solar modules. With 25.6% e�-

ciency [11] (in research) the crystalline solar cells highly out-range organic solar cells that

achieve a maximum e�ciency of 13.2% e�ciency [7] (in research). Of course this grade of

e�ciency has its price, as thick layer devices are needed to get the maximum absorption.

Therefore large amounts of highly pure silicon are needed which increase the price. The

advantages of organic solar cells are numerous despite the low e�ciency. As mostly much

less material is needed the material costs in overall are low. The material can be processed

in cost e�cient ways and even be used on �exible foils.

In hybrid solar cells the advantages of inorganic crystalline cells and organic cells are

combined. In this study poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS ) was used as the organic part of the hybrid solar cell. The great electric

properties and high stability of the crystalline materials are joined with the good ab-

sorbance and �exibility of the organic polymer.

Figure 1.1: Schematic showing the in�uence of dimethyl sulfoxide (DMSO) on PEDOT:PSS [27]

A few micrometer thin PEDOT:PSS layer is deposited on top of n-doped silicon (Si).
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In this work spin coating was used to deposit the PEDOT:PSS. It was important, that the

organic material completely coats the nanostructures. By varying the spin coating param-

eters, a complete coating was achieved. The e�ciency of a solar cell using PEDOT:PSS

is limited by the charge carrier transport in the PEDOT:PSS layer. This limitation re-

sults from the insulating PSS shell that surrounds the PEDOT:PSS . By adding DMSO

to the PEDOT:PSS this insulating layer will decrease in thickness and so increases the

conductivity (see �gure 1.1).

Nanostructures become more and more important in hybrid solar cells. They increase

the surface area and simultaneously function as antire�ective coating.

In planar solar cells thick layers of highly pure silicon have to be used in order to absorb

most of the incoming light while providing a long minority charge carrier di�usion length

(Ln) to avoid recombination losses. Using highly pure and crystalline silicon increases the

costs of solar cells highly.

Therefore, SiNW can be a cheap replacement. The nanowires will enhance the absorption

of light [29] while reducing material costs as they can be fabricated on a glass substrate.

Radial pn junction (see �gure 1.3) can further reduce the recombination losses as the

minority charge carrier di�usion length just has to be half of the nanowire diameter.

In this work SiNW are referred as structures with an aspect ratio (length/diameter)

of 1-5. Only radial pn junctions have been fabricated. The fabrication of SiNW can be

done via bottom-up (eg. using chemical vapor deposition (CVD)) or top-down methods.

This work focuses on top down processes such as reactive ion etching (RIE ).

Figure 1.2: Schematic of planar solar cell.
The cell thickness L has to be larger than
its optical thickness 1

α
[13]

Figure 1.3: Schematic of radial pn junc-
tion [13]
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Chapter 2

Basics

2.1 Solar cells

A solar cell is a device converting sunlight into electricity using the photovoltaic e�ect.

Basically a three step process is necessary to produce electricity out of light.

� Absorption of sunlight creating an exciton

� Separation of charge carriers

� Extraction of carriers to external circuit

The absorption process is mostly enhanced by di�erent kinds of antire�ective coating

or a special surface structuring. The more light is absorbed in the cell the more energy

can be converted. In the next step the chosen semiconducting material is essential to

create as many excitons possible. Therefore the electron is enhanced from the valence

band into to the conduction band leaving a hole. This electron-hole pair is called exciton.

Now these charges have to be separated from each other. Commonly this is achieved with

a p-n junction made out of doped silicon. This p-n junction only works properly with

appropriate contacts connecting the device to a terminal where the charge carriers can be

extracted to.

There are di�erent forms of solar cells achieving year to year higher e�ciencies (see �gure

2.1).

� Crystalline silicon solar cells are the most common nowadays. They are the most

e�cient solar cells on the market. Mono-crystalline silicon solar cells achieve e�-

ciencies of 25.6% (lab report) [11].

� In thin �lm solar cells a huge variety of materials are used. GaAs thin �lm solar

cells achieve unrivaled e�ciencies of 28.8% [23].
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2.1. SOLAR CELLS

� Multijunction solar cells use combinations of several thin �lms and combine di�erent

semiconducting materials. Triple junction metamorphic cells reach e�ciency of

44% [16].

� Organic solar cells are the newest technology. They achieve maximum e�ciencies

of 13.2% [7].

� In hybrid solar cells the advantages of organic and inorganic semiconductors are

combined. These solar cells have e�ciencies of 13% [25].

Figure 2.1: E�ciency chart of the best research cell e�ciencies reported by NREL [4]
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2.2. HYBRID SOLAR CELLS

2.2 Hybrid solar cells

In hybrid solar cells organic and inorganic semiconductors are used together. As organic

semiconductors can't be doped in either way there is no p-n junction at the interface

but rather a donor-acceptor junction acting as a potential barrier. These two parts have

di�erent electron a�nities [10].

The organic polymer acts as the donor material transporting holes while the inorganic

semiconductor is the acceptor part and transports the holes. In hybrid solar cells the

necessary energy for the charge carrier separation comes directly from the energy o�set

of the LUMO levels or the conduction bands (see �gure 2.2). Basically it can be said that

the incoming light generates in exciton in the donor-acceptor junction. The electrons are

put up into the conduction band and transported thru the inorganic part of the junction.

Whereas the holes are transported by the organic polymer part of the solar cell.

Figure 2.2: Schematic energy diagram of the donor-acceptor interface [5]

2.2.1 Basic design

The solar cell that is discussed in this work has a top-anode, bottom-cathode design

(see �gure 2.3). This structure was designed due to the fact, that most low work function

materials, that are necessary for collecting the electrons, oxidize quickly and will cause the

solar cell to fail. Therefore the cathode was placed on the bottom of the solar cell. Another

advantage of this design is that the PEDOT:PSS is acidic and can not do any damage

to a metal-oxide electrode if it is not contacted directly. In this work a indium gallium

5



2.2. HYBRID SOLAR CELLS

eutectic (E-In/Ga) has been used as a back contact as it can easily be scratched into the

back of the n-Si by hand after all the fabrication processes have been completed. The top

contact is realized as a gold grid that is evaporated onto the PEDOT:PSS layer. Gold has

a high work function (workfunction = 5.1 eV) and does not oxidizes. The problem that

results from a non-transparent top-anode is the amount of shielding. There are several

paper now being published on silver nanowires functioning as transparent electrodes and

therefore minimizing the shielding losses of a non-transparent top-electrode [31] [28].

The n-type silicon and the PEDOT:PSS form the donor-acceptor junction in this solar

cell.

Figure 2.3: Schematic operation scheme of a hybrid solar cell [24]
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2.2. HYBRID SOLAR CELLS

2.2.2 Working principle

Light falls onto the surface of the cell. In the depletion region an electron-hole pair is

created as the electron moves from the valence band into the conduction band and leaves a

vacancy, the hole. This depletion region is created by the donor-acceptor junction formed

by the n-Si and the hole conducting PEDOT:PSS . In order to obtain a current these

generated charges have to be separated before they can recombine. This is done using the

built-in electric �eld that is formed due to the potential di�erence in the donor-acceptor

junction.

2.2.3 Nanostructuring

Nanostructures on the surface of a solar cell have two main e�ects on its behavior.

1. Antire�ective structuring

2. Short transportation distance of the charge carriers to their electrodes.

To reduce light losses due to high re�ectivity of planar surfaces nanostructuring helps to

minimize the re�ectivity. As the charge carriers have short distance to separate, because

of the radial donor-acceptor junction, the losses that occur due to recombinations can be

reduced. Several papers [26] have shown, that radial pn junctions can optimize hybrid solar

cells. Especially in the wavelength region of 300-600nm high EQE have been measured [32].

These radial pn junctions are created with SiNW . There are di�erent ways of creating

SiNW . In this work a top down process was performed.
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2.3. CHARACTERIZATION METHODS

2.2.4 Spin coating

Spin coating is an easy way to control the polymer �lm that is applied on the substrate.

There are two parameters that have been varied: the spin speed (ω) and the spin time

(t). Both control the thickness of the deposited �lm. The spin acceleration (dω
dt
) was not

changed in this work. A de�ned amount of the polymer is deposited on the surface of

the substrate (�gure 2.4a). During the acceleration a homogeneously thin �lm is created

(�gure 2.4b). The spare material is spun o� (�gure 2.4c) and in the last step the solvent

evaporates and leaves a thin polymer �lm on the substrate.

Figure 2.4: Schematic of the di�erent stages of spin coating [2]

2.3 Characterization methods

2.3.1 Spectrometry

If light hits an object there are basically three things that can happen: re�ection, transmis-

sion and absorption. A spectrometer is designed that all three outcomes can be measured

separately.

For a solar cell it is essential that the re�ectivity is cut down to a minimum to get as

much light into the region to create an electron hole pair.

The re�ectance is the ratio of the re�ected and the incident intensity and can also be

calculated using equation 2.1.

R =

(
na − nb
na + nb

)2

(2.1)
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2.3. CHARACTERIZATION METHODS

R [%] .... re�ection
na .... refractive index of �rst medium
nb .... refractive index of second medium

There are two ways to reduce re�ection to a minimum: Anti re�ective coating and

structuring of the surface. In this work both methods have been used. Using anti re�ective

coating the thickness of this layer as well as its refractive index is relevant. Using equation

2.2 the best refractive for the anti re�ective coating can be calculated .

n1 =
√
n0n2 (2.2)

n1 .... refractive index of the antire�ective coating
n0 .... refractive index of the surrounding material
n2 .... refractive index of the substrate

If the refractive index n1of the coating material is set the thickness can be varied to

obtain optimum re�ection behavior see equation 2.3. The thickness di�ers for di�erent

incident wavelengths.

d =
λ0
4n1

(2.3)

d [nm] .... thickness
λ0 [nm] ..... incident wavelength

2.3.2 IV characterization

The IV characterization is one of the most powerful methods to evaluate the functionality

of a solar cell. There are several values that can be derived from an IV curve: the short

circuit current (ISC), the open circuit voltage (VOC) and the �ll factor (FF ). With these

values the e�ciency can be derived with equation 2.4.

η =
VOCISCFF

Pin
(2.4)
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2.3. CHARACTERIZATION METHODS

η [%] .... e�ciency
VOC [V] .... open circuit voltage
ISC [A] .... short circuit current
FF .... �ll factor
Pin [W] .... input power

Using a solar simulator the fabricated cell is illuminated with a calibrated power

and the AM 1.5G spectrum. If there is no illumination the solar cell shows a diode

characteristic behavior only depicting dark current. The incoming light shifts the IV

curve down so power can be generated. In equation 2.5 the IV equation can be seen.

I = IL − I0(exp(
qV

nkT
)− 1) (2.5)

n .... ideality factor
k = 1.38 ∗ 10−23 [ J

K
] ..... Boltzmann constant

T [K] .... temperature
IL [A] .... light generated current
I0 [A] .... dark saturation current
q = 1.6 ∗ 10−8 [C] .... elementary charge
V [V] .... voltage

Figure 2.5: Schematic used for the calculation of the FF

The ISC is the maximum current the cell can generate. It is measured when the voltage

is zero, mostly due to short circuiting the device. The ISC is dependent on the optical

properties of the solar cell as it depends on the absorbed photons as well as on the light

spectrum.
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2.3. CHARACTERIZATION METHODS

The VOC is the the maximum voltage the solar cell is able to create while zero current is

�owing. Looking at equation 2.6 it can be seen, that the VOC not only depends on the

light generated current but as well on the dark saturation current which is dependent on

the recombinations.

VOC =
nkT

q
ln(

IL
I0

+ 1) (2.6)

The FF is calculated with equation 2.7 the corresponding plot can be seen in �gure

2.5. The FF determines the squareness of a solar cell. As round edges minimize area A

(see �gure 2.5) the higher the FF the better the solar cell as it directly in�uences the

e�ciency.

FF =
V mPImP

VOCISC
=
areaA

areaB
(2.7)

VmP [V] .... voltage at maximum power point
ImP [A] .... current at maximum power point

There are several defects that can produce deviation from an ideal I-V curve. Es-

pecially the shunt resistance and the series resistance will a�ect the shape of the I-V

curve. Both can be modeled in an electric circuit as a parallel resistance (RSh) and serial

resistance (RS) (see �gure 2.6).

Figure 2.6: Electrical circuit with shunt and series resistance [6]

In an ideal solar cell the shunt resistance RSh is in�nite. If its not in�nity it might

provide an alternate path for the current �ow and therefore reduce the voltage of the solar

cell (see �gure 2.7). The value of the RSh can be estimated from the slope of the IV curve

near the short-circuit current point [21]. The main reason for RSh is due manufacturing

processes that may cause impurities and defects which lead to leakage current.

11



2.3. CHARACTERIZATION METHODS

Figure 2.7: Impact of the shunt resistance on the I-V curve [3]

The series resistance is zero for an ideal solar cell. In a real solar cell the I-V curve

is deviated from its ideal form because of it (see �gure 2.8). It is mainly caused by the

metal electrodes and reduces the �ll factor. The main causes are the current resistance

of the metal electrodes and the contact resistance. It can be determined by the slope of

the I-V curve at the open circuit voltage point [18].

Figure 2.8: Impact of the series resistance on the I-V curve [3]

12



2.3. CHARACTERIZATION METHODS

2.3.3 EQE measurements

The EQE is the ratio of all collected charge carriers and all incident photons [8]. So it is a

measure for the ability of the solar cell to convert the incoming light into electricity. As

in �gure 2.9 can be seen, there are several reasons why a real solar cell will never achieve

the perfect square plot of an ideal cell. As short wavelengths such as blue light will not

penetrate deep into the cell the main losses result from surface recombinations. At longer

wavelengths the di�usion length plays an important role. The di�usion length describes

the average distance traveled by charge carriers before recombination. That means if that

length is short the probability is very high, that the charges recombine before they can

get to the electrode.

Figure 2.9: Theoretical description of an EQE plot, including the main reason for losses [9]
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Chapter 3

Experimental

There are several steps to manufacture the present solar cell. In scheme 3.1 the individual

steps can be seen.

This steps are explained in more details, as follows.

Scheme 3.1: Process of manufacturing a hybrid solar cell

14



3.1. FABRICATION PROCESSES

3.1 Fabrication processes

3.1.1 Substrate material

A n doped (phosphorus) Si wafer with a 1 − 5 Ωcm resistivity with the 〈100〉 direction

facing up was cut into the right size and used as a substrate. The wafer was provided and

the doping not changed in any way.

Essential for the functionality of the solar cell is the removal of the native oxide layer

that forms if the substrate comes into contact with air. The best method for this cleaning

is a hydrogen �uoride (HF ) dip just before the polymer is deposited on top. A 5% HF

solution is used. This process will leave the sample hydrophobic.

3.1.2 Hydroplaning

The nanostructuring follows a three step process. First polystytrene microspheres are de-

posited in a closed packed manner onto a substrate. To get a perfectly arranged monolayer

of polystyrene spheres hydroplaning was chosen to be the easiest method [30]. Polystyrene

spheres with an average diameter of 1µm are dissolved in water and ethanol is added 1:1

to the solution.

Figure 3.1: Schematic hydroplaning process. a) the spheres are dribbled on the glass slide and
onto the water. b) there they form a closepacked monolayer. c) the substrate is placed in the
water and underneath the monolayer. d) then it is slowly and slightly tilted pulled out. e) the
sample dries in a 45◦ angle to get rid of the remaining water and solvents

15



3.1. FABRICATION PROCESSES

A broad beaker is �lled with distilled water and a small amount of sodium dodecyl

sulfate (SDS ) is added to the water to get a concentration of about 0.17 mmol
L

. These SDS

molecules form a barrier for the microshperes and therefore will help the close packing

process [30]. If there is too much SDS in the water the chances are high that the spheres

will form multilayers as they will tumble over each other because the barrier is too strong

to be overcome. If there is no SDS added the spheres will probably not form a close

packed monolayer but just �oat around in small agglomerations and gaps will form.

A microscope slide is cleaned and made hydrophilic via oxygen plasma. The slide is put

into the beaker leaning on the edge of it to form a 45◦ angle (see �gure 3.1a).

The polystyrene sphere solution is dribbled drop by drop onto the slide so they will

slowly move onto the water surface. There they will form a monolayer. This can be seen

by the iridescent colors of the water surface.

The cleaned samples are attached to a piece of Si wafer using double sided adhesive cop-

per tape. Holding the wafer with tweezers the sample is dipped into the water and while

slightly tilting it pulling it out (see �gure 3.1d). The dazzling colors now can be seen on

the surface of sample. It is left in 45◦ angle to dry.

3.1.3 Sphere shrinking

In the second step these microspheres are shrunk using oxygen plasma. The plasma

cleaner can be used to shrink the polystyrene spheres in diameter. The oxygen plasma

will bombard the microspheres from the top and so remove some of the polystyrene. As

this process is highly anisotropic the spheres are most a�ected on the top than on the

sides. The plasma cleaner can be used to shrink the polystyrene spheres in diameter. The

sample is placed inside the chamber which is evacuated up to 0.2 mbar. Then the oxygen

is regulated that the inner pressure reaches a constant 0.4 mbar. Now the plasma can be

ignited. The oxygen plasma will bombard the nanospheres from the top and so remove

some of the polystyrene.
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3.1. FABRICATION PROCESSES

3.1.4 Reactive ion etching

As described before reactive ion etching is a good method to create Si nanostructures.

After that the substrate is etched with a RIE . RIE parameter can be controlled very well

and is therefore chosen as the etching method. As a source gas sulfur hexa�uoride (SF6)

is used because the �uoride radicals, that are separated before, bond with the Si to form

SiFx. This molecule is gaseous and can easily get rid o� with a vacuum pump. Since

this process is isotropic a surface passivisation is needed. For that reason the chamber

is cooled with liquid nitrogen down to −110 ◦C [20]. All etching parameters, expect the

etching time have not been changed during this work (see table 3.1). These parameters

are experience values already provided for me.

The Si substrate with the deposited and shrunk microspheres on top is �xed on a car-

rier wafer with a drop of oil. To avoid any residues or unsatisfactory performance of the

process the oil must not ooze out under the substrate. The carrier wafer with the per-

fectly attached substrate on top are placed into the chamber which is then evacuated and

the etching process is performed fully automatically. After the etching is complete the

substrate is removed from the carrier wafer and dipped for 60 s in distilled water in the

ultrasonic bath in order to get rid of the remaining polystyrene spheres. The nanospheres

that are still resting on the top of the SiNW are easily be removed if the sample is dipped

for 60 s in distilled water in the ultrasonic bath.

Table 3.1: RIE operating parameters used in the experiments

Pressure [mtorr] O2 �ow [sscm] SF6�ow [sscm] ICP [W] RF [W] Temperature [◦C]

7.0 8.0 40.0 475.0 6.0 −110
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3.1. FABRICATION PROCESSES

3.1.5 Lithographing methods

In order to have a de�ned active area of the solar cell a photoresist mask is applied on the

nanostructured surface using the Karl Suss mask aligner (see �gure 3.2). The AZ nLOF

2070 negative photoresist is used in a (3.5± 0.2) µm thick layer. This photoresist shields

the layers below from light contact and therefore electron hole pair generation.

Figure 3.2: Basic working principle of a lithographing process [17]

3.1.6 Spin coating

The polymer used in this work is PEDOT:PSS . As the PSS will form a insulating shell

around the PEDOT:PSS grains adding DMSO will reduce the shell thickness and so en-

hance the conductivity of the polymer. In order to get a distribution of the solution a

wetting agent is added. The exact recipe of the solution was determined experimentally

and already provided for me and can be found in table 3.2. To avoid insulation coming

from the native oxides of the Si substrate itself the sample is dipped into HF for 60 s

before spin coating it.
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3.1. FABRICATION PROCESSES

The spin coating parameters have been optimized in a way that the polymer coats the

SiNW from top to bottom.

The resulting spin parameter can be found in table 3.3.

Table 3.2: Composition of the polymer solution used in the experiments

Sample Ratio PEDOT:PSS : DMSO : Wetting Agent

Nanostructured sample 1000:50:10,5
Planar sample 1000:50:1

Table 3.3: Spin parameter used in the experiments

Spin speed [rpm] Acceleration [ rpm
sec

] Spin time [sec]

8000 15 60

3.1.7 Front and back contacts

A gold grid is applied via evaporation to function as the front contact. A E-In/Ga is

scratched into the back of the solar cell to work as the back contact.
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3.2. CHARACTERIZATION METHODS

3.2 Characterization methods

3.2.1 Spectrometry

The re�ectivity is measured using the spectrophotometer Cary5000 from Varian (see

�gure 3.3). Only re�ectivity measurements have been performed with the incident beam

hitting the sample at a 90◦ angle. The re�ected light is measured with an integrating

sphere.

Figure 3.3: Spectrophotometer

3.2.2 IV characterization

To measure the IV curve the solar simulator Sol 3A from Newport is used (see �gure 3.4).

The AM 1.5G spectrum has been used for all measurements.

Figure 3.4: Solar simulator
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3.2. CHARACTERIZATION METHODS

3.2.3 EQE measurements

The EQE measurements have been performed with the Quantum E�ciency Measurement

System from Newport (see �gure 3.5).

Figure 3.5: EQE measurement system [12]
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Chapter 4

Results and discussion

4.1 Nanostructuring

During the hydroplaning process it is essential to tilt the sample while the substrate is

pulled out of the beaker. If the sample is not tilted but held horizontally too much water

will remain on the surface and while drying slide some spheres over each other. This can

be seen with the naked eye as drying lines will form multilayer lines (see mark B in �gure

4.1) and individual spheres might rest on the monolayer below (see mark A in �gure 4.1).

Figure 4.1: Too much water on the surface might form multilayer lines as seen in the scanning
electron microscope (SEM )

After the hydroplaning closed packed monolayers of polystyrene spheres cover the

surface of the substrate. This monolayers behave like crystal structures and form out

crystal defects such as point defects (eg. vacancies see �gure 4.2 A) or line defects (eg.

edge dislocations see �gure 4.2 B).
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4.1. NANOSTRUCTURING

Figure 4.2: SEM image of a monolayer of polystyrene spheres pointing out defects in the
structure

These microspheres are shrunk using oxygen plasma. The shrink rate of the diameter

behaves nicely linear regarding the plasma etching time (see �gure 4.3).

Figure 4.3: Average diameter as a function of etching time measured in a SEM

Using a SEM it can be seen that the spheres have a lentil-like shape at the end of the

shrinking process (see �gure 4.4). This can be explained as the oxygen plasma will not

a�ect the spheres isotropically but rather more on the top than on the sides.
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4.1. NANOSTRUCTURING

Figure 4.4: image of the lentil-like shape
of microspheres shrunk in oxygen plasma

Figure 4.5: SEM image of the SiNW after
the nanospheres have been washed away

After the shrinking process the real nanostructuring process is performed using a RIE .

As the etching process was performed under low temperatures (−110 ◦C) the chemical

isotropic reaction of the etching is slowed down so that the SiNW surface is smooth and

straight (see �gure 4.5). The little roughness that is still remaining can be removed with

a HF dip. The height of the SiNW behaves linear to the etch time (see �gure 4.6).

Figure 4.6: Linear behavior of the height of the SiNW considering the reactive ion etch time
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4.1. NANOSTRUCTURING

4.1.1 Spin coating

In �gure 4.7 a sample is shown consisting of an area with perfectly coated SiNW (area B)

and another area with the polymer only hanging between the SiNW without touching the

bottom (area A). If the solar cells are produced with the polymer only partly covering the

SiNW it is impossible to tell whether they arise from the insu�cient coverage or other

reasons.

Figure 4.7: SEM cross section image of a nanostructured sample coated with PEDOT:PSS
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4.1. NANOSTRUCTURING

4.1.2 Finished solar cell

The �nished solar cell can bee seen in �gure 4.8. There the nanotructures can be seen as

the surface of the cell shows iridescent colors. It can be seen in �gure 4.9 that the back

contact does not cover the back of the solar cell homogeneously.

Figure 4.8: Photography of the front con-
tact of a solar cell with nanostructures

Figure 4.9: Photography of the back con-
tact of a �nished solar cell
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4.2. OPTICAL PROPERTIES OF THE STRUCTURE

4.2 Optical properties of the structure

To reduce the optical losses at illumination of a solar cell its surface interface re�ectivity

should be minimized. Using a spectrometer the re�ectivity of nanostructured samples

and �nished solar cells has been measured.

Figure 4.10: Re�ectivity spectra of di�erently nanostructured Si wafer with and without PE-
DOT:PSS coating

In �gure 4.10 the re�ectivity of three di�erently manufactured samples are compared

to that of a planar Si wafer.

The peak marked with "A" results from the high refractive index of Si at that point (nSi

@370 nm = 6.863). This peak can be seen in all measurements as all samples have a

silicon substrate.

The sharp edge that is seen at wavelength 800 nm (marked with a "B") results from the

change of lamps in the measuring spectrometer. As Si has a band gap of 1.11eV there

is a sharp drop in the absorption coe�cient of Si @1100 nm. Low absorption coe�cients

mean that the light is poorly absorbed therefore the re�ectivity increases (marked with a

"C") as the sample is too thick to transmit light.

As almost 85% [19] of the irradiance of the solar spectrum lies between 300 nm - 900 nm

the incoming sunlight with wavelengths above 900 nm will not contribute an essential

part to the solar cell input. It makes more sense to optimize a solar cell in a wavelength
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4.2. OPTICAL PROPERTIES OF THE STRUCTURE

range with a high irradiance than in one with low irradiances.

It can be seen that sample A1, without PEDOT:PSS coating acts almost like the planar

Si wafer (S2) but showing less re�ectivity. As the re�ectivity curve of the A1 sample is

just shifted down a bit, compared to the curve of the planar silicon wafer it can be said,

that the tiny nanostructures (80 nm height and 800 nm in diameter) result in reduced

re�ectivity. This might result from the tiny SiNW height. As they are much smaller

than the incident wavelengths the surface acts like having a continuous refractive index

gradient. As the plain air-Si interface is removed that way the re�ections are reduced.

If that nanostructures are coated with PEDOT:PSS the re�ectivity is minimized even

further (see curve of sample A1 after PEDOT:PSS coating). It is not really understood

why this measurements show a slight increase of re�ectivity between 450 nm − 800 nm.

Figure 4.11: Multiple re�ections between air, PEDOT:PSS and Si reducing the total re�ec-
tivity

n0 ..... refractive index of air
n1 ..... refractive index of PEDOT:PSS
n2 ..... refractive index of silicon
I .... Intensity of the incident light
Ra[%] ..... re�ectivity at the silicon-air interface
Rb[%] ..... re�ectivity at the PEDOT:PSS-air interface
Rc[%] ..... re�ectivity at the Silicon-PEDOT:PSS interface
Ta[%] ..... transmittance of light from air into silicon
Tb[%] ..... transmittance of light from air into PEDOT:PSS
Tc[%] ..... transmittance of light from PEDOT:PSS into silicon

If light enters the Si without any additional layer the re�ectivity is Ra = 35%, giving

a maximum transmittance of Ta = 65% (with n2 = 3.9 @600 nm [15]).
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4.2. OPTICAL PROPERTIES OF THE STRUCTURE

T = 1− (A+R) (4.1)

T [%] .... Transmittance
A [%] .... Absorbance
R [%] .... Re�ectance

Figure 4.12: Absorption coe�cient of PEDOT:PSS:DMSO [22]

In �gure 4.12 the absorption coe�cient of PEDOT:PSS with DMSO can be seen. The

mixture used in this work has a lower DMSO concentration (4.7%) than the concentra-

tions mapped in �gure 4.12, but it can be assumed that it is just below the curves with

10% DMSO concentration. At 400 nm the absorption coe�cient is about 0.1 ∗ 105 cm−1.

This means that the absorption depth at 600 nm is about 1µm. The absorption depth

describes the distance in a material were the light has lost 36% of its intensity [1]. As the

polymer layer thickness is between 50nm− 80nm only a very small part of the intensity

of the light is lost due to absorption. The absorption depth of PEDOT:PSS with DMSO

increases even further as the wavelengths increase. Due to that reason the absorption is

neglected in the following calculations.
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4.2. OPTICAL PROPERTIES OF THE STRUCTURE

If a thin PEDOT:PSS layer is deposited on the silicon the entering light is re�ected at

the air-PEDOT:PSS interface (Rb) and at the PEDOT:PSS -Si interface (Rc). The total

transmittance through both layers is given in equation 4.2.

Ttotal = Tb ∗ Tc (4.2)

This gives a Ttotal = 75% (with n1 = 1.4 @600 nm [14]).

So it can be said, that by adding a layer of PEDOT:PSS the re�ectivity is reduced by

10% as more light is transmitted into the Si layer. As said above, of course there is light

absorbed in the PEDOT:PSS layer. But as the absorption depth is much higher (for

wavelengths bigger than 400 nm) than the layer thickness the absorption was neglected

in this calculation.

If the height of the SiNW is increased to an aspect ratio higher than 1.5 resonance

behavior can be observed in the re�ectivity measurements (see curvy-like patterns in �gure

4.10 of sample A2). This can be seen at the re�ectivity of the sample A2 which has an

aspect ratio of about 3.1 (1740 nm height and 545 nm in diameter). If the SiNW are

short they are not able to resonate with the incident light as the waves penetrate deep

into the Si (see �gure 4.13). The entering angle of the re�ectivity measurements has been

90◦ to the surface of the sample.

Figure 4.13: Schematic resonance behavior of long SiNW and light coupled deep into the Si .
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Figure 4.14: Re�ectivity spectra of di�erently nanostructured solar cells compared to a planar
solar cell

In �gure 4.14 di�erent re�ectivity spectra of �nished solar cells can be seen. As

measurements have shown (see �gure 4.10) samples with very tiny nanostructures, such

as B4 (50 nm height and 670 nm in diameter), behave the same way planar samples (S1,

planar solar cell) do but with much better antire�ective behavior. Especially in the visible

range this solar cell (B4) shows the lowest re�ectivity measurements.

The solar cell with high nanowires B3 (500 nm height and 500 nm in diameter) show the

lowest re�ectivity measurements in the near infrared range. Due to their nanowire length

clear resonance behavior can be seen.
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4.3. SPECTRAL RESPONSE OF THE DEVICE

4.3 Spectral response of the device

All photons with energies smaller than the band gap will not create an electron hole pair.

Therefore the EQE is 0% for wavelengths larger than 1100 nm.

Figure 4.15: EQE spectra of a planar solar cell compared to a nanostructured solar cell with
tiny SiNW

It can be seen in �gure 4.15 that the nanostructured solar cell B4 (50 nm height

and 670 nm in diameter) shows much higher EQE than the planar solar cell S1. This

is a result of a better incoupling of light (see re�ectivity measurements above) and the

much larger organic-inorganic semiconductor interface (because of the nanostructures).

The continuous increase in �gure 4.15 at wavelengths 300 nm - 400 nm results from

surface recombination as the ultraviolet light does not penetrate deeply into the cell but

is absorbed very close to the surface. This can be seen for the measurements of the

nanostructured solar cell as well as for the planar one.

Nevertheless solar cell B4 (50 nm height and 670 nm in diameter) shows even higher EQE

in the range 400 nm − 950 nm than the planar cell. This probably results from the radial

organic-inorganic semiconductor junction which decreases the necessary di�usion length

of the charge carriers and therefore the amount of the recombination losses.

The area marked with an "A" in �gure 4.15 results from change of the step size during

the measurement.
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4.3. SPECTRAL RESPONSE OF THE DEVICE

Figure 4.16: EQE spectra of two nanostructured solar cells with high SiNW

In �gure 4.16 it can be seen that solar cell B3 (500 nm height and 500 nm in diameter)

has higher EQE than solar cell B1 (470 nm height and 700 nm in diameter), which most

likely result from the higher surface area.

Nevertheless the solar cells with higher nanowires (B1 and B3) show much less EQE than

the tiny nanostructures of sample B4 (see �gure 4.15). It has to mentioned that the planar

solar cell shows better EQE than the solar cells with the higher nanowires.

Figure 4.17: SEM image of the surface of
sample B1

Figure 4.18: SEM image of the surface of
sample B3
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This might be a result of bad wetting of the PEDOT:PSS layer on the silicon nanowires.

In sample B4 the surface of the nanowires were completely coated with the polymer (see

�gure 4.19) whereas in sample B3 and B1 the polymer is not perfectly aligned on the

surface (see �gures 4.17 and 4.18). The region marked with "A" shows that the polymer

only hangs between two nanowires. This might be because a too short distance between

them. The region marked with "B" shows that it is hardly possible to coat the nanowires

down to the bottom perfectly. On most wires the polymer bends away on the bottom.

Figure 4.19: SEM image of the surface of sample B4
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4.4 IV characteristics of the device

The I-V curve analysis is a powerful method for characterizing a solar cell. All IV mea-

surements have been performed using AM 1.5G spectrum.

In �gure 4.20 it can be seen that all nanostructured cells show higher JSC than the

planar solar cell. The higher JSC results from the better re�ective behavior of the nanos-

tructured cell as well from the larger active area caused by the SiNW . As the solar cell

with the smallest nanowires (B4) has the best antire�ective behavior it shows the highes

JSC .

Figure 4.20: IV curve (AM 1.5G) of nanostructured solar cells compared to a planar solar cell
(S1)

The VOC is dependent on the saturation current (see equation 2.6) and therefore on

the recombinations. As the recombinations of charge carriers increase the saturation cur-

rent increase. The VOC is inverse depended on the saturation current so it decreases with

increasing saturation current.

The SiNW reduce the recombinations in the solar cell because there are radial organic-

inorganic junctions. These junctions decrease the path the charge carriers have to travel

to get to the electrodes and therefore minimize the probability of charge carrier recombi-
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nations. So it is assumed that the nanostructured solar cells show higher VOC than the

planar solar cell. In table 4.1 it can be seen that the planar solar cell has the highest VOC .

This might be a result of voltage drops that produce leakage pathways in the nanostruc-

tured solar cells. In table 4.2 it can be seen that shunt resistance of the planar solar cell

is worse than that of the solar cell with the best e�ciency. It is not understood why the

planar solar cells has the highest VOC .

Table 4.1: Electric properties of the manufactured solar cells

Sample VOC [mV ] JSC [mA
cm2 ] FF[%] η[%]

S1 - planar solar cell 565 29.8 60.8 10.3
B4 - 50/670 nanostructured solar cell 551 33.7 59.7 8.0
B2 - 500/500 nanostructured solar cell 525 31.5 48.5 8.0
B3 - 500/500 nanostructured solar cell 545 31.9 68.5 11.9

The nanostructured solar cell B2 has the worst FF with only achieving 48.5%. This

might be a result of parasitic resistances (see table 4.2). A low FF directly in�uences the

e�ciency. That is the major reason for the low e�ciency of B2. The highest e�ciency

achieved was 11.9% for the B3 sample.

Figure 4.21: Photograph of the back con-
tact of the planar solar cell S1

Figure 4.22: Photograph of the back con-
tact of the 50/670 nanostructured solar cell
B4

To get a better understanding of the IV-characteristics, the parasitic resistances have

been calculated. As mentioned in section 2.3.2 the shunt resistance can be derived from

the inverse curve at the ISC point. Ideal solar cells show in�nite RSh and the RS being

zero. The series resistance can be derived from the inverse curve at the VOC point.

This table 4.2 shows that sample B2 has a much worse shunt resistance than sample

B3. This means that the fabrication process of solar cell B2 has produced more defects
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Figure 4.23: Photograph of the back con-
tact of the 500/500 nanostructured solar
cell B2

Figure 4.24: Photograph of the back con-
tact of the 500/500 nanostructured solar
cell B3

Table 4.2: Calculated parasitic resistance of solar cell

Sample RSh[Ωcm
2] RS[Ωcm2]

S1 - planar solar cell 16666.6 5.2
B4 - 50/670 nanostructured solar cell 2812 3.6
B2 - 500/500 nanostructured solar cell 416.6 5.1
B3 - 500/500 nanostructured solar cell 10000.0 2.3

and impurities and therefore a higher leakage current. The same explanation can be ap-

plied to the low RSh of B4 (50 nm high and 670 nm diameter nanowires). The series

resistance of all samples are very low. The higher RS of solar cells B2 and S1 probably

result from the bad back contacts (see �gure 4.23 and 4.21) compared to the better back

contacts of solar cells B3 and B4 (see �gure 4.22 and 4.24).
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Chapter 5

Conclusion and outlook

In this work the nanostructures have been fabricated by a top down process. Hydroplaning

was chosen as the process for coating the substrate with a mask of polystyrene micro-

spheres. It is an easy and fast alternative to Langmuir-Blodgett troughs. After deposition

the spheres can easily be shrunk with oxygen plasma to almost any size needed. Eventu-

ally, the nanostructures are produced using a RIE as this is a process that can easily be

controlled and varied to get desired structures.

The nanostructured substrates are transformed into hybrid solar cells depositing a thin

PEDOT:PSS layer around the SiNW using spin coating. This polymer does not only serve

as the hole providing part of the solar cell but also functions as anti-re�ective coating.

Meaning that more light can be coupled into the solar cell and thus create electron hole

pairs. The nanowire structuring with its PEDOT:PSS coating creates radial pn-junction

which reduces the necessary di�usion length for the charge carries. So the probability of

recombination losses can be reduced.

In general it can be said that nanostructures in�uence the solar cell behavior in a most

positive way.

The nanostructured solar cell with the smallest nanowires (50 nm high and 670 nm in

diameter) show the lowest re�ectivity in the visible range (minimum of 17% re�ectivity

@466 nm). But the nanostrucutred cell with the highest nanowires (500 nm high and 500

nm in diameter) shows the best antire�ective behavior in the near infrared range (mini-

mum of 9% re�ectivity @1041 nm). The samples with longer nanowires show a resonance

behavior in the re�ectivity spectra.

With 92% (@480 nm) external quantum e�ciency the solar cell with the smallest

nanowires shows the highest EQE . This solar cell shows not only a punctually higher
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EQE than the other solar cells (including the planar solar cell) but its EQE is higher

over the most part of the wavelength range. The nanostructured solar cells with longer

nanowires show even worse EQE than the planar solar cell. This might be a result of the

bad wetting of the PEDOT:PSS between the nanowires.

The nanostructured solar cells in general show higher short circuit current density than

the planar solar cell. The solar cell with the tiny nanowires shows the highest JSC with

33.7 mA
cm2 . Nevertheless the planar solar cell shows the highest VOC of all measurements

with 565 mV. Due to the �ll factor of under 60% for two of the nanostructured solar

cells, including the solar cell with the tiny nanowires, their e�ciencies are just 8%. For

both solar cells the shunt resistance is very low, which might be the reason for the low �ll

factor. The planar solar cell achieves an e�ciency of 10.3%. The best e�ciency being

11.9% is achieved of a nanostructured solar cell with long nanowires (500 nm high and

500 nm diameter). This solar cell achieves the highest shunt resistance (RSh = 100000.0

Ωcm2) and the lowest series resistance (RS = 2.3 Ωcm2) of all measured solar cells.

There are several investigation that might produce solar cells with even higher e�-

ciencies. Following experiments are suggested:

� In order to get a better understanding of the in�uence of the SiNW length further

samples should be fabricated with much longer nanowires.

� As the shape of the nanowires might have a great in�uence it would be great to

produce di�erent shapes and look at the di�erence. With the manufacturing process

described above it would be easy to customize the nanowire shape.

� As the front contact shades much of the active area silver nanowires are suggest as

a front contact. They function over the whole active area so the charge carriers do

not have to travel far. As they are transparent they will not re�ect the incoming

light as much as the gold grid does.
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