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Kurzzusammenfassung

Das lochleitende Polymer Poly(3,4-ethylendioxythiophen):Poly(styrolsulfon-
saure) [PEDOT:PSS] ist dafiir bekannt, dass es kristalline Siliziumoberfldchen ef-
fektiv passiviert und gleichzeitig einen geringen Kontaktwiderstand fiir Locher
bietet. PEDOT:PSS kann daher als lochselektive Kontaktschicht in Siliziumsolar-
zellen verwendet werden. In dieser Arbeit werden PEDOT:PSS/ c-Si-Solarzellen
mit phosphordiffundierter Vorderseite und PEDOT:PSS/ c-Si-Heterotiibergang auf
der Riickseite ('BackPEDOT’-Solarzellen) hergestellt und die Selektivitidt von PE-
DOT:PSS auf kristallinen Silizium in Abhdngigkeit der Prozessparameter wird
untersucht. Auf texturierten Siliziumoberflichen, die mit PEDOT:PSS beschich-
tet sind, beobachten wir erstmals eine zusatzliche diinne organische Schicht, die
einen erhohten Schwefelgehalt aufweist und fiir die Passivierung der Siliziumo-
berfliche verantwortlich ist. Die maximale Kurzschlussstromdichte von
BackPEDOT-Solarzellen nimmt mit abnehmender PEDOT:PSS-Schichtdicke zu.
Um jedoch die parasitdre Absorption weiter zu reduzieren, wird der Einfluss
von Additiven zur PEDOT:PSS Dispersion untersucht. In dieser Arbeit konnte
dabei erstmals nachgewiesen werden, dass die Beimischung von Sorbitol zur PE-
DOT:PSS Dispersion nicht nur die parasitire Absorption im PEDOT:PSS redu-
ziert, sondern auch die Passivierqualitdt des PEDOT:PSS/c-Si-Heterotibergangs
verbessert. Eine maximale Energieumwandlungseffizienz von 20,6% wurde fiir
PEDOT:PSS mit Beimischung von Sorbitol erreicht. Dies ist der hochste Wirkungs-
grad, der bisher fiir eine c-Si-Solarzelle mit einem organischen selektiven Kontakt
erreicht wurde. Dariiber hinaus wird die Bandverbiegung innerhalb des Silizi-
ums des PEDOT:PSS/ c-Si-Heterotibergangs durch eine neu eingefiihrte Metho-
dik untersucht, die auf dem DRM-Effekt (Depletion Region Modulation) basiert.
Zum ersten Mal zeigen wir, dass die Beimischung von Sorbitol zur PEDOT:PSS-
Dispersion die chemische Passivierung der Grenzflache verbessert, die Bandver-
biegung im Silizium zur PEDOT:PSS Grenzfldche hin jedoch unverdndert bleibt.

Schlagworte: Siliziumsolarzelle, Selektiver Kontakt, PEDOT:PSS/c-Si Hetero-
tbergang
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Abstract

The hole-conducting polymer poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonic acid) [PEDOT:PSS] is known to effectively passivate crystalline silicon
surfaces and to simultaneously provide a low contact resistance for holes. PE-
DOT:PSS can therefore be applied as a hole-selective, passivating contact layer
in silicon solar cells. In this thesis, PEDOT:PSS/c-Si solar cells with phosphorus-
diffused front and PEDOT:PSS/c-Si heterojunction at the rear (‘BackPEDOT’ so-
lar cells) are manufactured and the selectivity of PEDOT:PSS on crystalline sil-
icon is examined. On random-pyramid-textured silicon surfaces covered with
PEDOT:PSS we observe for the first time an additional thin organic layer, which
has an increased sulfur content in comparison to the bulk PEDOT:PSS and which
is responsible for the passivation of the silicon surface. The maximum short-
circuit current density increases with decreasing PEDOT:PSS layer thickness. In
order to further reduce the parasitic absorption, the impact of additives to the
PEDOT:PSS dispersion is investigated. We hereby demonstrate for the first time,
that the admixture of sorbitol not only reduces the parasitic absorption in PE-
DOT:PSS, but also improves the passivation quality of PEDOT:PSS on silicon.
A maximum energy conversion efficiency of 20.6% of a BackPEDOT solar cell was
achieved for PEDOT:PSS with sorbitol admixture. This is the highest efficiency
achieved so far for a c-Si solar cell with an organic selective contact. Further-
more, the band bending within the silicon bulk of the PEDOT:PSS/c-Si junction
is examined by a newly introduced methodology based on the Depletion Region
Modulation (DRM) effect. For the first time we demonstrate that admixture of
sorbitol to the PEDOT:PSS dispersion improves the chemical interface passiva-
tion, but the band bending within the silicon bulk towards the PEDOT:PSS/c-5i

interface remains unaffected.

Keywords: silicon solar cell, selective contact, PEDOT:PSS/c-5i heterojunction
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1 Introduction

With the development of the first solar cell in history, a new way of producing
energy opened up. Suddenly it was possible to produce energy sustainably with-
out the use of fossil fuels. The development of the first solar cell goes back to
Becquerel’s discovery of the photoelectric effect in 1839, which made it possible
to generate electricity from solar energy. The first solar cells, which were based on
silicon, achieved 6.0% energy conversion efficiency in the beginning and 11.0% in
later yearsm. This was the first major leap in the development of silicon solar cell
technology. Today, a large market has emerged from this, which will guarantee
a supply of inexpensive regenerative energy for the coming generations. Today,
there are many different solar cell concepts that are designed for the highest pos-
sible energy conversion efficiencies, while at the same time keeping the process
flow simple and the production costs low. Today, industrial silicon-based solar
cells achieve energy conversion efficiencies of over 21.0%2, with a record effi-

ciency of 22.6%03]

. At such a high level, other limitations play a significant role
than in the past, such as the passivation of the silicon surface states, especially
below the metal contacts of the solar cell, to avoid recombination of the charge
carriers at the interface between the silicon and the metal contact. The selectivity
of the contacts, where the conductivity is large for one type of carrier and low for
the other one, is the crucial parameter for assessing the contact quality[4]. The
identification and implementation of new passivating contact materials, allow-
ing high carrier selectivities (i.e. low contact resistance for one type of carrier,
and low surface recombination for the other one), is the next step towards very
high efficiencies in silicon-based photovoltaics. Currently the record efficiency

for a silicon-based solar cell with passivating contacts is 26.7%!)

. The passiva-
tion layer used in this solar cell is intrinsic amorphous silicon, which ensures an
excellent passivation of the c-Si surface. Either n- or p-doped amorphous silicon
is used to determine the selectivity type of the contact. Whether a contact layer
is selective for electrons or holes depends on its work function. For example, in
the case of crystalline silicon, a layer with a large work function is selective for

holes, while a rather low work function ensures the selectivity for electrons[6].



1 Introduction

The material of the selective layer is in principle free to choose, and alterna-
tive materials such as metal oxides and conductive polymers have been shown

to be usable[7' 8]

. An example of a conductive polymer, that provides effective
silicon surface passivation and a sufficiently low contact resistivity for holes, is
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS). The
advantage of using PEDOT:PSS as a hole-selective contact on c-Si is the simple
processing of the organic dispersion at room temperature as well as the cost ef-
fectiveness in the production of the polymers. Neither high temperature steps nor
ultra-high vacuum systems are required for the deposition, which has the poten-
tial of reducing the solar cell production costs and keeps the process flow simple.
In this thesis, the properties of PEDOT:PSS as hole-selective layer in silicon so-
lar cells with phosphorus-diffused front and PEDOT:PSS/c-Si heterojunction at
the rear (so called 'BackPEDOT" solar cells) are investigated. A BackPEDOT so-

lar cell is schematically shown in Figure 1.1. We examine the impact of organic

Al SiN, n*

p-type FZ-Si
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PEDOT:PSS Ag

Figure 1.1: Cross-section of a BackPEDOT solar cell, as developed in this thesis.

additives to the PEDOT:PSS dispersion on the carrier selectivity, and on the op-
tical transparency of PEDOT:PSS. In addition, we introduce a novel contactless
characterization methodology for the organic-silicon heterojunction, based on the
"Depletion Region Modulation” (DRM) effect.

In the following, the content of the Chapters of the thesis is briefly described:
Chapter 2 briefly summarizes the state of research on the topic of silicon solar
cells with organic selective contacts based on PEDOT:PSS before the beginning of

the thesis work.

Chapter 3 describes the theoretical background of organic semiconductors and

the characterization methods applied in this thesis.

Chapter 4 focuses on the implementation of PEDOT:PSS layers into BackPEDOT
solar cells. First, the specific contact resistance of the PEDOT:PSS/c-5i junction



and the passivation of the junction are characterized as an function of process
causalities. It is shown for the first time, that thinner PEDOT:PSS layers in BackPE-
DOT cells lead to reduced parasitic absorption losses, increasing the cells pho-

tocurrent.

The PEDOT:PSS is implemented into BackPEDOT solar cells and in Chapter 5,
different additives to the PEDOT:PSS Dispersion are examined, which are sup-
posed to reduce the parasitic absorption in PEDOT:PSS. The impact of the addi-
tives on the transparency of the PEDOT:PSS layer and the impact on the passi-
vation quality on c-Si is examined. PEDOT:PSS layers with additives are imple-
mented into solar cells and the effects of the admixture of the additives on the
solar cell parameters are investigated. It is demonstrated for the first time that
adding sorbitol to the PEDOT:PSS dispersion not only reduces the parasitic ab-
sorption in PEDOT:PSS, and thus improves the cells photocurrent, but it also im-
proves the surface passivation quality, which increases the open-circuit voltage.
The process parameters are optimized to achieve the highest energy conversion
efficiency of 20.6% achieved so far for a silicon solar cell with an organic selective

contact.

For a better understanding of the passivation effect of PEDOT:PSS on ¢-5i, in
Chapter 6 the band bending within the n-type silicon bulk of the PEDOT:PSS/ c-
Si junction is investigated by a newly introduced methodology, based on the De-
pletion Region Modulation (DRM) effect. For the first time we demonstrate, that
admixture of sorbitol to the PEDOT:PSS dispersion improves the chemical inter-
face passivation, but the band bending within the n-type silicon bulk remains

unchanged.






2 Silicon Solar Cells with Organic
Selective Contact

One of the first silicon solar cells with organic selective contact layers was pub-
lished by Avasthi et all?l. The organic layer consisting of a stack of poly(3-
hexylthiophene) (P3HT) and PEDOT:PSS replaced the p-n junction of a planar
n-type silicon solar cell on the front side of the cell, leading to relatively low short-
circuit current densities Js. due to the predominant parasitic absorption losses
within the PEDOT:PSS. The rear side of the cell was metallized on the entire sur-
face, leading to large recombination losses at the cell rear. In 2011, this type of
solar cell achieved an energy conversion efficiency of 10.1% with a short-circuit
current density Js. of 29.0mA /cm? and an open circuit voltage Vo of 590 mV. A
schematic representation of the cell concept according to Avasthi et al. )
in Figure 2.1a. In 2012, He et al.l10] achieved an efficiency of 11.3% with the

same cell design using a thin native silicon dioxide in-between the PEDOT:PSS

is shown

layer and the silicon wafer in order to improve the passivation of the silicon
surface. Table 2.1 summarizes some milestones in the evolution of crystalline
silicon solar cells featuring organic selective contacts. Note thet there are fur-
ther studies combining silicon solar cells with PEDOT:PSS achieving efficiencies
of over 11.0%[16' 17,18, 19] 1p 2013, Schmidt et al.[n] then introduced random-
pyramid texturing underneath the PEDOT:PSS layer on the front of the cell and
a phosphorus-diffused back surface field on the solar cell rear to reduce recom-
bination at the metal/silicon junction, which further increased the efficiency to
12.3%. However, it was also shown, that the V. values of 603 mV were still lim-
ited by recombination of the fully metallized rear of the cell. The ;. values were
limited by the predominant parasitic absorption in the PEDOT:PSS layer on the
textured front of the cell. A schematic representation of the cell concept according
to Schmidt et al. 11l is shown in Figure 2.1c. In 2014, Avasthi et al. 12 combined
PEDOT:PSS as hole-selective contact layer on the front of the cell, with titanium
dioxide at the cell rear as electron-selective layer. By passivating the rear side of
the solar cell with titanium dioxide, higher open-circuit voltages up to 620 mV



2 Silicon Solar Cells with Organic Selective Contact

Table 2.1: Milestones in the evolution of crystalline silicon solar cells featuring
organic selective contacts.

Author Year [m A]/szmzl [1‘1/1?\3] [12/5 [30]
Avasthi et al.l%) 2011 29.0 590 59.0 10.1
He et al.[10] 2012 26.3 600 70.9 11.3
Schmidt et al.[11] 2013 29.0 603 70.6 12.3
Avasthi et al.[12] 2014 29.0 620 72.1 12.9
Zielke et al.!13] 2014 39.0 663 66.3 17.1
Zielke et al.[14] 2015 389 657 80.6 20.6
Gogolin et al.[1%] 2017 31.7 630 78.7 16.0

were achieved, leading to a better cell efficiency of 12.9% (the cell structure is
shown in Figure 2.1b). The short-circuit current densities were, however, still lim-
ited to Jsc =29.0mA /cm? by the parasitic absorption in the PEDOT:PSS layer on
the cell front. In order to reduce the parasitic absorption in the PEDOT:PSS layer
and thus improve the Js. values, Zielke et al.l13] have relocated the PEDOT:PSS
layer to the cell rear in the so-called BackPEDOT solar cell concept, where the
hole-selective PEDOT:PSS layer is now located on the cell rear (see Figure 2.1d),
whereas the front side of the cell is random-pyramid-textured and has a conven-
tional phosphorus-diffused emitter. Silicon nitride is used for emitter passivation
of the front and as anti-reflex coating. The cell structure according to Zielke et

[13]

al.l**! is also shown schematically in Figure 2.1d. In addition, higher efficiencies

were obtained by switching from n-type silicon to p-type silicon base materiall14].
These efforts resulted in record Js. values up to 39.0mA/ cm? and solar cell ef-
ficiencies of over 17%. Best V.. values of 663 mV were achieved. Zielke et al.
further improved the PEDOT:PSS dispersion and achieved solar cell efficiencies
exceeding 20%I20] by improving the fill factor FF of the BackPEDOT solar cells.
The improvement of the FF was achieved by optimizing the treatment of the sil-
icon surface before PEDOT:PSS deposition. Furthermore, Gogolin et al.13 have
shown that the maximum V. value of 663 mV is strongly limited by the recom-
bination at the conventional phosphorus-diffused front. In combination with a
well-passivating electron-selective amorphous silicon layer stack on the textured

solar cell front and PEDOT:PSS on the solar cell rear as hole-selective contact, V.
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Figure 2.1: (a) First solar cell structure including an organic hole selective layer
at the cell front and an n-type silicon substrate according to Avasthi
et al.l%l. (b) Solar cell structure according to Avasthi et al.[12] adding
titanium dioxide as electron-selective layer on the solar cell rear.
(c) Organic-silicon solar cell on n-type silicon featuring a random-
pyramid-textured front with a SiO, tunneling layer and a phosphorus
diffused rear according to Schmidt et al.[11], (d) BackPEDOT solar cell
concept with PEDOT:PSS layer relocated to the cell rear to reduce par-

asitic absorption losses according to Zielke et al.13],

values of 680 mV (and 688 mV, if the cell was measured without a shadow mask)
were achieved!19). Still it turned out that even for the BackPEDOT cell, Js is lim-
ited by parasitic free-carrier absorption within the PEDOT:PSS layer of infrared
photons reaching the cell rear(13. 14, 20],






3 Theory and Characterization
Methods

3.1 Organic Semiconductors

If carbon is present in the atomic composition of a material and a delocalized 7-

2] the material is called an

electron system exists on the molecule or polymer
organic semiconductor. Organic semiconductors exhibit a electrical conductiv-
ity in the range of 107°S/cm to 10715/ em?2], The length of the region over
which a delocalized m-electron system can form is called the conjugation length.
By sp?-hybridization of the carbon atoms, in which one s-orbital is mixed with
three of four p-orbitals, three sp?-hybrid orbitals are formed, which can estab-
lish o-bonds to the neighbouring atoms. The electron in the remaining p,-orbital,
which is not involved in the hybridization, can form a n-bond with electrons in
pz-orbitals of the neighbouring atoms if these are also sp?-hybridized. This con-
figuration results in a double bond between carbon atoms consisting of a o- and
a m-bond. Alternating single and double bonds between carbon atoms result in a

delocalized m-electron system[21]

. In the case of benzene, for example, two elec-
trons of each carbon atom form bonds to their neighbours, one electron bonds
one hydrogen atom to the carbon atom and one electron remains per atom. The
six remaining electrons in the p,-orbitals form three m-bonds. Since it is not de-
termined with which of the three hybrid orbitals a 7-bond is formed, there are
two possibilities in the case of benzene. The two possibilities are shown schemat-

ically in Figure 3.1. The bond length between carbon atoms with a double bond

QH

Figure 3.1: Schematic representation of the mesomeric bonding structures of ben-
zene.

is smaller than the bond length between carbon atoms with a single bond. In
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benzene, however, the bond length between all carbon atoms is the same regard-
less of their bond[23]. The real state can be explained by a superposition of both
bonding structures, which is associated with the formation of a delocalized 7-
electron system. This delocalized 7-electron system exists along the carbon ring
with the electrons being present as a delocalized charge cloud above and below
the entire conjugation length of the molecule 24] The hybrid orbitals of a carbon
atom, as well as the 7-electron system resulting from the p,-orbitals are schemati-
cally shown in the example of benzene in Figure 3.2. An atom has orbitals, which

n-electron system

|Ly_
X p, -orbital

Figure 3.2: Schematic representation of the sp?-hybridized orbitals (red clubs)
and the p,-orbitals (blue clubs) of the carbon atoms (grey spheres) and
the delocalized m-electron system (turquoise doughnut) of benzene.

can be occupied by electrons. If the atomic orbitals overlap in a chemical bond
to form molecular orbitals, they split up into bonding and anti-bonding orbitals.
The energetically higher orbital is the anti-bonding molecular orbital and the en-
ergetically lower orbital is the bonding molecular orbital. In the ground state all
bonding orbitals are occupied and all non-bonding orbitals are unoccupied. The
highest bonding orbital is called the highest occupied molecular orbital (HOMO)
and the lowest anti-bonding orbital is called lowest unoccupied molecular orbital
(LUMO). Since m-bonds have a lower bonding energy than o-bonds, there is a
smaller energy split between the bonding and anti-bonding 7-molecular-orbital
than the split between the bonding and anti-bonding o-molecular-orbital. The
energetic splitting between the -molecular orbitals can be compared to the band
gap of an inorganic semiconductor. The energy difference between the two -
molecular-orbitals is in the visible range for many organic semiconductors, the
energy difference between the o-molecular-orbitals is in the UV range[25]. The
band gap depends not only on the type of atomic bond, but also on the conjuga-
tion length. The larger the conjugation length, the smaller the energetic distance

10



3.1 Organic Semiconductors

between HOMO and LUMO becomes, since the electrons are delocalized over a
larger range. The HOMO and LUMO molecule orbitals are each limited to one
molecule. The energetic position of HOMO-LUMO levels varies slightly from
molecule to molecule, as it depends on the interactions of the molecules with
neighbouring molecules and the polarizability of the environment. The state den-
sity D(E) can be described by a Gaussian distribution/26];

exp (LEO)Z) ) (3.1)

D(E) = 202

27th

with E being the energy, Ey being the center of the Gaussian distribution and N
being the spatial density of states. b is the width of the Gaussian distribution of
the density of states. For organic semiconductors, b is typically in the range of
100 meV(26], Figure 3.3 shows the density of states schematically for the HOMO
energy levels as well as for the LUMO energy levels. If an electron on a molecule

Energy E
n#-antibonding energy states
— . p— N LUMO
Eg
n-bonding energy states
_T--m__ﬂ----_- --------- HOMO
-« ‘
Position x Density of states D(E)

Figure 3.3: Schematic representation of the density of states D(E) in an organic
semiconductor.

is excited from HOMO into LUMO, an hole remains in HOMO, which can interact
with the excited electron via the Coulomb interaction. The resulting electron-hole
pair is a so-called exciton. The exciton is charge-neutral and can move through
the organic semiconductor by hopping from molecule to molecule. Since elec-
tron and hole are each localized on one molecule, these excitons are described in

organic semiconductors as Frenkel excitons27],

11
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3.1.1 The Hole-Conducting Organic Semiconductor
PEDOT:PSS

The synthesis of Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) [PE-
DOT:PSS] was patented in 1988128 by Bayer AG. Since the organic compound
PEDOT cannot be synthesized as a single polymer, PSS is used as a counter ion
in the synthesis, forming a water-soluble PEDOT:PSS complex. The PEDOT:PSS
complex is dissolved in water as small gel particles with an average diameter
of 25nm 8], A schematic representation of the PEDOT:PSS gel particles and the
chemical structure of PEDOT and PSS are shown in Figure 3.4. A typical solid

d o do do PEDOT:PSS gel particle
PEDOT "%

/

Figure 3.4: Chemical structure of PEDOT and PSS (left) and PEDOT:PSS as gel
particle as present in an aqueous dispersion (right).

content in an aqueous PEDOT:PSS dispersion is 2.0 wt.% PEDOT:PSS. If this dis-
persion is applied, for example using spin coating, a solid PEDOT:PSS film is
formed from the gel particles during the annealing on a hotplate. Other deposi-
tion techniques such as dip-coating, spraying-coating, slot-die-coating or print-
ing are also possible. The conductivity of PEDOT:PSS can be varied over a broad
range of 107°S/cm to 1000S/cm by adding additives such as ethylene glycol or
dimethyl sulfoxide??]. The structure of the PEDOT:PSS film is determined by

the structure of the gel particlesBO].

The gel particles are stacked as spherical
packing and are dried by thermal annealing and shrink to ellipsoids. PSS rich
lamellae are formed, which form pancake-like shapes from the PEDOT:PSS gel
particles. PEDOT is located between the PSS lamellae, which of course is also
the reason for the good lateral conductivity of PEDOT:PSS. The structure taken
from Nardes et al.l31l for a PEDOT:PSS thin film is shown schematically in Fig-

ure 3.5. In addition to the simple processing techniques, PEDOT:PSS has entered

12



3.2 Selectivity

>PEDOT

PSS

Figure 3.5: Cross-sectional view of the schematic morphological model for PE-

DOT:PSS films according to Nardes et al. Bl The PSS-rich lamellas
are formed by stacking the PEDOT:PSS gel particles.

mass production especially for its material properties. Besides the high conduc-
tivity of up to 1000S/cm, PEDOT:PSS is thermally stable up to 200°C/8]. Since
it has a transparency of up to 80% in the visible wavelength range and its work
function can be varied over a broad range from 4.7 to 5.6 eV, PEDOT:PSS is pre-
destinated as a transparent electrode. Today, PEDOT:PSS is mainly applied as an-

32]

tistatic coating!¥< on surfaces and is used in organic electrochemical transistors,

where the drain current is controlled by the injection of holes from PEDOT:PSS

into a semiconductor channel[?’?’].

3.2 Selectivity

If a selective layer is used beneath a contact, good passivation properties for the
minority-carriers and a good transport of the majority-carriers must be provided.
Both properties, the suppression of minority carrier recombination as well as
good majority-carrier transport, define the selectivity Syg of the carrier-selective

34

contact. Brendel et al.P# introduced a quantitative definition of the selectivity.

The minority-carrier recombination current density Jn, into the selective contact

Jm = Jo (exP <Vlth> - 1) , (3.2)

where ]y is a recombination current density parameter and Vy, is the thermal volt-

is given by:

age at a temperature of 298.15K. The Voltage V depends on the internal quasi-
Fermi level splitting of the quasi-Fermi potentials of electrons ®; and holes ®,
at the contact. Since the resistance of the minority-carriers V /|y is voltage de-

pendent, the inverse slope of the current voltage curve around zero is used as

13
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characteristic value for the contact resistivity of the minority-carriers pm:

[ dJm 1 Va
Pm = (le_o) = ]—0 (3.3)

By assuming a linear relationship between the voltage and the recombination
current density of the majority-carriers J\y=V/ pc, the contact resistance of the

majorities py is given by:

dJ -1
oM = (d—y}vzo) = pc. (3.4)

With the ratio of the majority-carrier resistance to the minority-carrier resistance,

the selectivity S is defined:

Pm Vin
§ = — = : 3.5
P JoPe 49
In order to avoid large numbers, the logarithmically scaled selectivity Sy is used:
Vin >
S1o = lo . 3.6
10 810 ( Tope (3.6)

The selectivity S1o allows a direct comparison of the selectivities of different con-
tacts with a single number. Figure 3.6 shows ]y values in dependence of the spe-
cific contact resistance p. for different selective contacts. The data was taken from
Schmidt et. al.3%). The orange lines in Figure 3.6 are lines of constant selectivity
S10- The selectivity Sy values are usually between S19=11.0 and 17.0 for selec-
tive contact layers used in silicon solar cells. SiOy/poly-Si(n™) electron-selective
layers, featuring a interfacial oxide, show the largest selectivities Sjy of around
16.0. The highest selectivity of PEDOT:PSS achieved in this thesis is S19=13.2.
The maximum achievable combined selectivity S hmax Of an electron-selective

and a hole-selective contact layer, is given by[36]

1

(3.7)

Se &hmax —

2
1 L
(F+ %)
For a BackPEDOT solar cell with phosphorus-diffused front (which provides an
electron-selectivity of 12.0[34]) and PEDOT:PSS (which provides a maximum hole-

selectivity of 13.2 in this thesis), a combined selectivity S ghmax Of 11.8 is ob-
tained. With the given combined selectivity S ghmax, the maximum achievable
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Figure 3.6: Recombination current density parameters Jp in dependence of the
contact resistances p. for electron-selective layers (blue symbols) and
hole-selective layers (green symbols). The orange lines are lines
of constant selectivity Sjgp. The highest selectivity of PEDOT:PSS
achieved in this thesis is also shown (purple stars).

efficiency Nmax can be calculated 34

Nmax = (2452 Sq g max — 4.240)% . (3.8)

Using Equation (3.8) and the combined selectivity of 11.8, the maximum achiev-
able efficiency Nmax for BackPEDOT solar cells is 24.7%.

3.3 Surface Recombination

A semiconductor has an ordered crystal structure in the volume, but the crystal
structure is interrupted at the surface of the semiconductor. In the case of silicon
this leads to unsaturated bonds, the so-called dangling bonds. The energy levels
of the dangling bonds are within the band gap in the case of silicon and are there-
fore recombination active. Minimizing the surface recombination, and thus also

minimizing the surface states, is important for the production of good solar cells.
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3 Theory and Characterization Methods

The saturation of the dangling bonds is a chemical passivation and is usually
achieved by a dielectric film. Dielectric materials for passivation of silicon sur-

37], silicon nitridel38 39, 40, 41, 42, 43

faces are for example silicon dioxidel , alu-

44,45, 46,44] amorphous silicon(#”. 48,491 " In addition to their

minum oxidel
passivation properties, these films also provide an effective anti-reflection layer
on the solar cell front, which maximizes the light absorption of the solar cell.
The carrier concentration near the surface can be adjusted to reduce the surface
recombination. Since recombination depends on the concentration of both elec-
trons and holes, the absence of a carrier species limits the recombination. An
electric field that repels a type of charge carrier can therefore reduce recombina-
tion to a minimum. This is called field effect passivation. Field effect passivation

50

is accomplished by a fixed charge on a capping dielectric filmY. Silicon nitride

contains fixed positive Charges[Sl}

in addition to the chemical passivation of the
silicon surface, while aluminum oxide contains fixed negative charges[51]. One
way to describe the surface recombination is by the saturation current density
parameter ] [52}, the effective lifetime Tef, which is composed of bulk and sur-

face recombination of a p-type silicon wafer with doping concentration N4 and

thickness W is given by[53]:
1 1 1 (N AT An)
— = + +2 : 3.9
Teff  Tintrinsic  TSRH Jo qWn? 3.9)
52)

The recombination current density parameter Jol>%! is a parameter to describe
the recombination at the silicon surface. The factor 2 takes into account samples
with two symmetrical surfaces. A method to determine ]y from a lifetime mea-

surement is the so-called Kane and Swanson method[54]

. There are three require-
ments to be fulfilled. Firstly, high injection conditions must be present: An>>Nj,
secondly the Shockley-Read-Hall lifetime must be constant in high injection con-
ditions and thirdly the excess charge carriers must be homogeneously distributed

in the bulk silicon. This results in:

1 1 1 An

— — = +2Jo—— . (3.10)
Teff  Tintrinsic TSRH q Wniz
By plotting TL — = 1 — as a function of the excess carrier concentration An, [y can
eff Tintrinsic
be determined. Figure 3.7 shows TL — —1 _ aga function of the excess carrier
eff Tintrinsic

concentration An. Using a linear fit with slope m, Jy can be determined with:

Wn?
Jo = m1 2”1 . (3.11)
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Figure 3.7: Measured inverse lifetime T.¢ minus inverse lifetime Tintrinsic as a func-
tion of the excess carrier concentration An. Jp is determined using a
linear fit of the measured data (red line) according to the Kane and
Swanson method.

3.3.1 Influence of Surface Charges on the Surface
Recombination

In a semiconductor, the conduction and valence bands are usually considered
constant over the position within the bulk, but in the area close to the semicon-
ductor surface a band bending can occur. The reason for this band bending can
be charges on the semiconductor surface or charge carriers trapped in interface
states of the surface interface. Further causes can be a strong doping concentra-
tion at the surface or a junction with a material with a different work function.
The area near the surface where band bending occurs in the semiconductor is
called the surface space charge region. If charge carriers are generated in a semi-
conductor with a band bending at the surfaces, the excess charge carrier concen-
tration An is only present in the bulk and at the edge of the surface space charge
region. Within the surface space charge region, the electron and hole concentra-
tions are now position-dependent due to the band bending ¥, which iteself also
depends on the position in the surface space charge region. The quasi-Fermi po-
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3 Theory and Characterization Methods

tentials of electrons @, and holes ®, in the bulk and hence at the edge of the

surface space charge region can be calculated by the equations[55]

o, — _kBTln(no+An> ,and @, = +I£In (M) (3.12)
q 1j q i

Furthermore, the surface carrier concentrations ns and ps as a function of the band

bending ¥ can be calculated by[56]:
ns = (ng+ An) exp (";{Q‘is) , and (3.13)
B
—q¥
ps = (po+ Ap)exp ( kZTS) . (3.14)

Combining this with Equation (3.12) results for the surface concentrations of elec-
trons and holes.

Ng = Njexp (_quq;n> exp (—Z;{:S) , and (3.15)
+gd —q¥
pPs = njexp ( quTp> exp ( quTs> . (3.16)

The recombination rate is now obtained completely analogously for derivation
in the bulk via the Shockley-Read-Hall formalism. It is assumed that there are
no transitions of charge carriers between two interface states, but only transitions
between an interface state and the conduction and valence band can take place.
Interface states are usually continuously distributed across the band gap. The rea-
son for this continuous distribution in the case of the dangling bond conditions
are statistical variations of the bond angles and the distances to the nearest neigh-
bouring atoms of defects 57]. The surface recombination rate Us is thus given by:

E.
u, = (ps —mowDnlE) ___p 3y
(ns +n1(E))o, " (E) + (ps + p1(E)) o (E)

v

Where Dy is the density of surface/interface states within the band gap and vy,
the thermal velocity with vg, =1.0x107 cm/s. The Temperature is set to T =300 K.
0y and o0y are the characteristic capture cross-sections for electrons and holes. It
should be noted that the interface state density Dj;, the capture cross sections and
the densities 11 and p; are energy-dependent parameters. For simplicity, simu-
lation calculations often assume that the surface recombination takes place via a
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3.3 Surface Recombination

state with a fixed energy level. The fundamental surface recombination veloci-
ties for electrons and holes S0 and Sy, which describe the surface recombination

without band bending, can be calculated with the following equation:

E.

Spo/no = 0mDit(E)0po/no(E) dE . (3.18)
E,

Furthermore, with the surface recombination rate U, the effective surface recom-
bination velocity Se¢ can be determined by the following equation:
Us

Sett = A (3.19)

Us can be determined numerically with the extended Shockley-Read-Hall for-
malism. This formalism was proposed by Grove and Fitzgerald[58]
developed further by Girisch et al.59]. Aberle et al. used the extended Shockley-
Read-Hall formalism for the first time to address the injection dependence of sil-

icon surfaces passivated with SiO, 1607,
[59)

and was later

Y5 is numerically determined with the
iterative process of Girisch et al.l’”l. It is assumed that in the overall system
charge neutrality must be assured. The total charge consists of the charge in the
silicon Qs;, the charge in the interface states Qj; and the fixed charge Q¢ within
the dielectric passivation layer. A band diagram of the physical situation of the
band bending in the surface space charge region of a semiconductor, as well as
all important parameters are shown schematically in Figure 3.8. The charges Qs;
and Qj; depend both on the band bending ¥s and on the quasi-Fermi-potentials

of electrons and holes, while Qy is assumed to be constant:
QSi(‘PS/ Dy, (I)p) + Qit(Ts/ Dy, q)p) + Q¢ =0. (3.20)

For the approximation of flat quasi-Fermi levels in the space-charge region, the
analytical integration of the one-dimensional Poisson equation provides the re-
lationship between the electric field strength and the potential ¥(x). Using the
Gaussian law, the total charge Qg; induced in the silicon can then be calculated as
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Figure 3.8: Energy band diagram of the physical situation of the band bending
at the surface of an illuminated semiconductor at V. conditions, with
the corresponding charge distribution of Qf, Qg;, and Qj;.

a function of ¥ using the expression[58]

2kTn?ege i b, — Y
Qs = [_Os {exp (M)

6]2 kBT
_ & q(¥s — D)
exp <kBT) +exp <—kBT (3.21)
1
B —q®4) | q¥s(Na—Np)]| °
exp( ksT ) + 1 .

Us at a given injection level An is now calculated as described below. First, us-
ing Equation (3.12), the quasi-Fermi potentials ®, and ®,, are calculated. In the

next step, the iterative procedure by Girisch et al.b9l

determines the surface po-
tential ¥s. For this purpose, a starting value for ¥ is assumed and using Equa-
tions (3.20) and (3.21), the charge densities Qg; and Qj; are determined. Then it
is verified whether the sum of the charges Qs; + Qjt + Qf is smaller than a given

limit value. If this is not the case, ¥s will be slightly varied and the sum of the
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3.3 Surface Recombination

charges is calculated again. If the sum is below the specified limit, the selected ¥
is used for the further calculations. Now, using Equations (3.13) and (3.14), the
electron and hole concentrations ns and ps at the interface are calculated. Using
Equation (3.17), the surface recombination rate Us at a given band bending ¥
within the surface charge space region is obtained. With the surface recombina-
tion rate Us, the effective surface recombination velocity S¢ can be determined
by using Equation (3.19). S values are shown in Figure 3.9 in dependence of
Qs for different An values and Figure 3.10 shows S as a function of An for dif-

ferent Qf values. S increases with increasing Qf and reaches a maximum at
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Figure 3.9: Calculated values for the effective surface recombination velocity S
as a function of the negative surface charge Q¢ of an n-type silicon
wafer with doping concentration of Np =3.2x10'°> cm 2.

Qf=—1.0x10" cm~2 for a fixed An value of 1.0x10'° cm~3, and decreases again
to higher Qs values. While under flat band conditions the surface recombination
is mainly determined by the capture of the minorities (holes in n-type silicon) in
interface states, with increasing Qy the concentration of electrons in n-type silicon
at the surface is slightly decreased (depletion) and the concentration of the mi-
norities increases. Since the minorities determine the recombination process, S
increases with increasing Q. As Qs increases, the density of the electrons at the
interface decreases and the density of the holes increases further, until the surface
is in inversion. This results in the decrease of S.¢ with increasing Q¢. Figure 3.10
shows for Q;=—3.0x10'Y cm~2 an increase in S for low injection densities (yel-
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Figure 3.10: Calculated values for the effective surface recombination velocity S

as a function of the excess carrier concentration of an n-type silicon

wafer with doping concentration of Np =3.2x10!°> cm 3.

low hexagons) compared to the case without band bending (black circles). With
increasing negative Qr values, Se¢ decreases for low An values. In the case of high
injection, a convergence of the curves is observed, which is a consequence of the
decreasing band bending due to a strongly increased electron density at the edge

of the space charge region.

3.4 Photoconductance-Based Carrier Lifetime
Measurements

To estimate the passivation quality of the PEDOT:PSS/silicon junction, it is neces-
sary to measure the carrier lifetime in the silicon wafer. A measurement method
to determine the carrier lifetime is based on the photoconductance decay (PCD)
method 1], A lifetime tester (WCT-120, Sinton Instruments) is used to measure
the carrier lifetime. A lifetime sample is thereby inductively coupled to a coil,
which is part of an rf-bridge circuit. The conductance o of the measured silicon
wafer is a quadratic function of the output voltage V of the rf-bridge circuit. With
the measured output voltage V of the rf-bridge circuit and the known quadratic
function of o(V), the conductivity o of any silicon sample can be determined. For
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3.4 Photoconductance-Based Carrier Lifetime Measurements

a measurement the sample is illuminated by a flash lamp, which creates excess
charge carriers An in the sample. The excess charge carriers increase the conduc-
tance of the sample, which is monitored by the output voltage of the rf-bridge
circuit. The experimental configuration is shown schematically in Figure 3.11.

The conductivity o of a silicon wafer is the sum of the basic conductivity og; and

/11T AN

Si test wafer
Rerefence cell

[PC data analysis]

LRF generator Oscilloscope ]

Figure 3.11: Experimental configuration for a photoconductance-based lifetime
measurement. Charge carriers are generated optically by means of
a flash lamp and the photoconductance is monitored inductively.

the photoconductivity Ao:
0 = og + Ao. (3.22)

An oscilloscope is used to record the voltage of the rf-bridge circuit and thus the
conductivity as a function of time. The light intensity is determined by means of
a reference cell where the linear relationship between the measured short-circuit
current density Js. and light intensity is known. In general, the conductance of
a silicon wafer is dependent on the charge carrier concentration and the charge

carrier mobility:
W
o= q/ (nuy + pup) dx, (3.23)
0

where g is the elementary charge, W is the thickness of the silicon wafer, n and
p are the electron and hole concentrations and p, and p, are the electron and
hole mobilities. The charge carrier mobilities depend on the charge carrier den-
sities at the position x, and the charge carrier densities depend on the position x
within the silicon wafer. Assuming that the photogenerated charge carriers An
are homogeneously distributed in the sample, the photoconductance Ao is given
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3 Theory and Characterization Methods

by:
Ao ~ gW(u, + up)An. (3.24)

Since the illumination intensity of the sample is measured by a reference cell as
a function of time, the generation rate G(t) is determined from the short-circuit
current I of the reference solar cell:

ISC

G(t) = q_W ’

(3.25)
where D is a factor that corrects differences of the reflectance and transmission
between the reference cell and the test sample. The light coupling into the sample,
which is dependent on anti-reflex coatings or texturing of the Si surface, must be
taken into account. With the time-dependent excess charge carrier concentration
An(t) and the generation rate G(t) the charge carrier lifetime T is calculated and
the continuity equation with the recombination rate R(t) and the divergence of
the current density V7] in this particular case reaches:

J0An

S V7. (3.26)

= G(t) — R(t) +
However, since the photogeneration and thus also the charge carrier concentra-
tion is very homogeneous, the last term can be neglected. The recombination rate

can also be written as R=An/7. This can be used to formulate an equation for
62].
T4

An
T = m . (3.27)

ot
There are two different measuring modes depending on the time length of the
excitation flash. If a light flash with a decay time in the range of milliseconds,
which is very long compared to the decay time of An, quasi-steady-state (QSS)
conditions are present in the sample. With aaA—t” ~ 0, this results in combination

with Equation (3.27) for the effective lifetime in:

_An

T G’

(3.28)

for the Quasi-steady-state photoconductance (QSSPC) measurement. If a very
short excitation flash, much shorter than the samples carrier lifetime 7, is used,
transient conditions are present in the sample. As the lifetime T of the excess

carrier concentration An exceeds the decay time of the flash, the generation rate
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G is zero after the flash. Equation (3.27) is then simplified to:

An
T= —oi-. (3.29)

ot
This method is named “Photoconductance Decay” (PCD) method and is normally
applied to measure long lifetimes.

3.5 Depletion Region Modulation (DRM)

Measurements of the photoconductance versus the illumination intensity can be
used to determine the effective lifetime T4 of Si wafers. It is well known that

carrier trapping [63]

may cause the measured apparent effective excess carrier life-
time Tapp to be larger than the actual lifetime t.¢r. However, overestimation of the
actual carrier lifetime is not only caused by trapping, but also by the presence of
a junction, which leads to a depletion region in the sample. Excess charge carriers
may accumulate at the edge of the depletion region, reducing the width of the de-
pletion region. The width of the depletion region decreases with increasing light
intensity. This effect is also called Depletion Region Modulation (DRM). Under
illumination, the presence of a depletion region within a sample leads to the ap-
pearance of additional excess carrier densities Anpgry in the sample in addition
to the excess carrier concentration An. Since surfaces coated with PEDOT:PSS can
lead to an accumulation of holes up to an inversion layer on n-type silicon®4, it
may be possible to observe the DRM effect in the photoconductance based mea-
sured lifetime on silicon samples coated with PEDOT:PSS. A band diagram of
the physical situation of the band bending at the surface of a semiconductor with
a negative surface charge Qf is shown schematically in Figure 3.12. If An and
Anpry are of the same order of magnitude, which may be the case in low injec-
tion at injection, the additional charge carriers Anpgry leads to an overestimation

in the measured carrier lifetimel62 60]

. As already shown in Equation (3.24), the
excess charge carrier concentration An in silicon is related to the change in pho-
toconductivity Ac. The change in photoconductivity is equal to the conductivity
of silicon under illumination oy;g,; minus the conductivity without excess charge
carrier concentration oy, i.e. without illumination:

Olight — Odark

Am = —=— — | 3.30
W (1 + 1) (3.30)
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Figure 3.12: Energy band diagram of the physical situation of the band bending at
the surface of illuminated n-type silicon at V. conditions with nega-
tive charge Qs on the surface.

The conductivity is composed of the fraction of the conductivity without band

bending og, plus the conductivity induced by band bending oy, 65,
0 = 0f, + 20pp, (3.31)
where oy, is given by:
o, = qW | (o + An)ita + (po+ Ap)iy | (3.32)

The factor 20y, is used here for symmetrical samples. oy}, describes the devia-
tion of the conductivity due to the band bending ¥ at the silicon surface and is

described by solving the Poisson equation near the silicon surface[09 66];
¥ (n +An>(ex EEd —1)
. . q2€O€Si 0 p kgT Hn
oo 2kpT F(¥, An)
0 (3.33)
(po + An) <exp (%) — 1> Ly
+ ay,

VF(Y,An

where F(¥, An) is the auxiliary function given by:

F(Y,An) = (no + An) (exp (%) - 1)

—qY q¥(Na — Np) (039
-l-(po + An) <exp (kB—T> — 1> + kT :

26



3.5 Depletion Region Modulation (DRM)

[59] in Section 3.3.1

With the value for ¥ determined according to Girisch et al.
the conductivity oy, can be calculated as a function of the band bending¥ at the
silicon surface and the excess carrier concentration An in the bulk. The overall
excess carrier concentration Arny,), which includes the excess charge carriers due

to the band bending at the silicon surface, can be calculated:
Anyoral = Ang, + 241, (3.35)

where Anyg, is the excess carrier concentration for flat band conditions given by:

Ofb,light — Ofb,dark
qW(Hn + lvlp)

Ang, = (3.36)
The excess carrier concentration as a function of the band bending Any,, at the
surface is given by:

Obb light (F's light) — Obb,dark (s dark)

Any, = . 3.37
o qw(lvln + Hp) ( )

In the case of conductivity in the dark An =0. Using Equations (3.35), (3.36) and
(3.37), the photoconductance based measured apparent lifetime Tapp as a function
of the excess charge carrier concentration An can now numerically calculated for
a silicon sample with induced band bending ¥s:

For a silicon wafer, the electron and hole densities in equilibrium ny, py, the

thickness W, as well as the dopant concentrations Ny and Np are known.

The quasi-fermi potential ®,(An) and ®p(An) of electrons and holes is cal-
culated according to Equation (3.12).

A start parameter for the surface charge Qs is assumed.

[59]

In the next step, the iterative procedure of Girisch et al.’”! determines the
surface potential Y. For this purpose a starting value for ¥ is assumed and
using Equation (3.20) and (3.21) the charge density Qg; is determined. Qj;
is neglected, because in the case of PEDOT:PSS the Qj; of the native silicon
oxide between PEDOT:PSS and silicon is an order of magnitude smaller than
Qf[60}. Next it is verified whether the sum of the charges Qg; + Q¢ is smaller
than a given limit value. If this is not the case, ¥s will be slightly varied and
the sum of the charges is calculated again. If the sum is below the specified

limit, the selected ¥y is used for the further calculation.
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* Using Equation (3.13), the electron and hole concentrations ns and ps at the
surfaces are calculated. Using Equation (3.17), the surface recombination
rate Us at a given band bending within the surface charge space region is

obtained.

e From U the effective surface recombination velocity Seg can now be deter-
mined using the Equation: Seg = Us/An, where An at the edge of the space
charge region is used, and with s =2W /S the lifetime is calculated.

* T is calculated according to Equation (3.10), where the intrinsic lifetime
according to Veith-Wolf et al.l67] is used.

* The apparent lifetime Tapp, and the calculated effective lifetime T are re-

lated with: A
n
Tapp = At;):al Teff . (3.38)

Figure 3.13 shows calculated apparent lifetime curves T,pp in dependence of the
excess carrier concentration An for different negative surface charges Qr on the
surface of an 1.5 (Qdcm n-type silicon wafer. Apparent lifetime curves for positive
surfaces charges Qf on n-type silicon are shown in Figure 3.14. The dashed lines
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Figure 3.13: Example calculations of the apparent lifetime T,pp for negative Q¢
values. The dashed lines indicate the model without DRM effect.
The black solid line indicates the model with flat band conditions.
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Figure 3.14: Example calculations of the apparent lifetime Tapp, for positive Qg val-
ues. The black solid line indicates the model with flat band condi-
tions.

are calculations without the deviation due to the band bending at the surface,
i.e. without the term o}, in Equation (3.35). We observe here the DRM effect

2

for negative Qs greater than Q¢ =—1.6x10" cm~2 as an increase in the apparent

lifetime of Tapp for An values of ~ 1.0x10* ecm 3.

For positive Qs values, an
increase of the apparent lifetime Tapp is observed with increasing Qs for excess
carrier concentrations below 1.0x10'® cm—3. However, for positive Q¢ values no

DRM effect on n-type silicon is observed.

3.6 Specific Contact Resistance of the
Ag/PEDOT:PSS/c-Si Junction

The electrical quality of ohmic contacts is usually characterized by the specific
contact resistance p.. However, if the contact resistance between a thin layer
on a substrate and the substrate is to be characterized, it is not possible to sep-
arate the measured total resistance Rt into the specific contact resistance, the
resistance due to the spreading of the current within the substrate and the re-
maining resistances Ry, which are determined by the conductivity of the layers,
and the contact resistance of the metal contacts. However, it is possible to deter-
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mine the specific contact resistance by using circular contact areas with different

diameters/68 69,70, 71]

. By using circular contact areas, the spreading resistance
within the substrate can be approximated, if the thickness of the layer under in-

vestigation is much smaller than the diameter of the metal contact:

p 4W
Rspread = Earctan (7) . (3.39)

Here p is the resistivity of the silicon substrate, W is the thickness of the substrate
and d is the diameter of the circular metal contact. The spreading resistance is
then mainly determined by the resistance of the substrate and can be calculated.
The contact resistance R. is considered by the following expression:
4pc

Re = p (3.40)
where p. is the specific contact resistance of the investigated junction. The resid-
ual resistances Ry with respect to the resistance of the substrate or the contact
resistance of the electrical contacts of the sample rear side are independent of the
diameter of the circular metal contacts. The measured total resistance for each
contact is thus composed of the spreading resistance Rgpreaq in the substrate, the
contact resistance R. of the investigated junction and the residual resistances Ro:

P 4W 4p.
Rt = ——arct — — +Rop. 3.41
T dﬂarcan(d>+nd2+ 0 (3.41)
If the conductivity of the substrate and the layer thickness are known, the spe-
cific contact resistivity p. of the interface and the residual resistances Ry can be
determined. For this purpose, the measured total resistance is plotted against the
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Figure 3.15: Cross-section of a specific contact resistance sample

reciprocal contact diameter and the curve is fitted with equation 3.41. p. and Ry
can then be determined from the fit. This method is commonly known as Cox-

72, 73]

Strack method(©8) and is applicable for different metals and substrates .In

Figure 3.15 is a cross-section of a specific contact resistance sample shown. In this
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3.7 Optical Characterization

thesis we use a silicon substrate with a resistivity of 1.3 (0cm and a thickness of
300 um. The thickness of the metal contacts on the front and rear side is 1 um.
The thickness of the PEDOT:PSS layer is in the order of 100 nm.

3.7 Optical Characterization

For the optical characterization of our samples we use a Cary 5000 (Varian) spec-
trophotometer. To use light of a narrow wavelength band for transmission and
reflection experiments, the Cary 5000 spectrophotometer uses a Czerny-Turner
monochromator. The design of the Czerny-Turner monochromator is shown in

[74]

Figure 3.16. In the Czerny-Turner design!”*/, a broad-band illumination source

Entrance slit Mirror

!
A

Diffraction grating

Exit slit

Figure 3.16: Schematic representation of a Czerny-Turner monochromator.

is focused at an entrance slit. A deuterium lamp (UV wavelength range) and a
halogen tungsten lamp (for the visible and near-infrared wavelength range) are
installed as light sources. The slit is placed at the effective focus of a curved mir-
ror, which collimates the reflected light. The collimated light is diffracted from
a grating and is collected by another mirror, which refocuses the light on an exit
slit. The light is dispersed after the diffraction a the grating and with the exit slit
the corresponding wavelength band can be selected by changing the diffraction
angle of the grid. The Cary 5000 uses a so-called double Littrow monochromator.
Compared to the Czerny-Turner monochromator, the double Littrow monochro-
mator uses a single paraboloidal mirror for collimation and focusing. The double
Littrow monochromator is a cascade of two monochromating systems. The wave-
length band exiting through the exit slit of the first monochromator is further
diffracted and selected in the second monochromator. This strongly increases res-
olution of the wavelength. With an integration sphere it is possible to determine
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3 Theory and Characterization Methods

the diffuse reflectance of a sample. The integrating sphere is internally coated
with Polytetrafluoroethylene (PTFE), which exhibits high near-infrared diffuse
reflectance. In a transmission measurement, the sample is placed in front of the
integrating sphere and the light transmitted through the sample unevenly in dif-
ferent directions is measured inside the integrating sphere as a function of the
wavelength. For measuring the transmission of the sample, a reflection standard
with known reflectance is used on the opposing side of the integration sphere. For
reflection measurements the sample is clamped to the integrating sphere from the
outside and the sample is illuminated from the inside of the integrating sphere.
The advantage of using an integrating sphere for reflection measurements is that
all backscattered light from the sample is detected. The cross section of an inte-
gration sphere and the measurement setup for transmission and reflectance mea-

surements are shown schematically in Figure 3.17a and 3.17b.

Test sample
N

Baffle Baffle

Detector Detector

Reflectance standart Test sample

(a) (b)

Figure 3.17: Cross section of an integration sphere with measurement setup for
transmission (a) and reflectance (b) are shown.
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4 Implementation of PEDOT:PSS
into Silicon Solar Cells

4.1 Optimization of the Electrooptical Properties

In BackPEDOT solar cells, PEDOT:PSS is used as a hole-selective contact on the
cell rear. The selectivity of PEDOT:PSS should be as high as possible, which
means to provide good passivation properties for electrons and a good transport
of holes. Furthermore, the optical transparency of a contact is of great impor-
tance. A selective contact should be as transparent as possible to maximize the
short-circuit current of the solar cell. In this Chapter the specific contact resistance
of the PEDOT:PSS/c-Si junction is examined as well as the process conditions for
an optimal passivation of the silicon surface with PEDOT:PSS to determine the se-
lectivity of PEDOT:PSS. The ideal PEDOT:PSS layer thickness to reduce parasitic
absorption in PEDOT:PSS is also determined.

4.1.1 Thermal Annealing

The PEDOT:PSS layers for solar cell implementation are deposited by spin coat-
ing from an aqueous precursor dispersion with a PEDOT:PSS solid content of
2.4 weigth percent (wt.%). After the spin coating process, the thermal anneal-
ing of the PEDOT:PSS layer is of crucial importance for the resulting electrical

properties[75]

. The decisive quantities are the specific contact resistance ppgpor
of the Ag/PEDOT:PSS/c-Si junction, as well as the passivation quality of the sil-
icon surface with the PEDOT:PSS coating, which is described by the recombina-
tion current density parameter Jo pppor. In order to assess the passivation quality
of the PEDOT:PSS/c-Si junction, contactless lifetime samples are fabricated on
300 pm thick (100)-oriented p-type float-zone silicon (FZ-Si) wafers with a resis-
tivity of 200 Q0cm. A cross-section of the lifetime samples is shown in Figure 4.1.
The first step is the RCA cleaning of the wafer surfaces. RCA cleaning is a clean-

ing sequence developed by the Radio Corporation of Americal’®). In the first
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SiNy

200 Qcm p-type Si
PEDOT:PSS

Figure 4.1: Cross-section of a lifetime sample.

step, the organic impurities and particles on the silicon surface are removed us-
ing an 80°C warm ammonia-hydrogen peroxide solution [5:1:1;H,O:NH,:H,O;].
During this 10 minute process a silicon oxide layer of a few nanometers is formed,
which is removed in the next step by a solution of aqueous hydrofluoric acid (HF).
The third step of the RCA cleaning sequence involves the removal of metallic and
ionic contaminants. This step includes a 80°C warm hydrochloric acid-hydrogen
peroxide solution [6:1:1 ; HoO:HCL:H;O;]. In the fourth step, the silicon oxide
formed in the third step is etched back. This again removes any remaining im-
purities from the silicon surface. After RCA cleaning, one wafer surface is pas-
sivated by a 100 nm thick plasma-enhanced-chemical-vapor-deposited (PECVD)
SiNy layer (Plasmalab 80 Plus, Oxford Instruments) with a refractive index n of
n=2.4 (ata wavelength of A =633 nm) at a deposition temperature of 400°C. After
SiN, deposition, the samples are dipped in 1% hydrofluoric acid (HF) for 60 sec-
onds. Immediately after the HF dip, the PEDOT:PSS dispersion (CleviosTM, Her-
aeus Deutschland GmbH) is deposited by spin coating (WS-650Mz-8NPPB/UD3,
Laurell Technologies). Subsequently, the PEDOT:PSS layer is annealed on a hot-
plate in ambient environment. Injection-dependent measurements of the effec-
tive carrier lifetime T.¢(An) are performed using a Sinton Lifetime Tester (WCT-
120, Sinton Instruments). The recombination current density parameter Jy, also
sometimes denoted ‘saturation current density’, of each measured sample is ex-
tracted from the slope of the inverse lifetime 1/ vs. the excess carrier concen-

[54] a5 described in Section 3.3. Jo is extracted from the lifetime

tration An curve
samples for different annealing temperatures and annealing durations of the PE-
DOT:PSS layer. For evaluation of the specific contact resistance ppgpor of the
Ag/PEDOT:PSS/c-Si junction, p-type FZ-Si wafers with a resistivity of 1.3 Qcm
and a wafer thickness of 300 um are used. After RCA-cleaning, the rear surface
is full-area metallized by a 1 pm thick aluminum layer deposited by electron-
beam evaporation (BAK 550, Balzers). After removing the native silicon oxide
of the front surface using diluted HF, without undue delay PEDOT:PSS (Cle-

viosTM, Heraeus Deutschland GmbH) is deposited by spin-coating (WS-650Mz-

36



4.1 Optimization of the Electrooptical Properties

8NPPB/UD3, Laurell Technologies). The coated PEDOT:PSS layer is annealed on
a hotplate in ambient environment. A cross section of a specific contact resistance
sample is shown in Figure 4.2a. A photograph of the circular silver contacts on
top of the PEDOT:PSS layer is shown in Figure 4.2b. The diameter of the circular
silver contacts range from 1 to 8mm. Ten silver dots with a thickness of 1 ym

A8
—
PEDOT:PSS
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Figure 4.2: (a) Cross-section of a specific contact resistance sample. (b) Photo-
graph of a spin coated PEDOT:PSS layer on a silicon substrate with
evaporated circular silver top contacts.

and different diameters, ranging from 1 to 8 mm, are electron-beam-evaporated
(BAK 550, Balzers) on top of the PEDOT:PSS layer through a shadow mask. For
each single front contact dot, the current-voltage characteristic in the dark is mea-
sured using a commercial I-V tester (PV-Tools, Hamelin, Germany) at a temper-
ature of 25°C. The specific contact resistance is extracted using the method of
Cox and Strack, whereby the ppppor values are obtained by fitting the curve of

resistance versus reciprocal contact diameter(68]

as described in Section 3.6. Fig-
ure 4.3a shows measured values for the recombination current density parameter
JorepoT as a function of the annealing temperature 9. Jypppor Was extracted
from the measured overall ]) values by subtraction of the Jygin value of the SiN,-
passivated wafer surface. Josin was determined on both-sides-SiNy-passivated
wafers with a median value of (16 +5)fA/cm?. Each data point represents the
mean value of two samples equally processed. The error bars indicate the devi-
ation from the mean value. With increasing annealing temperature, we observe
a broad minimum of the [y pppor values for annealing temperature between 160
to 225°C. The best achieved [y pepor value is Jo pepot = 60.0 + 2.0 fA /cm? for an
annealing temperature of 170°C. For temperatures above 220°C, the Jo pppor Vval-
ues increase again. Therefore, PEDOT:PSS achieves the best passivation quality
for annealing temperatures between 160 and 225°C. At higher temperatures, the
passivation effect deteriorates due to the thermal instability of PEDOT:PSS at in-

8]

creased temperatures'®’. In any case, annealing temperatures higher than 100°C

have to be applied in order to drive out the remaining water contained in the spin-
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coated PEDOT:PSS layer to achieve a sufficient passivation effect!8]. Not only the
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Figure 4.3: (a) Recombination current density parameter ]y pgpor for different PE-
DOT:PSS annealing temperatures 9. The annealing duration is t=10
minutes for all samples. (b) Jo pepor for different PEDOT:PSS anneal-
ing durations t. The annealing temperature is #=130°C for all samples.
PEDOT:PSS is applied at a spin coating speed of w =1500 rpm.

choice of the optimal annealing temperature is important for a good passivation
of the silicon surface with PEDOT:PSS, but also the duration of the annealing step
plays a role. Figure 4.3b shows Jopppor values in dependence of different an-
nealing durations t. Each data point is the mean value of two equally processed
samples. The error bars are calculated from the deviations of the mean values.
For an annealing duration of 10s at an annealing temperature of 130°C, which
corresponds to the period, until a solid film is formed on the silicon surface, an
average Jopepot Vvalue of 116 =8fA/ cm? is measured. If the annealing duration
is increased to 1min, a reduction of the Jypgpor to a value of 72.5 +4.5fA /cm?
is measured. Increasing the annealing duration to 10 min does not lead to any
turther decrease of Jypepor. To achieve an acceptable passivation of silicon sur-
faces with PEDOT:PSS, an annealing duration of at least 1 min at 130°C degrees
is required. Figure 4.4a shows the specific contact resistance ppgpor of the PE-
DOT:PSS/Si/Ag junction for different annealing durations at different anneal-
ing temperatures. Each data point is the mean value of two equally processed
samples. The error bars are calculated from the deviations of the mean values.
For an annealing duration of 130°C, the lowest value for the specific contact
resistance is reached with ppgpor =22.2 +4.1 mQcm?. For temperatures higher
than 130°C, ppgpot increases up 430 96 mQcm? for an annealing temperature
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Figure 4.4: (a) Specific contact resistance ppgpor of the PEDOT:PSS/Si/Ag junc-
tion for different PEDOT:PSS annealing temperatures ¥. (b) ppgport
for different PEDOT:PSS annealing durations t. The annealing tem-
perature is 9=130°C for all samples. PEDOT:PSS is deposited at a spin
coating speed of w =5000 rpm.

of 250°C. The deterioration of ppgpor at high temperatures can be attributed to
the thermal instability of PEDOT:PSS!! for temperatures higher than 200°C. Fig-
ure 4.4b shows ppgpor for annealing durations between 10 and 90 min at a fixed
annealing temperature of 130°C. For an annealing duration of 10 min ppgpor
amounts to 42.2 + 1.8 mQcm?. If the annealing duration is increased, ppgpor in-
creases to approximately ppppot ~ 120.0 mQcm? for annealing durations longer
10 min. To optimize the passivation of the silicon surface as well as to minimize
the specific contact resistivity of the PEDOT:PSS/Si/Ag junction we apply an an-
nealing duration of of 10 min at 130°C. The annealing temperature of 130°C is
chosen such that ppgpot is minimized. With the values of the specific contact
resistance of the Ag/PEDOT:PSS/c-Si junction extracted by the Cox and Strack
method in Figure 4.4a, and the ]y pepot values of the PEDOT:PSS/ ¢-Si junction in
Figure 4.3a, the selectivity of PEDOT:PSS can be calculated using Equation (3.6).
The Jopepot values are interpolated to the annealing temperatures investigated
for the specific contact resistance samples. Figure 4.5 shows the calculated selec-
tivity S19 in dependence of the annealing temperature 9. We observe here an in-
crease in the selectivity with increasing annealing temperature of up to 130°C. For
higher annealing temperatures, the selectivity decreases again. We report here a
maximum value of the selectivity for PEDOT:PSS of 13.2 for 10 min annealing at

a temperature of 130°C.
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Figure 4.5: Selectivity S1p of deposited PEDOT:PSS on p-type FZ-Si for different
annealing temperatures 9.

4.1.2 Impact of PEDOT:PSS Thickness

According to the results presented above, the standard annealing condition is
chosen to 10 min at 130°C on a hotplate in ambient environment. It remains to
be investigated which impact the thickness of the PEDOT:PSS layer has on the
passivation of the silicon surface. Figure 4.6 shows the recombination current
density parameter Jypppor as a function of the PEDOT:PSS layer thickness for
different solid contents in the PEDOT:PSS precursor dispersion. The PEDOT:PSS
layer thickness shown in Figure 4.6 is the median value over a 2x2cm? area of
a test sample. The error bars represent the deviation from the median value and
are an indication of the inhomogeneity of the PEDOT:PSS layer over the entire
sample. PEDOT:PSS thickness measurements were performed at 1 mm distant
points over a length of 2 cm (20 data points) centered over the sample center us-
ing a profilometer (Dektak 150, Veeco). Each data point of Jypgpor represents
the mean value of three samples equally processed for the PEDOT:PSS precursor
dispersion with a solid content of 2.4 wt.%. For the precursor dispersions with
reduced solid content, the mean value of | pppor was determined from two sam-
ples each. The error bars of Jypgpor indicate the deviation of the mean value.
JorEDOT Was extracted from the measured overall ]y values by subtraction of the
Josin value of the SiN-passivated wafer surface. Jsin was determined on both-
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Figure 4.6: Recombination current density parameter Jopgpor as a function of
the PEDOT:PSS layer thickness for different solid contents of the PE-
DOT:PSS precursor dispersion.

sides-SiN,-passivated wafers with a median value of (16 4 5) fA /cm?. For a solid
content of the PEDOT:PSS precursor dispersion of 2.4 wt.%, the extracted value
for the recombination current density parameter on a lifetime sample, where one
silicon surface is passivated with PEDOT:PSS, is [y pepor = (73.0 & 9.3) fA /cm? for
a PEDOT:PSS layer thickness of d = (748 +278) nm. If the spin coating speed is
increased, thinner PEDOT:PSS layers will result. For PEDOT:PSS layer thick-
nesses below 197nm, a tendency to larger Jopppor values is visible. In order
to exclude that the increased spin coating speed for PEDOT:PSS layers with a
thickness below 200 nm has a negative effect on the passivation effect, samples
with reduced solid content (2.2 wt.%, 1.8 wt.%, 1.6 wt.% and 1.3 wt.%) of the PE-
DOT:PSS precursor dispersion and reduced spin coating speed were processed.
For PEDOT:PSS film thicknesses below 200 nm, the measured ], pgpot values for
the precursor dispersions with reduced solid content also increase up to values
of over 200 fA/cm? for Jy pEpoT, although these samples were prepared at lower
spin coating speeds. It can therefore be excluded that the change in the solid con-
tent of the PEDOT:PSS precursor dispersion has an effect on the passivation of
silicon surfaces with PEDOT:PSS. Up to now, only the passivation effect of PE-
DOT:PSS on planar silicon surfaces was investigated in this thesis. However, the
deposition of PEDOT:PSS on random-pyramid-textured silicon surfaces is also
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potentially relevant, e.g. if the PEDOT:PSS is deposited on the cell front”7). Tt is
important that the texture is homogeneous covered with PEDOT:PSS down to the
deepest points between the pyramids of the texture. Inadequate coating between
the pyramids leads to a decrease in the short-circuit current density Js. and the

78, 79] of solar cells with textured silicon surfaces. Post

open-circuit voltage Vi
coating of phthalic acid ester is, for example, a possibility to achieve a conformal
coating of PEDOT:PSS on textured Si-surfacel80). It is also possible to round the
pyramid tips and valleys of the texture by isotropic etching of pyramid structured

silicon in an aqueous solution with hydrofluoric acid and nitric acid/®1]. The front
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Figure 4.7: Recombination current density parameter Jo pppot as a function of the
spin coating speed w for PEDOT:PSS application on random-pyramid
textured surfaces.

side of solar cells is usually textured by random pyramids to improve the light
trapping and minimize reflection losses. For cost reasons, it is cheaper to si-
multaneously texture the front and rear of the silicon wafer. In case of a pla-
nar rear side of the wafer, it must be protected by a dielectric layer during the
texturing process. The dielectric layer must then be removed for further pro-
cessing. Therefore, it is important to examine the passivation properties of PE-
DOT:PSS on textured silicon surfaces. For the examination of the passivation
properties of PEDOT:PSS on textured silicon surfaces, lifetime samples are used,
which are textured by random pyramids on both sides. PEDOT:PSS is applied

to the textured silicon surface by spin coating and is then annealed at a temper-
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ature of 130°C for 10min. Figure 4.7 shows median values of Jypgpor, deter-
mined for three samples each. The error bars of Jypppor indicate the deviations
of the mean values. Jypgpor Was extracted from the measured overall |y val-
ues by subtraction of the Jygin value of the textured SiN,-passivated wafer sur-
face. Josin was determined on both-sides textured and SiN-passivated wafers
with a median value of (24 +6)fA/cm?. The solid content of the PEDOT:PSS
dispersion used here was 1.47 wt.%. For a spin coating speed of 1500 rpm, a mea-
sured recombination current density of Jopppor = (262 + 14) fA/cm? is obtained.
If the spin coating speed is now increased to 12000 rpm, a median ]y pppot value
of (588 4 65)fA/cm? is reached. The passivation effect of PEDOT:PSS on tex-
tured surfaces thus decreases with increasing spin coating speed or decreasing
PEDOT:PSS layer thickness. The question arises whether a closed PEDOT:PSS
film is formed on the textured silicon surface. To examine this, we carry out
scanning electron microscopy (SEM) measurements, using a S4800, Hitachi SEM.
Figure 4.8a and Figure 4.8b show SEM images of the PEDOT:PSS layer deposited
at 1500 rpm and 12000 rpm. From SEM images the PEDOT:PSS thickness are esti-

5.00 pm

(b)

Figure 4.8: Scanning electron microscopy (SEM) images of the textured silicon
surface of the lifetime samples with PEDOT:PSS application at a spin
coating speed of (a) 1500 rpm and (b) 12000 rpm.

mated on textured surfaces of 547 nm for a spin coating speed of 1500 rpm during
the PEDOT:PSS application. For a spin coating speed of 12000 rpm, the thickness
on the textured surface can only be roughly estimated with d < 100nm. This re-
sult is consistent with the passivation effect of PEDOT:PSS on planar silicon sur-
faces in Figure 4.6, because the passivation effect decreases with decreasing PE-
DOT:PSS layer thickness. However, what is noticeable in Figure 4.8a and Figure
4.8b is that the PEDOT:PSS layer deposited at 1500 rpm is not completely wet-
ting the textured silicon surface. This can be seen from the pyramid tips, which
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o m

Figure 4.9: Scanning electron microscopy (SEM) images of the textured silicon
surface of the lifetime samples with PEDOT:PSS application at a spin
coating speed of 1500 rpm. A PEDOT:PSS dispersion with a particu-
larly high solid content of 2.6 wt.% is used. Two different samples are
shown.

are visible as an imprint in the PEDOT:PSS film. In Figure 4.8a the PEDOT:PSS
rests only on the pyramid tips and is not in direct contact with the silicon sur-
face. Since the samples are cleaved for examination in the scanning electron mi-
croscope and the PEDOT:PSS film is slightly stretchable, the PEDOT:PSS layer
is slightly lifted from the surface during cleaving the sample. The depth of the
imprints of the pyramid tip is a good measure of the original position of the PE-
DOT:PSS layer before the sample was cleaved. The fact, that the silicon surface is
not wetted, cannot explain the better passivation effect in comparison to the sam-
ple from Figure 4.8b. Therefore, in the following, especially thick PEDOT:PSS
layers are investigated on textured silicon surfaces. To obtain PEDOT:PSS layer
thicknesses thicker than those shown in Figure 4.8a, a PEDOT:PSS dispersion
with a particularly high solid content of 2.6 wt.% is used. The spin coating speed
applied is 1500 rpm. The resulting PEDOT:PSS layers are shown in Figures 4.9a
and 4.9b. It is noticeable that thinner organic layers are formed underneath the
thick PEDOT:PSS layer, which extend into the valleys between the pyramids on
the silicon surface. The silicon surface is thus covered with a very thin organic
layer, although the thicker PEDOT:PSS layer only rests on the pyramid tips. It
can be assumed that the thinner layer on the silicon surface is responsible for
the passivation effect of PEDOT:PSS on textured surfaces. Figure 4.10a shows
a SEM image of a PEDOT:PSS layer deposited on a textured silicon surface. A
thinner organic is clearly visible, which is located in the valleys of the textured
silicon surface. To evaluate whether this thin layer separates from the thicker
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Figure 4.10: (a) Scanning electron microscopy image of the textured silicon sur-
face of a lifetime sample passivated with PEDOT:PSS. The red line
shows the area over which energy dispersive X-ray spectroscopy
(EDX) measurement is performed. (b) Intensity I as a function of
position x for the elements carbon (C), oxygen (O), silicon (Si) and
sulfur (S) determined with a EDX measurement. The position x cor-
responds to the position on the red line in Figure 4.10a.
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PEDOT:PSS layer, energy dispersive X-ray spectroscopy (EDX) measurements
are performed. Using EDX measurements, the atomic composition of both PE-
DOT:PSS layers can be determined. The red line in Figure 4.10a shows the area
over which the EDX measurement is performed. The result of the line scan is
shown in Figure 4.10b. Shown is the intensity as a function of position x for the
elements carbon (C), oxygen (O), silicon (Si) and sulfur (S). Position x=0.0 pm
corresponds to the bottom point of the line scan (the red line in Figure 4.10a) and
position x =5.0 um the end of the line scan above the upper PEDOT:PSS layer. Be-
tween x =0.0 um and x =1.0 um, approximately 90% silicon is detected. Carbon
is only present with an offset of about 5%. Between x =1.0 um and x = 3.0 pm, the
signal of the near-surface organic layer is detected, whereby the signal of carbon
increases from 5% to ~70%. The sulfur content also increases up to 30%, but
decreases with increasing x-position to 10% at a position of x =3.0 um. Also, the
oxygen content increases to ~ 10% between x =1.5 um and x =2.5 ym, whereas it
is not detected at a position of x < 1.0 um. The signal of silicon reaches almost 0%
at a position of x =2.0 um. The behavior of the individual intensities in the range
between x =1.0 pm and x =3.0 pm can be explained by the fact that the scanned
area passes from the silicon substrate to the organic layer near the surface. This in-
creases the signal of carbon as well as of sulfur and oxygen. Similarly, the signal of
the silicon substrate decreases. Interesting is the scanned area between x =2.5 um
and x = 3.5 pm, where the signal of silicon increases from ~ 5% to ~ 50%, but the
signal of carbon decreases at the same rate. This can be explained by the fact
that the thin organic layer coats the valleys between the silicon pyramids. While
in the range between x=1.5 um and x =2.5 um both the front and the rear side
of the thin organic layer are detected, at a position from x=2.5um to x=3.5pm
only the rear side of the thin layer is measured. This results in less organic mate-
rial being measured, which explains the drop in carbon, sulfur and oxygen. The
signal of silicon increases because the next silicon pyrmid is measured through
the thin organic layer. For a scan position between x=3.5pum and x=5.0 um,
only the upper PEDOT:PSS layer is measured. The content of carbon increases
to about 90%, while the signal of silicon disappears. Oxygen and sulfur are each
detectable at about 10% in the upper PEDOT:PSS layer. On random-pyramid
textured silicon surfaces, covered with PEDOT:PSS, we observe here for the first
time a thin organic layer in the valleys between the pyramids of the silicon sur-
face. The remarkable finding is that the organic layer near the surface shows an
increased sulfur content compared to the thicker PEDOT:PSS layer on top. The
oxygen content seems to be slightly reduced in the near-surface layer. It can be
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therefore concluded, that the atomic compositions of the two organic layers are
different. To verify this, the upper PEDOT:PSS layer and the thin layer near the
silicon surface were measured again with a longer integration time. From the
energy-dependent spectra, the composition in atomic percent for the two layers
was determined. The carbon-to-oxygen and carbon-to-sulfur ratio of both lay-
ers can be determined. Figure 4.11 shows the carbon to sulfur ratio ([C:S]-ratio)
(green bars), as well as the carbon to oxygen ratio ([C:O]-ratio) (blue bars) for the
thin near-surface organic layer, as well as for the thicker PEDOT:PSS layer. The
[C:S]-ratio is 5 for the near-surface organic layer, and 12.5 for the thicker upper
PEDOT:PSS layer. This indicates that there is more sulphur in the near-surface
layer than in the PEDOT:PSS layer on top. The [C:O]-ratio is 23 for the near-
surface layer and 19 for the top layer. The near-surface layer thus has a slightly
lower oxygen content and hence a different atomic composition than the thicker
PEDOT:PSS layer. The different atomic composition suggests that the thin near-
surface layer is responsible for the passivation effect of PEDOT:PSS on silicon
surfaces and that an increased sulfur content has a positive impact on the surface

passivation properties.
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Figure 4.11: Carbon-to-sulfur ratio ([C:S]-ratio) (green bars), as well as the carbon-
to-oxygen ratio ([C:O]-ratio) (blue bars) for the thin surface-near PE-
DOT:PSS layer and for the thicker PEDOT:PSS layer.
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4.2 Optical Properties

After the determination of the optimal process parameters for the fabrication of
a PEDOT:PSS layer with respect to the optimal passivation of the silicon surface
and the lowest contact resistivity of the Ag/PEDOT:PSS/c-Si junction, it is now
of interest to examine the optical properties in more detail in order to optimize
the short-circuit current density Jsc on BackPEDOT solar cells. In order to de-
termine the impact of the PEDOT:PSS layer thickness on the rear side of the so-
lar cell on the cell short-circuit current density Js, test samples were prepared.
We use 300 um thick boron-doped p-type float zone silicon wafers with a re-
sistivity of 1.3 (Qcm. A random-pyramid texture is formed on the front of the
wafers while the rear is protected by a 100 nm plasma-enhanced-chemical-vapor-
deposited SiN, (refractive index n=1.9 at A =633 nm). Subsequently, the SiNy, is
removed using HF. The wafer is then cut into 2.5x2.5cm? pieces by laser cut-
ting and a 80 nm plasma-enhanced-chemical-vapor-deposited SiN, layer (Plas-
malab 80 Plus, Oxford) (refractive index n=1.9 at A =633nm) is deposited on
the random-pyramid-textured front side. On the rear side, the PEDOT:PSS dis-
persion (CleviosTM, Heraeus Deutschland GmbH) is deposited via spin-coating
(WS-650Mz-8NPPB/UD3, Laurell) at 500rpm for 10 seconds and then spin-
dispersed for 30 seconds at a spin coating speed between 500 rpm and 12000 rpm.
The coated PEDOT:PSS layer is annealed in ambient environment at 130°C for
10 min. Finally, the rear surface is metalized by a 1 um thick silver layer deposited
using e-beam evaporation (BAK 550, Balzers). The structure of the test samples
is shown schematically in 4.12. The PEDOT:PSS layer thickness was adjusted by
changing the rotational speed of the second step during the spin coating process.
A higher rotational speed results in a thinner PEDOT:PSS layer. Measurements
were performed with an UV-Vis-NIR spectrophotometer (Cary 5000, Varian) in
the reflection mode using an integrating sphere. Figure 4.12 shows the measured
hemispherical reflectance R(A) as a function of the wavelength for the test sam-
ples with different PEDOT:PSS layer thicknesses. The reflection spectra show
a minimum at a wavelength of about 500 nm. This minimum is caused by the
anti-reflection coating on the front side of the samples, which at this wavelength
causes the conditions for destructive interference in the light beams reflected from
the surface coated with the SiN, layers. The reason that the reflection increases
to wavelengths shorter than 400 nm is due to the reflection of short-wavelength
light at the surface of sample. At wavelengths between 500 nm and 1000 nm the
reflection increases, which is due to the absorption coefficient of silicon, which
decreases with increasing wavelength. Long-wavelength light thus penetrates
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Figure 4.12: Hemispherical reflectance of test samples in which PEDOT:PSS was
applied at different rotational speeds during the spin coating proce-
dure. The PEDOT:PSS-covered rear side is fully metallized with a
1 pm thick silver layer deposited using e-beam evaporation.

deeper into the sample, while light of shorter wavelengths is absorbed relatively
close to the surface. Since silicon has a band gap of 1.12 eV, which corresponds
to a wavelength of 1107 nm, the probability, that light with energies smaller than
the band gap energy is absorbed, is approaching zero. Long-wavelength, NIR-
light with wavelengths longer than 1107 nm therefore passes through the solar
cell very often until it exits through the surface. Therefore, the reflection in the
wavelength range above 1000 nm increases strongly, which is called escape re-
flectance. A good indicator to assess the magnitude of parasitic absorption in the
PEDOT:PSS layers is the escape reflectance in the long-wavelengths range. The
PEDOT:PSS layer spin coated at 500 rpm shows the lowest escape reflectance.
With decreasing PEDOT:PSS film thickness or increasing spin coating speed the
PEDOT:PSS film becomes thinner and the escape reflectance increases. For a
better comparability of the reflectance curves, only the reflectance Rpgpor at a
wavelength of 1200 nm is considered. Figure 4.13 shows the reflectance Rpgpor
at a wavelength of 1200nm in dependence of the PEDOT:PSS layer thickness.
The PEDOT:PSS layer thickness shown in Figure 4.13 is the median value over a
2x2cm? area of a test sample. Figure 4.13 shows Rpgpot as a function of the
PEDOT:PSS thickness for a solid content in the PEDOT:PSS precursor disper-
sion of 2.4 wt.% (green circles) and 1.2 wt.% (green triangles). Layer thicknesses
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Figure 4.13: Reflectance Rpgpor at a wavelength of 1200nm of test samples in
dependence of the PEDOT:PSS layer thickness d. The PEDOT:PSS
dispersion used has a solid content of 2.4 wt.% (green circles). To
achieve PEDOT:PSS layers with a thickness of less than 77nm the
solid content was reduced to 1.2 wt.% (green triangles).

smaller than d =77 nm are not possible to achieve with the PEDOT:PSS precursor
dispersion due to the solid content of 2.4 wt.% in combination with the maxi-
mum possible spin coating speed of our spin coater of 12000 rpm. To achieve
PEDOT:PSS layers with a thickness of less than d=77nm, the solid content of
the PEDOT:PSS precursor dispersion was reduced to 1.2 wt.% by adding water.
Rpepot decreases with increasing PEDOT:PSS layer thickness and saturates at
a value of Rpgpor =0.22 for PEDOT:PSS layer thicknesses above >1000nm. In
summary, with a PEDOT:PSS layer thickness of d =(24 +5)nm, a value for the
reflectance at 1200 nm with Rpgpor=0.39 is achieved. This indicates that the
thinnest possible PEDOT:PSS layer maximizes the escape reflectance and thus
also the short-circuit current density of BackPEDOT solar cells. To further verify
the impact of the PEDOT:PSS layer thickness, ray-tracing simulations are used
to assess the impact of the PEDOT:PSS layer thickness on the solar cell rear on
the short-circuit current density of the BackPEDOT solar cell. The simulations
were performed using the software Sunrays[szf 83, developed by Brendel. The
ray-tracing software Sunrays employs a Monte Carlo simulation. Each light ray
is calculated according to the laws of geometrical optics, including wavelength-
dependent, polarization-dependent and angle-dependent reflection and trans-
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mission at each interface. For a periodic structure only the unit cell shown in
Figure 4.15a needs to be considered. The unit cell consists of a cuboid silicon base
with an edge length of 5 um in x- and y-direction and an edge length of 300 pm
in z-direction. 300 pm corresponds to the thickness of the silicon wafer. The
cuboid possesses on the illuminated side a pyramid with 3.5 um height, whose
peak is exactly in the center of the ground plane. On the pyramid there is an
anti-reflection coating of silicon nitride with a thickness of 80 nm and a refractive
index of n=1.9 (at A = 633nm). On the opposite, planar side is a layer of 1nm
native silicon oxide, on top of which is a layer of PEDOT:PSS, whose thickness
is varied in the simulation. On top of the PEDOT:PSS layer there is 1000 nm sil-
ver as back reflector. If a ray leaves the unit cell through a sidewall, the ray will
re-enter at the symmetrical point on the opposite sidewall. In case of re-entry
into the unit cell as well as when reaching an interface, the ray is randomized
in the propagation direction. Sunrays uses the tabulated AM 1.5G(84] spectrum
for the irradiance of the unit cell. Furthermore, Sunrays uses the wavelength-
dependent refractive index n(A) and the wavelength-dependent extinction co-
efficient k(A) of silicon8%), silicon nitride[®®) and silver!®], and n(A) and k(1)
values of PEDOT:PSS[13]. Figure 4.14 shows the reflectance Rpgpor at a wave-
length of 1200 nm of test samples in dependence of the PEDOT:PSS layer thick-
ness in comparison to the simulated reflectance at a wavelength of 1200 nm. For
PEDOT:PSS layer thicknesses above d =100 nm the simulated reflectance Rpgpor
at a wavelength of 1200 nm shows a good agreement with the measured data.
For PEDOT:PSS layer thicknesses less than d=40nm the simulation provides
higher values for Rpgpor compared to the measured values. In the simulation,
PEDOT:PSS is assumed to be a perfectly homogeneous layer. This might be well
approximated for thick PEDOT:PSS layers, but extremely thin PEDOT:PSS lay-
ers are optically more inhomogeneous. It is known that at the PEDOT:PSS/Si
interface PSS is preferentially accumulated in the first few nm of the PEDOT:PSS
layer[S]. In addition, if there is a different PEDOT:PSS ratio in thin PEDOT:PSS
layers, the n and k values of PEDOT:PSS will also change, which will lead to a dif-
ferent optical thickness and this is not taken into account in the simulation. Figure
4.15a illustrates the simulated absorbed current density in silicon Js; for different
PEDOT:PSS layer thicknesses on the sample. For a PEDOT:PSS layer thickness
of only d=10nm, the simulated absorbed current density in silicon provides a
value of Js; = (43.30 + 0.03) mA /cm?. Witch increasing PEDOT:PSS thickness, the
Jsi value decreases and saturates at (42.30 4 0.03) mA /cm? for PEDOT:PSS thick-
nesses above 400 nm. Figure 4.15b shows the simulated parasitic absorbed cur-

51



4 Implementation of PEDOT:PSS into Silicon Solar Cells

0.6 ——— T ——— T —— T
— i SiN,
/é\ - }\ Silicon

C: 05 ~ \ * -
o | \ Ag PEDOT:PSS |
I~ \
N \
. : \

Il .
< 04F pay ‘\ Guide to the eyes .
E ! m *

=

X A -

Q WA

m i \ . . b
o 03 F w«%‘ Simulation 4
o 3 |
st 8 ]
< .
g | E

o 02F -
e K .
|3
m P | gl

10 100 1000 10000
PEDOT:PSS layer thickness d [nm]

Figure 4.14: Reflectance Rpgpor at a wavelength of 1200nm of test samples in
dependence of the PEDOT:PSS layer thickness d. The PEDOT:PSS
dispersion used has a solid content of 2.4 wt.% (green circles) and
1.2wt.% (green triangles). The blue diamonds show the simulated
reflection at a wavelength of 1200 nm. The dashed blue line serves as
a guide to the eyes.

rent density Jpgpor in PEDOT:PSS in dependence of the PEDOT:PSS layer thick-
ness on the sample. The simulated reflected current density J.q is also shown
in Figure 4.15b. The simulated Jpgpor value is (0.50 £ 0.03) mA/ cm? for a PE-
DOT:PSS thickness of d = 10 nm. With increasing PEDOT:PSS thickness, the value
for Jpgpor increases and saturates for PEDOT:PSS layer thicknesses above 300 nm
at Jpepot = (2.40 £ 0.03) mA /cm?. The simulated reflected current density Jyeq in-
dicates how much light is reflected at the front surface of the sample and how
much light leaves the sample through the front surface after one or more passes
through the sample. The simulated reflected current density decreases with in-
creasing PEDOT:PSS thickness from a value of J,.q=(2.48 4-0.03) mA/cm? for a
PEDOT:PSS layer thickness of d = 10nm to a value of J,.q = (1.66 4= 0.03) mA /cm?
for a PEDOT:PSS layer thickness of d=400nm and saturates for thicker
PEDOT:PSS layers. The behavior of the curves in Figure 4.15a and Figure 4.15b
can be explained by the fact that PEDOT:PSS acts like a dielectric mirror(86 87]
on the rear side of the sample in combination with the metallized rear reflec-
tor. Since photons with wavelengths in the near-infrared range reach the rear of

the solar cell due to the absorption behavior of silicon, the ratio of reflected and
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Figure 4.15: (a) Simulated Absorption in the silicon base of the unit cell Js; (red
circles) of a PEDOT:PSS/ c-Si heterojunction solar cell in dependence
of the PEDOT:PSS layer thickness d on the solar cell rear. (b) Simu-
lated parasitic absorbed current density in PEDOT:PSS Jpgpot (green
squares) and the simulated reflected current density J..q (orange tri-
angles) in dependence of the PEDOT:PSS layer thickness d on the
solar cell rear.

transmitted light at the Si/PEDOT:PSS/Ag junction plays a decisive role. For
PEDOT:PSS layers thicker than d=400nm, all light that is transmitted through
the Si/PEDOT:PSS junction is absorbed in the PEDOT:PSS layer and is therefore
completely lost for the current generation in a solar cell. For PEDOT:PSS layers
thinner than d =400 nm not all near-infrared light is parasitically absorbed in PE-
DOT:PSS and a possibility of back reflection by the silver-metallized rear into the
silicon base is possible. This is also shown by the fact that J..q for PEDOT:PSS
layer thicknesses thinner than d =400 nm increases. To maximize the short-circuit
current density of a BackPEDOT solar cell with PEDOT:PSS on the solar cell rear
side, the thickness of the PEDOT:PSS layer should be as thin as possible.
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4.3 Solar Cell Results

In order to successfully implement PEDOT:PSS in silicon solar cells on the solar
cell rear (so called 'BackPEDOT solar cells’), the optimized process parameters
for the fabrication of the PEDOT:PSS layer must be known. The annealing pa-
rameters for an optimal thermal annealing of the spin-coated PEDOT:PSS layer
were determined in Section 4.2 of this Chapter. Thermal annealing for 10 min
at 130°C on a hotplate in ambient environment is performed to improve the se-
lectivity S19 of PEDOT:PSS. Our ray tracing simulations have shown a strong
impact of the PEDOT:PSS layer thickness on the short-circuit current density Jsc
of BackPEDOT solar cells. Therefore, s can be improved by reducing the PE-
DOT:PSS thickness on the cell rear. However, for PEDOT:PSS layer thicknesses
less than d =200 nm the passivation quality of PEDOT:PSS deteriorates dramati-
cally. As a consequence, the maximum values for Js will increase with increas-
ing spin coating speed, but V. will decrease for thin PEDOT:PSS layers. Fur-
thermore, we examine The series resistance Rs as well as the energy conversion
efficiency 1 in dependence of the spin coating speed during the PEDOT:PSS ap-
plication. The spin coating speed is varied to obtain different PEDOT:PSS layer
thicknesses on the solar cell rear. The PEDOT:PSS film thickness for each spin
coating speed is measured on test samples processed with the same parameters.
The layer thickness is hereby the median value over a 2x2cm? area of the test
sample for each applied spin coating speed. Measurements were performed at
1 mm distant points over a length of 2 cm (20 data points) centered over the sam-

ple center using a profilometer (Dektak 150, Veeco). Different spin coating speeds

Table 4.1: Median PEDOT:PSS layer thickness d for different spin coating speeds
w during the PEDOT:PSS application.

Spin coating speed Median PEDOT:PSS layer thickness
w [rpm] d [nm]
500 (3 samples) 1993 + 160
1500 (21 samples) 555 +90
6000 (6 samples) 134+10
12000 (17 samples) 64 + 10

w with different revolutions per minute (rpm) are used for the application of PE-
DOT:PSS. The determined PEDOT:PSS layer thicknesses for different spin coat-
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ing speeds are summarized in Table 4.1. The deviation of the PEDOT:PSS layer
thickness in Table 4.1 does not refer here to the inhomogeneity of the PEDOT:PSS
layer thickness over the sample surface, but to the variation of the PEDOT:PSS
layer thickness between equally processed samples. For each investigated spin
coating speed during the PEDOT:PSS application a certain number of BackPE-
DOT cells was fabricated. The cross-section of a BackPEDOT solar cell is shown
schematically in Figure 4.16a. For the solar cell fabrication 300 um thick 6” (100)-
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Figure 4.16: (a) Cross-section of a BackPEDOT solar cell. (b) Photograph of a
BackPEDOT solar cell.

oriented p-type boron-doped float-zone silicon (FZ-Si) wafers with resistivities of
0.5 and 1.3 Q)cm are used. The first step in the solar cell manufacturing pro-
cess is the RCA cleaning of the wafer. After RCA cleaning both surfaces are
protected by a 200 nm thick dielectric SiO; layer, which is formed by high tem-
perature oxidation in a quartz-tube furnace (TS 81004, Tempress). Alternatively,
a plasma-enhanced chemical vapor deposited silicon nitride layer (PECVD) can
also be used as a dielectric protective layer. Next, 2 x 2 cm? diffusion windows are
opened by laser ablation (HyperRapid50, Coherent) on one wafer side. After one
more RCA cleaning sequence, the silicon surface within the ablated windows is
random-pyramid-textured using a KOH/isopropanol solution. Subsequently, an
n' emitter with a sheet resistance in the range 92 -110)/sq is formed by phos-
phorus in-diffusion in a quartz-tube furnace (TS 81004, Tempress) at 830°C in a
POCl3 /O, atmosphere. The wafers are then laser-cut (CW Fiber Laser, IPG Pho-
tonics) into 2.49 x 2.49 cm? large samples, and after additional cleaning, the phos-
phorus silicate glass is removed in a 1% diluted hydrofluoric acid solution. An
0.24 nm thick AlO, tunneling layer is then deposited by means of plasma-assisted
atomic layer deposition (FlexAL, Oxford Instruments) on the front surface. The
AlOy tunneling layer provides a better passivation of the silicon surface under-
neath the front contacts/88! applied in the next step. An aluminum grid is de-
posited on the cell front through a nickel shadow mask by electron beam evapora-
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tion (BAK 550, Balzers). The front surface is then coated by a surface-passivating
PECVD SiNy layer (Plasmalab 80 Plus, Oxford Instruments) with a refractive in-
dex n=2.4 (at a wavelength of A =633nm) and a thickness of 6nm. On top is a
SiN, anti-reflection coating with a refractive index n=1.9 (at A=633nm) and a
thickness of 75nm at a deposition temperature of 300°C. Subsequently, the cells
are annealed for 2 min at 350°C in order to improve the front surface passivation
and for contact formation/®8]. Before depositing the PEDOT:PSS on the cell rear,
the dielectric SiO, protection layer on the solar cell rear is removed using 40%
HF. The PEDOT:PSS dispersion (CleviosTM, Heraeus Deutschland GmbH) is de-
posited by spin-coating (WS-650Mz-8NPPB/UD3, Laurell Technologies) and the
resulting PEDOT:PSS layer is annealed in ambient environment. Finally, the rear
surface is full-area metallized by a 1 um thick silver layer deposited using elec-
tron beam evaporation (BAK 550, Balzers). The Js.-Voc characteristics as well as
the illuminated current-voltage (J-V) curves are measured under standard test-
ing conditions at 1 sun and 25°C using a LOANA measurement system (PV-Tools,
Hamelin, Germany). The series resistance Rs is determined from the measured

fill factor FF, pseudo-fill factor pFF as well as the measured Jsc and V. values

. o Rs]sc
FF = pFF (1 ( v )) . 4.1)

Figures 4.17 and 4.18 show the most important solar cell parameters, specifically

using the equation:

the short-circuit current density Js., the open-circuit voltage V., the series resis-
tance Rs, and the energy conversion efficiency 1, of the processed BackPEDOT
solar cells as a function of the spin coating speed. Figure 4.17a shows the mea-
sured short-circuit current density Js. of the fabricated BackPEDOT solar cells
for different spin coating speeds during the deposition of the PEDOT:PSS pre-
cursor dispersion. The median, as well as the respective maximum values for
Jsc are summarized in Table 4.2 for solar cells fabricated on 0.5-Q0cm and 1.3-Qcm
p-type FZ silicon base material. The maximum Js. value of BackPEDOT cells fab-
ricated on 0.5-Qdcm silicon base material is 38.5mA /cm? for a spin coating speed
of 1500 rpm. We observe a decrease of the maximum Js for spin coating speeds
above 1500 rpm. The median Js. decreases by 0.2 mA /cm? for an increase of the
spin coating speed of 1500 to 12000 rpm. A decrease of the median Js. and the
maximum Js. for spin coating speeds above 1500 rpm on solar cells on 0.5-Ocm
silicon base material is not evident from the ray tracing simulations in Figure
4.15. The solar cells on 1.3-Qdcm silicon base material provide higher Js. values
compared to the solar cells fabricated on 0.5-Qdcm base material, which can be
attributed to the much higher bulk lifetime in the silicon material with lower
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Figure 4.17: (a) Measured short-circuit current density Js. of the fabricated
BackPEDOT solar cells for different spin coating speeds during the
application of the PEDOT:PSS precursor dispersion. (b) Measured
open-circuit voltages V. of the fabricated solar cells for different
spin coating speeds during the application of the PEDOT:PSS precur-
sor dispersion. Solar cells have been fabricated on p-type FZ silicon
wafers with a base resistivity of 0.5 Qcm (red triangles) and 1.3 Qcm
(blue circles), respectively. The V. values of solar cells with 0.5-Cdcm,
as well as with 1.3-Qcm p-type silicon base material are summarized
as a box plot for each investigated spin coating speed.

doping concentration. Lifetime measurements performed on the 0.5-Qdcm p-type
FZ-Si material verified that the bulk lifetime of this material is (0.68 + 0.07) ms
(average value of five measured samples), whereas that of the 1.3-Qcm material
is (1.33 £0.32) ms (average value of three measured samples) at an excess car-
rier concentration An of 3x10" cm 3. The maximum and median Js. values for
BackPEDOT cells fabricated on 1.3-C)cm silicon base material are also shown in
Table 4.2. 38.8 mA /cm? is the best J. value achieved on a BackPEDOT solar cell
with 1.3-Qdcm base material at a spin coating speed of w =12000 rpm. We observe
tendency of the maximum and median Js. to higher values with increasing spin
coating speed. This result is consistent with the results of the ray-tracing simula-
tions and the test samples shown in Figure 4.13. The measured open-circuit volt-
age Vi for manufactured solar cells with 0.5-Qdcm and 1.3-Qcm FZ silicon base
materials are shown as a function of the spin coating speed during PEDOT:PSS
deposition in Figure 4.17b. Since no relevant impact of the base material on the
Voc values is observable, the V. values for both base materials are summarized

as a boxplot for each investigated spin coating speed. The maximum achieved
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Table 4.2: Maximum and median Js. values for different spin coating speeds dur-
ing the deposition of the PEDOT:PSS precursor dispersion on solar cells
with 0.5-Qcm and 1.3-Ocm base material.

0.5-Qcm base material 1.3-Qcm base material
. . Maximum Median Maximum Median
Spin coating speed I I I ]
SC SC SC SC
W [rpm] [mA/cm?] [mA/cm?] [mA/cm?] [mA/cm?]
500 (3 solar cells) 38.1 37.5 - -
1500 (21 solar cells) 38.5 37.6 38.7 38.3
6000 (6 solar cells) 38.3 38.3 38.8 38.2
12000 (17 solar cells) 38.1 37.5 38.8 384

Table 4.3: Maximum and median V. values of manufactured BackPEDOT cells
for different spin coating speeds during the deposition of the PE-
DOT:PSS precursor dispersion.

Spin coating speed Maximum Median
w [rpm] Voc [mV] Voc [mV]
500 (3 solar cells) 659 659
1500 (21 solar cells) 664 654
6000 (6 solar cells) 659 656
12000 (17 solar cells) 657 654

Ve values, as well as the median V,,. values, are shown in Table 4.3. We observe
a decrease of the maximum and median V. values with increasing spin coating
speed. However, there are outliers with high Vi, values of up to 664mV for a
spin coating speed of 1500 rpm. The reason for the decrease in V, is that with de-
creasing PEDOT:PSS layer thickness the recombination at the silicon/PEDOT:PSS
interface increases. This was already indicated by the measured recombination
current density parameter ]y pgpor on lifetime samples in Figure 4.6. A spin coat-
ing speed of w=6000rpm corresponds to a resulting PEDOT:PSS thickness of
about d =134 +10nm. A saturation tendency in the V. becomes apparent for
spin coating speeds below w =6000rpm. Thus, the measured V. values are in
accordance with the Jopppor values, which were shown in Figure 4.6. Figure
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4.18a shows the measured series resistance Ry of the fabricated BackPEDOT so-

lar cells for different spin coating speeds. The median and maximum values for

3.0 ——rrrrr ————T

L
P gl

1.3-Qcm p-Si
F 0.5-Qcm p-Si—g

N
—_

1.3-Qcm p-Si —e

L

N
(=]
L

—_
®©

_E:j 05-QempSimry |

1000 10000

. . 2
Series resistance R_ [Qcm”]
_

(=)

T

—_
N

1000 10000

1N
=

Energy conversion efficiency n [%]

Spin coating speed o [rpm] Spin coating speed o [rpm]
(a) (b)

Figure 4.18: (a) Measured series resistance R of the fabricated BackPEDOT solar
cells for different spin coating speeds during the application of the
PEDOT:PSS precursor dispersion. (b) Measured solar cell efficiency
n of the fabricated solar cells for different spin coating speeds during
the application of the PEDOT:PSS precursor dispersion. Solar cells
have been fabricated on p-type silicon wafers with a base resistiv-
ity of 0.5 Qdcm (red triangles) and 1.3-Qcm (blue circles), respectively.
The data of solar cells with 0.5-Q0cm-, as well as 1.3-Qcm base mate-
rial are summarized as a box plot for each investigated spin coating
speed.

Rs are summarized in Table 4.4. Solar cells processed at a spin coating speed
of w=500rpm show a median series resistance of Rs=1.95 Qcm?, which is the
highest series resistance of all investigated spin coating speeds. If the spin coating
speed is increased, and therefore the thickness of the PEDOT:PSS layer is reduced,
the median R; value decreases to Rs=0.97 Qcm? for w = 1500 rpm and saturates
for higher spin coating speeds. This indicates that thick PEDOT:PSS layers pro-
vide the largest contribution to Rs. However, we obtained the lowest achieved
series resistances of Rs = 0.55 Qcm? for w = 12000 rpm. The energy conversion ef-
ficiency n is shown in Figure 4.18b in dependence of the investigated spin coating
speeds. The median and maximum efficiencies are also summarized in Table 4.5.
The lowest energy conversion efficiency of n=18.1% is obtained for solar cells
where PEDOT:PSS was deposited at a spin coating speed of 500 rpm, although
these solar cells show the best V. values in Figure 4.17b, but also the highest se-
ries resistance with a median of Rs=1.95Qcm?. Analogously to the decrease in
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4 Implementation of PEDOT:PSS into Silicon Solar Cells

Table 4.4: Minimum and median Rg, as well as maximum and median fill factor
FF values of manufactured BackPEDOT cells for different spin coating
speeds during the deposition of the PEDOT:PSS precursor dispersion.

Spin coating speed Minimum  Median Maximum  Median
w [rpm] Rs [Qecm?]  Rg [Qem?] FF [%] FF [%]
500 (3 solar cells) 1.92 1.95 73.7 73.6
1500 (21 solar cells) 0.58 0.97 79.6 77.9
6000 (6 solar cells) 0.72 0.81 79.3 78.9
12000 (17 solar cells) 0.55 0.91 80.6 78.6

Table 4.5: Maximum and median 1 values of manufactured solar cells for differ-
ent spin coating speeds during the deposition of the PEDOT:PSS pre-
cursor dispersion.

Spin coating speed Maximum Median
w [rpm] n [%] N [%]
500 (3 solar cells) 18.2 18.1
1500 (21 solar cells) 19.9 19.2
6000 (6 solar cells) 20.1 19.8
12000 (17 solar cells) 20.3 19.3

Rs with increasing spin coating speed, the median energy conversion efficiency
increases with increasing spin coating speed. The maximum cell efficiencies also
increase from 19.9% at w =1500 rpm to 20.1% at w = 6000 rpm. The best cell effi-
ciency of 1=20.3% was achieved at a spin coating speed of w =12000rpm on a
solar cell with a base resistivity of 1.3 (Qcm. The median cell efficiency for spin
coating speeds of w =12000rpm is with 1=19.3% is about 0.5% lower in com-
parison to w =6000rpm, which can be explained by the larger number of solar
cells produced compared to the number of solar cells at a spin coating speed of
w = 6000 rpm, because the higher number of solar cells means that the fluctua-
tions in Vi, as well as in Jsc and in Rs are larger. The best efficiency measured
is 20.3% with PEDOT:PSS deposition at the highest applied spin coating speed of
w =12000 rpm, resulting in a 64 nm thick PEDOT:PSS layer.
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4.4 Chapter Summary

In order to successfully implement PEDOT:PSS into BackPEDOT solar cells, the
optimized process parameters for the fabrication of the PEDOT:PSS layer were
determined. Thermal annealing for 10 min at 130°C on a hotplate was found to
improve the selectivity of PEDOT:PSS. In this thesis we showed, that the passi-
vation of planar silicon surfaces with PEDOT:PSS exhibits a pronounced depen-
dence of the PEDOT:PSS layer thickness. The passivation quality of PEDOT:PSS
decreases with decreasing PEDOT:PSS layer thickness. On random-pyramid tex-
tured silicon surfaces covered with PEDOT:PSS we detected for the first time,
a thin organic layer in the valleys between the pyramids of the silicon surface
beneath the deposited PEDOT:PSS layer. We measured a different atomic compo-
sition of the thin organic layer in comparison to the PEDOT:PSS layer on top and
concluded, that the thin PEDOT:PSS layer is probably responsible for the passiva-
tion of textured Si surfaces with PEDOT:PSS and that an increased sulfur content
has a positive impact on the surface passivation properties. For maximizing the
short-circuit current density Js, ray tracing simulations were performed, which
show a dependence of the PEDOT:PSS layer thickness. We demonstrated for the
tirst time on fabricated BackPEDOT solar cells, that J. increases with decreasing
thickness of the PEDOT:PSS layer. The best achieved value for Js. is 38.8 mA / cm?
for a PEDOT:PSS layer thickness of (64 &= 10) nm. The open-circuit voltage V. de-
creases with increasing spin coating speed, because the passivation quality of thin
PEDOT:PSS films on silicon is reduced. The highest achieved energy conversion
efficiency achieved in this Chapter was 20.3% for a PEDOT:PSS layer thickness of
(64 +10) nm.
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5 Impact of Additives to
PEDOT:PSS

5.1 Screening of Additives

The previous Chapter showed that the short-circuit current densities Js. of BackPE-
DOT solar cells are still limited due to the parasitic absorption of the PEDOT:PSS
layer on the solar cell rear. We discovered that the thickness of the PEDOT:PSS
layer must be as thin as possible to minimize the parasitic absorption in PE-
DOT:PSS of long-wavelength light reaching the solar cell rear. However, we have
also observed that by reducing the PEDOT:PSS layer thickness, the passivation
quality of PEDOT:PSS is reduced, resulting in lower open-circuit voltages Vi of
BackPEDOT solar cells. In this Chapter, we examine whether additives to the
PEDOT:PSS can be used to improve both the short-circuit current density Js. and
the passivation quality. The impact of the admixture of additives on the solar
cell parameters open-circuit voltage Vo, short-circuit current density Js., series
resistance Ry and energy conversion efficiency 1 of processed BackPEDOT solar
cells is investigated. Additives have already been reported in the literature to
increase the conductivity of PEDOT:PSS/8%, 90, 911 The addition of polyvinyl al-
cohol (PVA) to the PEDOT:PSS precursor dispersion has a potential to reduce the
parasitic absorption in PEDOT:PSS due to its transparency in the visible as well as

in the infrared wavelength range[gz' 93]

. Furthermore, the impact of sorbitol ad-
mixture to the PEDOT:PSS precursor dispersion is investigated. Sorbitol remains
in the resulting PEDOT:PSS layer, similar to PVA, and due to its transparency
in the visible and the infrared wavelength range, sorbitol might also reduce the

parasitic absorption in PEDOT:PSS.
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5.1.1 Polyvinyl Alcohol

Blends of PEDOT:PSS and Polyvinyl Alcohol (PVA) have already found some ap-
plication fields. Among them for example, the application in ultrahigh-strain sen-
sors with controlled Conductivity[%] or even with PEDOT:PSS coated PVA fibers
in conductive textiles?). Mixtures of PVA and PEDOT:PSS can also be used
in the production of moisture sensors?®). While PEDOT:PSS exhibits a high con-
ductivity, processed PEDOT:PSS layers are brittle and have a high Young’s elastic-
ity module and low ductility[gﬂ, making them difficult to use in flexible devices.
By mixing PEDOT:PSS and PVA, flexible and at the same time highly conductive
layers can be produced[%]. PVA is a highly transparent, water-soluble and low-
cost polymer and provides ductility and other mechanical enhancements, while
PEDOT:PSS acts as the electrical conductor!?8], Polymer layers of a mixture of
PEDOT:PSS and PVA are more transparent than PEDOT:PSS films without PVA
due to the transparency of PVA92.93]  In order to assess the overall infrared
absorption in the PEDOT:PSS layer in this thesis, transmission and reflectance
measurements were performed using a Varian Cary 5000 UV-Vis spectrometer.
2.2wt.% PVA (Sigma Aldrich, Mw 89000-98000, 99% hydrolyzed) were admixed
to the PEDOT:PSS precursor dispersion and stirred overnight on a magnetic stir-
rer. The PEDOT:PSS dispersion has a solid content of 2.2wt.%. The chemical
structure of PVA is shown in Figure 5.1. We deposit the PEDOT:PSS:PVA lay-
ers by means of spin coating on a glass substrate and thermal anneal it at 130°C
for 10 min. According to Equation (5.1), the spectral absorbance A(A) of the PE-
DOT:PSS:PVA layer at a given wavelength A can be calculated from the known

spectral reflectance R(A) and transmittance T(A):
A(\) =1—-RQA) — T(A). (5.1)

In Figure 5.1, the calculated spectral absorbance A(A) for PEDOT:PSS films with
addition of 2.2 wt.% PVA (blue curve) and, for comparison, without addition of
PVA (red curve) to the PEDOT:PSS precursor dispersion are shown as a function
of the wavelength A. The PEDOT:PSS film thickness d of the sample with PVA ad-
mixture is with d =655 422 nm, which is about three times as thick as the thick-
ness of the PEDOT:PSS film without addition of PVA having a layer thickness
of d=207 £10nm. Nevertheless, the sample with PVA addition shows a signifi-
cantly lower absorbance A(A) over the entire examined wavelength range. Figure
5.1 thus confirms the results reported in the literature that the addition of PVA to
the PEDOT:PSS precursor dispersion increases the transparency of the processed
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5.1 Screening of Additives

PEDOT:PSS layers[gz' 93] 1t can hence be assumed that the parasitic absorption
in PEDOT:PSS on the rear of BackPEDOT solar cells can be effectively reduced
by adding PVA to the PEDOT:PSS dispersion. We have also examined the im-
pact of adding PVA to PEDOT:PSS on the passivation quality of PEDOT:PSS on
crystalline silicon on the basis of Jypepor values on measured lifetime samples.
The results are summarized in Table 5.1. The preparation of lifetime samples
is described in Section 4.1.1. JypepoT Was extracted from the measured overall
Jo values by subtraction of the Jysin value of the SiNy-passivated wafer surface.
Josin was determined on both-sides-SiN-passivated wafers with a median value
of (16 £5)fA/cm?. The error bars of Jypppor indicate the deviation of the mean
value. The spin coating speed is 1500 rpm with subsequent thermal annealing
at 130°C for 10 min on a hotplate in ambient environment. The PEDOT:PSS dis-
persions with and without addition of PVA provide comparable Jy pgpot values
as shown in Table 5.1. The passivation quality of PEDOT:PSS seems to be unaf-
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Figure 5.1: Absorbance A of PEDOT:PSS layers produced with and without ad-
dition of 2.2wt.% PVA to the PEDOT:PSS precursor dispersion as a

function of the wavelength A. The PEDOT:PSS layer thicknesses d and
the chemical structure of PVA are also shown.

fected by the addition of PVA. Since no relevant negative impact of the admixture
of PVA to the PEDOT:PSS precursor dispersion on the passivation quality of PE-
DOT:PSS is shown, two BackPEDOT solar cells with and without PVA addition
were processed. Table 5.2 summarizes the measured one-sun solar cell parame-

ters open-circuit voltage Vi, short-circuit current density Js, series resistance Rs
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Table 5.1: Recombination current density parameter Jypppor measured on life-
time samples for different PVA contents cpys of the PEDOT:PSS pre-
cursor dispersion.

PVA content of PEDOT:PSS Recombination current density
precursor dispersion cpya [wt.%] parameter J, pppot [fA/cm?]
0.0 (4 samples) 74+ 10
2.2 (3 samples) 84 +12

Table 5.2: Solar cell parameters open-circuit voltage Vi, short-circuit current den-
sity Js, series resistance Rg, fill factor FF and energy conversion effi-
ciency 1 of processed BackPEDOT solar cells with and without addition
of CPVA = 2.0 wt.% PVA.

PVA content of
. ] sC VOC Rs FF T]
PEDOTPSS precutsor 1\ pjem?]  [mV]  [Qem?l  [%] %]
dispersion cpya [wt.%]
0.0 38.0 656 0.67 79.4 19.8
2.0 37.8 655 1.86 74.6 18.5

and energy conversion efficiency 1 of the fabricated BackPEDOT solar cells with
and without addition of cpya =2.0 wt.% PVA to the PEDOT:PSS precursor disper-
sion. The V,,. values of both solar cells are comparable. The addition of PVA does
not seem to affect the passivation quality of PEDOT:PSS, as already indicated
from the lifetime measurement in Table 5.1. The Js. values are comparable with
Jse =38.0mA /cm? without addition of PVA and J. =37.8 mA /cm? with addition
of cpya =2.0 wt.% PVA to the PEDOT:PSS precursor dispersion. To measure a
positive impact of the admixture of PVA on the Js. value, higher PVA contents
would have to be tested. The series resistance of the solar cell with addition of
PVA is Rs=1.86 Qcm?, which is significantly higher than the series resistance of
Rs=0.67 Qcm? for the solar cell without the addition of PVA. Since the admix-
ture of PVA strongly changes the viscosity of PEDOT:PSS?4! it is not possible to
process and simultaneously control the layer thickness by spin coating for higher
PVA contents. Also, the higher series resistance indicates that solar cells with
even higher PVA contents would most likely not improve with respect to the Rg
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value. In summary, PVA can be used to effectively reduce the parasitic absorp-
tion in PEDOT:PSS, but to have a relevant effect on Js. in BackPEDOT cells, higher
PVA contents must be used, which makes the processing of the PEDOT:PSS dis-

persion on solar cells difficult due to the strongly increased Viscosity[%].

5.1.2 Sorbitol

In the literature sorbitol, is already established as a electrical conductivity addi-
tive for PEDOT:PSS99, 100, 101]  g61hitol causes the PEDOT-rich clusters in the
PEDOT:PSS matrix to reorganize into elongated and aligned clusters, which en-
hances the electrical conductivity[loz' 1031, Due to the transparency of sorbitol
in the wavelength range, which is relevant for solar cells, it is useful to exam-
ine whether the addition of sorbitol can reduce the parasitic absorption in PE-
DOT:PSS. In order to assess the overall infrared absorption in the PEDOT:PSS
layer, we perform transmission and reflectance measurements using a UV-Vis
spectrometer (Cary 5000, Varian). The PEDOT:PSS:sorbitol layer is processed
on a glass substrate and thermally annealed at 130°C for 10min. Figure 5.2
shows the spectral absorbance A(A) for a PEDOT:PSS layer without addition of
sorbitol (red curve) for a PEDOT:PSS layer thickness of d=(309 =20)nm. The
used PEDOT:PSS dispersion has a solid content of 2.2 wt.%. A minimum of the
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Figure 5.2: Spectral absorbance A(A) of PEDOT:PSS layers produced with and

without addition of 4.0 wt.% sorbitol to the PEDOT:PSS precursor dis-
persion. The PEDOT:PSS layer thicknesses d are also shown.
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spectral absorbance is visible at a wavelength of A=394nm. At shorter wave-
lengths the absorption increases, which is caused by the excitation of charge
carriers from the highest occupied energy level in the PEDOT:PSS to the low-
est unoccupied energy level(104]
measured for various applied voltages to the PEDOT:PSS film(105] show that

charges are electrochemically stored in the polymer in the form of polarons or

. In the literature, optical absorption spectra

bilpolarons[l%' 107,108, 109] - A polaron is a quasi-particle which is formed due
to the polarization of the crystal lattice by charged particles. The energy levels of
polarons are within the band gap and transitions between the conduction band
and polaron energy levels are associated with lower energies than excitation of

110, 111, 112]

a carrier from the valence band into the conduction band! . Thus, in

the case of PEDOT:PSS, the generation of polarons for wavelengths longer than

A =400nm becomes visible as increased optical absorption[104]

. The absorption
peak of polarons in PEDOT:PSS is not a narrow peak, but a very broad maximum
and can be explained by the fact that the energy level of polarons depends on
the armophilic nature of the PEDOT:PSS film, the lengths distribution of the PE-
DOT:PSS polymer chains, and the interaction of the charge carriers. This leads to
a blurring of the energy levels for polarons. Figure 5.2 also shows the spectral ab-
sorbance determined using Equation (5.1) for a PEDOT:PSS film with a thickness
of d=(325+ 28) nm with addition of ¢y, =4.0wWt.% sorbitol (blue curve). It is
obvious that the absorption for all wavelengths is reduced by the addition of sor-
bitol at a comparable PEDOT:PSS film thickness. Sorbitol reduces the absorption
of PEDOT:PSS for two different reasons. Firstly, the addition of sorbitol ensures
that sorbitol remains in the PEDOT:PSS film, thus increasing the overall trans-
parency, as sorbitol has a high transparency in the visible wavelengths range.
Furthermore, the mixing of sorbitol with PEDOT:PSS ensures that the absorp-
tion bands of polarons are reduced. At a wavelength of A =975 nm in Figure 5.2, a
maximum of absorption is visible. At a wavelength of about A = 1250 nm in Figure
5.2, a minimum of absorption is observed, followed by increase of the absorption
at wavelengths longer than A=1250nm. The decrease of the polaronic band at
A =1250nm suggests that the addition of sorbitol enhances the doping efficiency
of PSS, generating more highly doped PEDOT oligomers[ll?" 114,115, 116] 14 i
therefore to be expected that the short-circuit current density Js. on solar cells will
increase by adding sorbitol to the PEDOT:PSS precursor dispersion. Of course it
remains to be investigated whether the addition of sorbitol has an impact on the
passivation quality of PEDOT:PSS. In Table 5.3 the measured recombination cur-

rent density parameter [y pppor determined on lifetime samples for PEDOT:PSS
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dispersions with and without addition of sorbitol are shown. The preparation of
the lifetime samples is described in Section 4.1.1. The spin coating speed for the
PEDOT:PSS application is 1500 rpm with subsequent thermal annealing at 130°C

for 10 min on a hotplate in ambient environment. Our measurements hence point

Table 5.3: Recombination current density parameter Jypgpor measured on life-
time samples for different sorbitol contents cy,p, of the PEDOT:PSS pre-
cursor dispersion.

Sorbitol content of PEDOT:PSS Recombination current density
precursor dispersion cgo, [Wt.%] parameter ], pppor [fA/cm?]
0.0 (4 samples) 74 +10
4.0 (2 samples) 44+ 6

Table 5.4: Solar cell parameters open-circuit voltage V;, short-circuit current den-
sity Js, series resistance Rg, fill factor FF and energy conversion effi-
ciency n of processed BackPEDOT solar cells with and without addition
of sorbitol.

Sorbitol content of

. ] sC VOC Rs FF T]
PEDOTPSS precutsor 1 pfem?]  [mV]  [Oem?l  [%]  [%]
dispersion cgqyp, [Wt.%]

0.0 38.0 656 0.67 79.4 19.8
4.0 38.0 658 0.66 80.3 20.1

for the first time towards a positive impact of the admixture of sorbitol to the
PEDOT:PSS dispersion on the passivation quality of PEDOT:PSS. The measured
cell parameters of BackPEDOT solar cells with and without addition of sorbitol
to the PEDOT:PSS precursor dispersions are shown in Table 5.4. As expected
from the measured ], pepot values from Table 5.4, the solar cell with addition of
Csorb = 4.0 wt.% sorbitol shows a slightly increased V,,. value compared to the so-
lar cell without sorbitol admixture. The [, value is surprisingly the same for both
solar cells. The series resistance of Rs = 0.66 Qcm? is also comparable for both so-
lar cells. Thus, the admixture of sorbitol seems to be more promising compared
to the other additives examined in this study. We have examined in more detail
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5 Impact of Additives to PEDOT:PSS

the impact of sorbitol content, layer thickness and annealing conditions in the

framework of this thesis.

5.2 Optical Properties of PEDOT:PSS:Sorbitol

In Section 5.1, we demonstrated that sorbitol is a suitable additive for PEDOT:PSS,
as it seems to improve the transparency of PEDOT:PSS without deteriorating
the series resistance of the manufactured solar cells. In this Section, we exam-
ine the optical properties of the PEDOT:PSS layer with admixture of sorbitol to
the precursor dispersion in more detail. The objective is to determine the opti-
mal sorbitol concentration in the PEDOT:PSS precursor dispersions, as well as
the optimal layer thickness of the PEDOT:PSS:sorbitol layer on the rear of the so-
lar cell rear to maximize the short circuit current density Jsc. In order to assess the
overall infrared absorption in the PEDOT:PSS layer, transmission and reflectance
measurements are performed using a UV-Vis spectrometer (Cary 5000, Varian).
According to Equation (5.1), the absorbance of PEDOT:PSS:sorbitol for a given
wavelength is calculated. Table 5.5 summarizes the absorbance A at a wave-
length of A =1200 nm for different PEDOT:PSS layer thicknesses and for different
sorbitol contents cqoy, Of the PEDOT:PSS precursor dispersion. The thickness d
of the PEDOT:PSS layers deposited on glass substrates is determined by a pro-
tilometer (Dektak 150, Veeco). For a PEDOT:PSS layer without addition of sor-

Table 5.5: Absorbance A at a wavelength of A =1200 nm for different PEDOT:PSS
layer thicknesses and for different sorbitol contents cyo, of the PE-
DOT:PSS precursor dispersion.

Sorbitol content of

PEDOT:PSS layer Absorbance A at

P.E DOT:PSS precursor thickness d [nr};l] A=1200 nm [%]
dispersion cgqyp, [Wt.%]

0.0 317 £20 55.5

1.0 228 19 36.7

2.0 266 £ 20 35.3

4.0 341 428 28.4

7.7 680 + 69 28.3

144 1540 4235 24.3

bitol in the precursor dispersion and a layer thickness of d = (317 4-20) nm, the
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absorbance A is 55.5% at a wavelength of A=1200nm. If the sorbitol content is
increased to 7.7 wt.%, an absorbance of 28.3% is obtained for a layer thickness of
d = (680 & 69) nm, although the layer thickness is twice as large as for the sample
with 4.0wt.%. The addition of sorbitol to the PEDOT:PSS precursor dispersion
thus significantly increases the transparency at a wavelength of 1200nm. Using
the tabulated AM 1.5G(84! spectrum and the measured spectral absorbance A(A)
of the PEDOT:PSS:sorbitol layer, the parasitic absorption of PEDOT:PSS can be
estimated. We determine the equivalent absorbed current density Jpppor:pss in
the PEDOT:PSS layer using the following equation:

g 1200

JpEDOT PSS = A_Zm A(A)P156(A). (5.2)
Here g is the elementary charge and ®;55(A) is the photon flux of the AM 1.5G
spectrum. Figure 5.3 shows the equivalent absorbed current density Jpgpor:pss of
the AM 1.5G spectrum for different sorbitol contents of the PEDOT:PSS precursor
dispersion. The Jpgport.pss values are normalized with respect to the equivalent
absorbed current density Jpppor:pss for a sorbitol content of the PEDOT:PSS pre-
cursor dispersion of 0.0 wt.%. The PEDOT:PSS precursor dispersion has a solid
content of 2.2 wt.%. The PEDOT:PSS:sorbitol films investigated in this study are
deposited on glass substrates with a spin coating speed of w=1500rpm. PE-
DOT:PSS was then annealed for 10 min at 130°C in ambient environment. The
PEDOT:PSS layers, to which different amounts of sorbitol were added to the
precursor dispersion, shows reduced Jpgpot.pss values and thus a significantly
improved transparency. The Jpgpot.pss values show a strong dependence on
the sorbitol content of the precursor dispersion. Sorbitol concentrations of only
Csorb = 2.1 Wt.% of the precursor dispersion are sufficient to reduce the absorbed
current density in PEDOT:PSS by almost 50%. At a sorbitol concentration of
Csorb = 7.7 Wt.% of the precursor dispersion, the absorbed current density in the
PEDOT:PSS layer is reduced to 20 % in comparison to the PEDOT:PSS without
admixture of sorbitol. With a higher sorbitol content in the precursor dispersion,
the absorbed current density in PEDOT:PSS can be further reduced. As trans-
mission measurements through a layer of PEDOT:PSS on a glass substrate do
not correspond to the absorption behavior in solar cells due to the rear reflector
in solar cells, reflection spectra of test samples are investigated analogously to
Chapter 4.2. The test samples have the same structure as the BackPEDOT solar
cells for which PEDOT:PSS is applied to the rear side. A schematic representa-
tion of the test structures is shown in Figure 5.4. The PEDOT:PSS dispersion used
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Figure 5.3: Normalized equivalent absorbed current density Jpgpot.pss of the AM
1.5G spectrum of a PEDOT:PSS layer with admixture of different per-
centage amounts of sorbitol to the precursor dispersion. The data
points have been calculated according to Equation (5.2) from trans-
mission and reflection measurements on the shown test samples. The
error bars result from the inhomogeneity of the thickness of the PE-
DOT:PSS layers. The dashed green line serves as a guide to the eye.

has a solid content of 2.2 wt.% and the PEDOT:PSS:sorbitol layer is annealed for
10 min at 130°C for all investigated sorbitol concentrations. For a better compa-
rability of the reflectance curves, only the reflectance Rpgpot at a wavelength of
A=1200nm is considered. Figure 5.4 shows the reflectance RpgpoT at a wave-
length of A=1200nm as a function of the PEDOT:PSS layer thickness. The PE-
DOT:PSS layer thickness shown in Figure 5.4 is the median value over a 2 x2 cm?
area of a test sample. The error bars represent the deviation from the median
value and are an indication of the inhomogeneity of the PEDOT:PSS layer over
the entire sample. PEDOT:PSS thickness measurements were performed in 1 mm
intervals over a length of 2 cm (20 data points) centered over the sample center us-
ing a profilometer (Dektak 150, Veeco). The reflectance Rpgpot for samples with-
out added sorbitol to the PEDOT:PSS precursor dispersion was already discussed
in the previous Chapter 4.2. It was shown that the reflectance is maximized if the
PEDOT:PSS layer thickness is minimized. In Figure 5.4 PEDOT:PSS layers with
sorbitol concentrations up to c¢so1,=4.0 wt.% provide an increased reflectance at a
wavelength of A =1200nm compared to PEDOT:PSS layers without addition of
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Figure 5.4: Reflectance Rpgpot at a wavelength of A=1200nm of test samples as
a function of the PEDOT:PSS layer thickness d for sorbitol concentra-
tions cgopp Of Coorp = 0.0 Wt.% (black circles), cyop, =4.0 Wt.% (red trian-
gles) and cyop, = 7.7 wt.% (blue diamonds) of the PEDOT:PSS precursor
dispersion.

sorbitol to the PEDOT:PSS precursor dispersion. For a sorbitol concentrations
of cyorp =7.7 Wt.%, the measured Rpgpor values for all investigated PEDOT:PSS
layer thicknesses are significantly larger than without addition of sorbitol. Nev-
ertheless, there are some data points which provide a comparable reflectance as
samples without added sorbitol. A possible explanation for this would be that
sorbitol is apparently incorporated in the PEDOT:PSS matrix in varying quanti-
ties. Thus, there are PEDOT:PSS layers with the same sorbitol content in the pre-
cursor dispersion, but the sorbitol content in the resulting PEDOT:PSS layer can
be laterally inhomogeneous. This explains the fluctuation in reflectance when
sorbitol is added at a constant PEDOT:PSS layer thickness. If by chance more
sorbitol is added at the same layer thickness, the PEDOT:PSS film is more trans-
parent, if less sorbitol is added to the PEDOT:PSS matrix, the parasitic absorption
of the layer is increased. If no sorbitol is incorporated into the PEDOT:PSS layer,
the same reflectance is measured as for samples without sorbitol admixture to
the precursor dispersion. The fluctuations to higher reflectance values become
larger if the sorbitol content of the PEDOT:PSS precursor dispersion is higher. It
is noticeable in Figure 5.4 that the variations in the measured reflectance values
Rppport for PEDOT:PSS layer thicknesses greater than d=300nm and at a sor-
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bitol concentration of ¢y, =7.7 wt.% become quite large. If the PEDOT:PSS layer
is thicker, it is more likely that there are areas where sorbitol could accumulate
which are optically highly transparent. This large scattering of the data towards
high reflectance values for thick PEDOT:PSS layer thicknesses is not observable
for a lower sorbitol concentrations of cyyp, =4.0 wt.%. The scattering could there-
fore be explained by the formation of sorbitol domains, i.e. areas where a very
high amount of sorbitol is incorporated in the PEDOT:PSS matrix. These do-
mains occur preferentially in thick PEDOT:PSS:sorbitol layers with large sorbitol
contents of the PEDOT:PSS precursor dispersion. Figure 5.5 shows a optical mi-
croscopy image of a PEDOT:PSS layer with a sorbitol addition of csop, =7.7 wt.%
to the PEDOT:PSS precursor dispersion. Two different morphologies appear on

Figure 5.5: Optical microscopy image of the surface of a PEDOT:PSS layer with
addition of cgyp, =7.7 Wt.% sorbitol to the PEDOT:PSS precursor dis-
persion.

the surface of the PEDOT:PSS layer. On the right side of the optical microscopy
image, a relatively homogeneous PEDOT:PSS surface can be seen. In the mid-
dle of the image, there are some small islands formation, which have a slightly
different layer thickness and therefore can be easily distinguished in the light mi-
croscopy image due to the interference effects of the light within the PEDOT:PSS
film. The islands formed become larger towards the left side of the image. We
assume, that the microscopy image shows a boundary region between a PE-
DOT:PSS:sorbitol domain with high sorbitol content in the formed islands and
a PEDOT:PSS:sorbitol domain with homogenously distributed sorbitol of lower
content. It is possible that the core of these morphological islands consists of a
sorbitol cluster. The left part of the image in Figure 5.5 will probably have more
sorbitol in the PEDOT:PSS:sorbitol matrix than the right part of the image, which
could show up as a sorbitol gradient from left to right. To confirm this assump-
tion, we have performed reflectance and transmittance measurements on differ-
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ent areas of the sample. Figure 5.6a shows the absorbance of the PEDOT:PSS film
as a function of the wavelength. The PEDOT:PSS:sorbitol layer was processed on
a silicon substrate and was thermally annealed on a hotplate in ambient environ-
ment at 130°C for 10 min. The absorbance was calculated using Equation (5.1).
Figure 5.6b shows the areas of the sample surfaces where the absorbance and

transmittance measurements were performed. The absorbance of the two sam-
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Figure 5.6: (a) Absorbance A of PEDOT:PSS layers at different locations on sam-
ple A (location A and A*) and on sample B (location B and B*) (b)
The optical microscopy image on top shows the PEDOT:PSS surface
of sample A. The locations A and A*, where absorbance and transmit-
tance measurements were performed, are indicated in boxes. At the
bottom the same is shown for sample B.

ples is slightly different, as the two samples have different PEDOT:PSS:sorbitol
layer thicknesses. The absorbance measured in area A is slightly higher for all
wavelengths than the absorbance measured in the location A*. The location A*
was chosen so that it lies within the range that shows a pronounced island mor-
phology. The same measurement was verified on another sample with a different
PEDOT:PSS:sorbitol thickness. The measurement was carried out at location B
and is within the homogeneous area of the sample. Another measurement was
carried out in location B*. Location B* is again in the area of the island morphol-
ogy. Here, the measurement in location B* shows also reduced absorbance in
comparison to location B. From this result it can be concluded that areas of the
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PEDOT:PSS:sorbitol film which show the island morphology have an increased
transparency for wavelengths of the investigated wavelengths range. It can be
assumed that sorbitol is present and enriched in these areas. Figure 5.7a shows
a light microscopy image of a PEDOT:PSS film with admixture of ¢4, =7.7 Wt.%
sorbitol to the PEDOT:PSS precursor dispersion. The image shows the island

B

. 500 pm : 500 pm

(a) (b)

Figure 5.7: Optical microscopy images of the PEDOT:PSS surface of a sample pro-
cessed with addition of 7.7 wt.% sorbitol in the PEDOT:PSS precursor
dispersion. (a) Optical microscopy image of the PEDOT:PSS surface.
(b) Optical microscopy image of the PEDOT:PSS surface after expo-
sure to high air humidity. The position and magnification are exactly
the same as in picture (a).

morphology of a PEDOT:PSS:sorbitol layer. We assume, that the areas of changed
layer thickness are accumulations of sorbitol or sorbitol clusters within the PE-
DOT:PSS layer. To verify this hypothesis, the sample is briefly exposed to a very
high humidity and then examined again under the optical microscope. Figure
5.7b shows the sample surface of the PEDOT:PSS film after exposure to high hu-
midity at the exact same place and magnification. The resulting image is com-

[117) water from

pletely different. Due to the hygroscopic properties of sorbitol
the humidity seems to migrate into the PEDOT:PSS:sorbitol film and binds to the
sorbitol. The island-shaped areas thus swell and become larger. In summary,
we conclude that sorbitol accumulates in sorbitol clusters within the PEDOT:PSS
layer when a high content of sorbitol is admixed. The domains with particularly

high sorbitol contents occur preferably in thick PEDOT:PSS:sorbitol layers.

5.3 Electrical Properties of PEDOT:PSS:Sorbitol

In Section 4.1.1 of this thesis, the optimal annealing conditions for PEDOT:PSS
without addition of sorbitol to the precursor dispersion were examined. The opti-
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mal PEDOT:PSS annealing conditions were determined for a layer of PEDOT:PSS
without addition of sorbitol to be 10 min at 130°C. It remains to be investigated,
which impact the addition of sorbitol to the PEDOT:PSS precursor dispersion has
on the specific contact resistance of the Ag/PEDOT:PSS:sorbitol/c-Si junction as
well as on the passivation quality of PEDOT:PSS on the c-Si surface. The sample
preparation is described in Section 4.1.1 and the Cox and Strack method is de-
scribed in detail in Section 3.6. Specific contact resistances extracted by the Cox
and Strack method!8) are shown in Figure 5.8 for PEDOT:PSS films with 7.7 wt%
sorbitol admixture to the precursor dispersion for different annealing durations
in ambient environment at temperatures of 130°C and 190°C, respectively. The
PEDOT:PSS application is performed with a spin coating procedure of 10s at a
spin coating speed of 500 rpm and 30s at 5000 rpm. The extracted values of the
specific contact resistance for the Ag/PEDOT:PSS:sorbitol/c-Si junction scatter
over a broad range between 56.3 and 607 mQcm? for the admixture of 7.7 wt.%
of sorbitol to the PEDOT:PSS precursor dispersion. No clear dependence on the
annealing temperature and the annealing duration is visible. The best overall
value for the specific contact resistance of 56.3 mQcm? is obtained for an anneal-
ing duration of t =90 min at an annealing temperature of 130°C. In Section 5.1.2
it was shown that sorbitol has a positive effect on the passivation quality of PE-
DOT:PSS on c-Si surfaces. The correlation between the sorbitol content of the
PEDOT:PSS precursor dispersion and the passivation quality is investigated in
this Section. Figure 5.9 shows a box plot of the measured recombination current
density parameter Jypgpor of the PEDOT:PSS/c-Si interface as a function of the
sorbitol content added to the PEDOT:PSS precursor dispersion. The Jysin value
of (16 & 5) fA/cm? of the SiN,-passivated silicon surface was subtracted from the
measured Jy value to account only for recombination at the PEDOT:PSS/c-Si in-
terface. Table 5.6 shows the PEDOT:PSS layer thicknesses and the total sheet resis-
tance Rgpeet Of the lifetime samples shown in Figure 5.9. Mean PEDOT:PSS layer
thicknesses measured using a profilometer (Dektak 150, Veeco) and total sheet
resistances of the lifetime samples measured using a Sinton lifetime tester (WCT-
120, Sinton Instruments). The PEDOT:PSS layers were spin-coated at 500 rpm for
10 s followed by 1500 rpm for 30 s. The PEDOT:PSS layer thickness measurements
were performed in 1 mm steps over a length of 2 cm (20 data points) centered in
the sample center. The error bars result from the deviation of the mean value.
The thickness of the PEDOT:PSS layers was limited to (4 >900nm) so that the
surface passivation of the lifetime samples is in saturation and small variations

in the PEDOT:PSS layer thickness have no negative impact on the passivation
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Figure 5.8: Specific contact resistance ppppor of the Ag/PEDOT:PSS/c-Si junc-
tion extracted by the Cox and Strack method as a function of the PE-
DOT:PSS annealing duration in ambient environment at a tempera-
ture of 130°C (green circles) and 190°C (red triangles). The PEDOT:PSS
precursor dispersion was mixed with 7.7 wt.% sorbitol. The error bars
result from the precision of the fit of the measurement data during the
evaluation according to Cox and Strack.

quality. For the PEDOT:PSS layer without addition of sorbitol to the precursor
dispersion a sheet resistance of Rgpeet =2269 (2/[] is measured. If some sorbitol
is added, the sheet resistance for a sorbitol addition of csyp, =2.0 wt.% is reduced
to 124 (3/U For higher sorbitol concentrations, the sheet resistance saturates be-
tween 60 and 80 ()/[1. The reduction of the sheet resistance by adding more than
1.0 wt.% sorbitol agrees well with the behavior reported in the literature that sor-
bitol serves as a conductivity-increasing additivel?? 1001 A5 can been seen from
Figure 5.9 increasing sorbitol content results in a decreasing Jopepor. Jo.PEDOT
decreases from 86 fA/cm? for cepp =0.0Wt.% to 38fA/cm? for ceoy, = 7.7 Wt.%,
which means that the recombination at the PEDOT:PSS/c-Si interface is more
than halved by adding 7.7 wt.% of sorbitol to the precursor solution. According
to the results, a saturation in [y pgpor for sorbitol concentrations above 5wt.%

[118) have shown

of approximately 50 fA/cm? can be observed. Nardes et al.
that the addition of sorbitol reduces the work function of PEDOT:PSS for sor-
bitol concentration of 5wt.%, and for higher sorbitol concentrations a saturation

in the work function occurs. The positive impact of sorbitol on the passivation
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Figure 5.9: Box plot of the recombination current density parameter Jypgpor of
the PEDOT:PSS/c-Si interface as a function of the sorbitol content of
the PEDOT:PSS precursor dispersion. PEDOT:PSS was applied to 9
test samples for each sorbitol concentration.

properties of PEDOT:PSS on c-Si might be due to a change in the electronic band
structure of the organic compound. It is well known from the literature that the
addition of sorbitol to the PEDOT:PSS precursor dispersion reduces the work
function of the PEDOT:PSS with increasing sorbitol content[118, 119,120, 121]
Our results clearly prove that adding sorbitol to the PEDOT:PSS precursor solu-
tion significantly improves the c-Si surface passivation quality for the first time.
Of course, not only the sorbitol content of the PEDOT:PSS precursor dispersion
can be chosen as a free parameter, but also the annealing duration of the PE-
DOT:PSS:sorbitol layer. With respect to the Jy pepor values, the sorbitol concen-
tration is chosen so that the improvement of the passivation quality by adding
sorbitol is in saturation. Thus, a sorbitol content of 7.7 wt.% is chosen and in
the following Section the Jypppor values are examined as a function of the an-
nealing duration. The PEDOT:PSS application is performed with a spin coating
procedure of 10s at a spin coating speed of 500 rpm and 30s at 5000 rpm. Fig-
ure 5.10a shows a box plot of the PEDOT:PSS layer thickness without admixture
of sorbitol to the PEDOT:PSS precursor dispersion as a function of the sample
annealing duration in ambient environment at 130°C. A box represents the PE-
DOT:PSS layer thicknesses over a 2x2cm? area of a test sample. The median
value of the PEDOT:PSS film thickness is approximately 136 nm for all annealing
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Table 5.6: Mean PEDOT:PSS layer thicknesses and total sheet resistances of life-
time samples for PEDOT:PSS application at a maximum spin coating
speed of w =1500 rpm.

Sorbitol content in the

P'EDO"lj:PSS precursor IIIEEI?:;:SSS [lragfne]r TotaleEeet[ (r)e /sgfance

dispersion cgop, [Wt.%] sheet
0.0 1674 4+ 343 2269 + 293
1.0 978 +123 1851 4+ 304
2.0 1070 125 124 £53.3
4.0 1623 4240 67.3 +42.6
5.7 2137 £237 61.5+24.2
7.7 2087 + 322 60.2 +17.8
11.0 1033 +47 99.2+13.2
14.0 1766 4+ 52 76.6 £5.3
18.0 1936 4+ 81 79.6 £ 6.0

durations. There is no change in the layer thickness with increasing annealing du-
ration observable. The mean ]y pgpor Value for an annealing duration of 10 min
is 75fA/cm?. Towards longer annealing durations, the Jy pepot values increase.
This indicates a degradation of the passivation quality of the PEDOT:PSS. After
an annealing duration of 60 min, the PEDOT:PSS passivation provides a Jo pppor
value of only 107 fA/ cm?. For annealing durations longer than 60 min, Jo pppoT
saturates at Jo pepor = (100 + 10) fA /cm?. Figure 5.10b shows a box plot of the PE-
DOT:PSS layer thickness with 7.7 wt.% admixture of sorbitol to the PEDOT:PSS
precursor dispersion as a function of the sample annealing duration in ambi-
ent environment at 130°C. After an annealing duration of t=10min at 130°C,
a median value of 4 =423 nm for the PEDOT:PSS layer thickness was determined.
With increasing annealing duration, the PEDOT:PSS layer thickness decreases.
After t =30min at 130°C, the PEDOT:PSS layer thickness is reduced to d = 308 nm
and for 60 min annealing, a median value of d =201 nm is reached. This seems to
be the saturation value for the layer thickness of the PEDOT:PSS. The reduction
in layer thickness can probably be attributed to evaporation of residual water in
the PEDOT:PSS:sorbitol film due to the hygroscopic properties of sorbitol 117],
Figure 5.10b also shows the measured recombination current density parameter
Jorepor of the PEDOT:PSS/c-Si interface as a function of the annealing dura-
tion of the PEDOT:PSS layer in ambient environment at a temperature of 130°C.
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Figure 5.10: Box plot of the PEDOT:PSS layer thickness and average values
of the recombination current density parameter Jopgpor of the
PEDOT:PSS/c-Si interface (green circles) as a function of the sam-
ple annealing duration in ambient environment at 130°C for (a) PE-
DOT:PSS without sorbitol admixture and (b) with 7.7 wt.% sorbitol
admixture to the PEDOT:PSS precursor dispersion.

For silicon surfaces passivated with PEDOT:PSS and an annealing duration of
the PEDOT:PSS layer of t=10min, the determined Joprpor value is 58 fA /cm?.
For longer annealing durations, a decrease in Jy pppot and thus an improvement
in the passivation quality of PEDOT:PSS:sorbitol is observed. The o ppport Vval-
ues decrease for an annealing duration of t =30 min to a mean Jy pgpor value of
42 fA/cm? and to 50 fA/cm? after 60 min annealing. For even longer annealing
durations, the Jy pppot values increase again up to 72fA/ cm? and 88 fA /cm? for
annealing durations of 90 min and 120 min, respectively. We conclude that for
an improvement of the passivation of c-S5i by PEDOT:PSS:sorbitol, there exists an
optimal annealing duration at 130°C between 30 and 60 min. Figure 5.10b also
shows that the improvement of the passivation only terminates after the reduc-
tion of the layer thickness of the PEDOT:PSS film has stopped. Probably the evap-
oration of residual water from the organic film at annealing durations between
10 and 60 min leads to an improvement of the passivation quality. Due to the

[117) in PEDOT:PSS more water is retained in

hygroscopic properties of sorbitol
PEDOT:PSS than without the addition of sorbitol. In the literature it has been re-
ported that the evaporation of water from PEDOT:PSS has an impact on the work
function, which in this case could explain the improved passivation quality of PE-

122]

DOT:PSS:sorbitol during longer annealing durations . After the evaporation

of a major portion of residual water from the PEDOT:PSS film, a degradation of
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Figure 5.11: Selectivity S1p of PEDOT:PSS:sorbitol on c-Si for different annealing
durations t.

the passivation is observed for annealing durations longer than ¢ ~ 60 min, as can
been seen in Figure 5.10a. With the values of the specific contact resistance of the
Ag/PEDOT:PSS:sorbitol/c-Si junction extracted by the Cox and Strack method
in Figure 5.8, and the Jy pppot values of the PEDOT:PSS:sorbitol/c-Si interface in
Figure 5.10b, the selectivity of PEDOT:PSS:sorbitol can be calculated using Equa-
tion (3.6). Figure 5.11 shows the calculated selectivity S1o in dependence of the an-
nealing duration t. We observe here a tendency towards higher selectivities with
increasing annealing duration of up to 90 min. For annealing durations longer
than 90 min, the selectivity decreases. We report here a maximum value of the
selectivity for PEDOT:PSS:sorbitol of 12.8 for an annealing duration of 90 min.

5.4 Solar Cell Results

In this Section, BackPEDOT solar cells with PEDOT:PSS:sorbitol layers of com-
parable thicknesses for sorbitol concentrations of the precursor dispersion from
0.0 to 7.7 wt.% are fabricated. For the silicon base of the solar cells, wafers with
a base resistivity of 0.5 Qcm and 1.3 Qdcm, respectively, are used. In the second
part of this Section, the annealing duration is adjusted to verify whether the cell
parameters of BackPEDOT solar cells with 7.7 wt.% sorbitol in the precursor dis-
persion can be further improved due to the excellent passivation properties. We
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demonstrate furthermore, that the series resistance of BackPEDOT solar cells in-
duced by the high sorbitol contents can be reduced by increasing the annealing

duration and the maximum cell efficiency can therefore be significantly increased.

5.4.1 Impact of Sorbitol Content of the PEDOT:PSS Precursor
Dispersion on Solar Cell Parameters

In the previous Sections, it was demonstrated that the addition of sorbitol to the
PEDOT:PSS precursor dispersion increases the transparency of the PEDOT:PSS
layer in the long wavelength range. Furthermore, we showed for the first time
that also the passivation quality of PEDOT:PSS on silicon surfaces improves by
adding sorbitol. On the solar cell level, it hence can be expected that the admix-
ture of sorbitol leads to increased short-circuit current densities Js. as well as to
improved open-circuit voltages V.. BackPEDOT solar cells solar cells with an
area of 2x2cm? were manufactured in this work according to the process flow
shown in Section 4.3. The PEDOT:PSS precursor dispersion is mixed with dif-
ferent contents of sorbitol and stirred overnight on a magnetic stirrer. The PE-
DOT:PSS application is performed with a spin coating procedure of 10s at a spin
coating speed of 500 rpm and 30s at 12000 rpm. The PEDOT:PSS:sorbitol layer is
then annealed at 130°C for 10 min on a hotplate in ambient environment. Table

Table 5.7: Mean PEDOT:PSS:sorbitol layer thicknesses d and total sheet resis-
tances Rgpeet for PEDOT:PSS:sorbitol application at a spin coating speed
of w =12000 rpm.

Sorbitol content in the

P.EDO"lj:PSS precursor I:EEI?;;:SSS [lre:z/ne]r Totale?eet[ (r)e /sg;ance
dispersion cgop, [Wt.%] sheet

0.0 (6 solar cells) 1814+ 60 2518 +252

1.0 (7 solar cells) 140 £ 36 2056 + 201

2.0 (6 solar cells) 146 £ 32 2083 + 268

4.0 (7 solar cells) 162 +£41 435+ 46

5.7 (9 solar cells) 163 £ 39 304 +35

7.7 (7 solar cells) 184 +55 274 4+ 28

5.7 shows the PEDOT:PSS:sorbitol layer thicknesses d as a function of the sorbitol
concentration cgop Of the precursor dispersion. The PEDOT:PSS:sorbitol layer
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thickness is the median value over a 2 x 2 cm? area of a test sample. The error bars
represent the deviation from the median value and are an indication of the inho-
mogeneity of the PEDOT:PSS:sorbitol layer over the entire sample. PEDOT:PSS
thickness measurements were performed at 1 mm intervals over a length of 2cm
(20 data points) centered over the sample center using a profilometer (Dektak 150,
Veeco). The measured layer thicknesses are in the range of 140 to 180 nm and are
therefore comparable for the different sorbitol contents of the PEDOT:PSS pre-
cursor dispersion. Table 5.7 also shows the measured sheet resistances Rgpeet for
the PEDOT:PSS:sorbitol layers. It is noticeable that the sheet resistances for PE-
DOT:PSS:sorbitol films for sorbitol concentrations of less than 4.0 wt.% are over
2000 (2 /0. If the sorbitol concentration is further increased, the sheet resistance
decreases to below 500 ()/[]. This again shows that sorbitol serves as a conduc-
tivity additive in PEDOT:PSS!99: 100], The Jsc-Voc characteristics of the solar cells
as well as the illuminated current-voltage (J-V) curves are measured under stan-
dard testing conditions at 1 sun and 25°C using a LOANA measurement system
(LOANA, PV-Tools Hamelin). The series resistance Rg is determined from the
measured fill factor FF, pseudo-fill factor pFF as well as the measured Jsc and Vi,

_ _ (RsJse
FF = pFF (1 ( 7 )) . (5.3)

Figure 5.12a shows the measured [ values of each processed BackPEDOT solar

values using the equation:

cell as a function of the sorbitol concentration cy,1, of the PEDOT:PSS precursor
dispersion. The median parameters of the solar cells with 0.5 Qcm and 1.3 QQcm
base resistivity are shown in Table 5.7. It is immediately apparent, that solar cells
on 1.3-Odcm base material provide higher Js. values compared to solar cells fabri-
cated on 0.5-(Q0cm base material, which can be attributed to the much higher bulk
lifetime in the silicon material with lower doping concentration. Lifetime mea-
surements performed on the 0.5-Ocm p-type FZ-Si material verified that the bulk
lifetime of this material is (0.68+0.07) ms (average value of five measured sam-
ples), whereas that of the 1.3-(0cm material is (1.33+£0.32) ms (average value of
three measured samples) at an excess carrier concentration An of 3-101° cm?. For
both base materials, the addition of sorbitol to PEDOT:PSS is positively affecting
the Js. value. For the 0.5-Q0cm material, the median Js. increases by 0.9 mA / cm?
by adding a sorbitol concentration of ¢4y, =4.0 wt.% to the PEDOT:PSS precursor
dispersion. At higher sorbitol contents of csy1, =7.7 wt.%, the median Js. value in-

creases even by 1.1 mA /cm? compared to the reference solar cells without addi-
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Figure 5.12: (a) Measured short-circuit current density Js. of the fabricated
BackPEDOT solar cells for different sorbitol contents of the PE-
DOT:PSS precursor dispersion. (b) Measured open-circuit voltages
Voc of the fabricated solar cells for different sorbitol contents of the
PEDOT:PSS precursor dispersion. Solar cells have been fabricated on
p-type silicon wafers with a base resistivity of 0.5 Q0cm (red triangles)
and 1.3 Qcm (blue circles), respectively. The V,. values of solar cells
with 0.5-Q0cm, as well as with 1.3-Qcm base material are summarized
as a box plot for each investigated sorbitol content of the precursor
dispersion.

tion of sorbitol. For the BackPEDOT cells fabricated on the 1.3-Qcm p-type FZ-Si
material, the median Js. increases by 0.9 mA/ cm? for a sorbitol concentration of
7.7 wt.% compared to the reference without sorbitol. In this cell batch, the high-
est measured Js. on a BackPEDOT solar cell with a base resistivity of 1.3 Qcm
is 39.6mA /cm? for a sorbitol content of ¢y, =7.7wt.% of the PEDOT:PSS pre-
cursor dispersion. The addition of sorbitol to the PEDOT:PSS precursor disper-
sion effectively reduces the parasitic absorption losses in BackPEDOT solar cells.
As can be seen from Figure 5.12b and Table 5.9, the V| value increases from
a median value of 657mV to 661 mV by adding 4.0 wt.% of sorbitol to the PE-
DOT:PSS precursor dispersion. At a sorbitol concentration of cgop, = 5.7 wt.%, the
median V. value decreases to 650 mV. While the improvement in V,,. by the ad-
mixture of up to 4.0 wt.% of sorbitol is in good agreement with the lifetime study
shown in Figure 5.9, the reduced V. value at cqop, =5.7 Wt.% is unexpected, but
seems to be reproducible, as it was observed in all eight cell batches processed
within this work. While the PEDOT:PSS:sorbitol dispersions are prepared the
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Table 5.8: Maximum and median Js. values for different sorbitol contents of the
PEDOT:PSS precursor dispersion of solar cells with 0.5-Qcm and 1.3-
(Qcm base material.

0.5-Q0cm base material 1.3-Q0cm base material
Sorbitol content
in the Maximum Median Maximum Median
PEDOT:PSS
precursor Jsc 2 Jse 5 Jsc ) Jse )
] ] [mA/cm~] [mA/cm~] [mA/cm~] [mA/cm~]
dispersion
Csorb [Wt.%]
0.0 (6 solar cells) 38.0 37.6 38.8 38.6
1.0 (7 solar cells) 38.6 38.4 39.0 39.0
2.0 (6 solar cells) 38.5 38.2 39.1 39.0
4.0 (7 solar cells) 38.6 38.5 39.0 39.0
5.7 (9 solar cells) 38.7 37.9 39.0 38.5
7.7 (7 solar cells) 38.9 38.7 39.6 39.5

Table 5.9: Maximum and median V, values of manufactured solar cells for dif-
ferent sorbitol contents of the PEDOT:PSS precursor dispersion.

Sorbitol content in the

PEDOT:PSS precursor 1\‘/[/ax1[nnlll\1]r]n ‘I/VI eﬁ?\r;]

dispersion csoy, [Wt.%] o o¢
0.0 (6 solar cells) 657 655
1.0 (7 solar cells) 658 656
2.0 (6 solar cells) 660 657
4.0 (7 solar cells) 661 659
5.7 (9 solar cells) 655 650
7.7 (7 solar cells) 661 656

day before application and stirred overnight on a magnetic stirrer, the dispersion
with a sorbitol content of ¢y, =5.7 wt.% was stored at reduced room tempera-
ture for a slightly longer period and was reused after renewed stirring on the
magnetic stirrer. This could explain the lower median V. value for this sorbitol
content. Increasing the sorbitol content further to csop, =7.7 wt.% increases the
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median V. approximately back to the state without sorbitol admixture. Nev-
ertheless, the maximum V,, value of a single cell of V. =661 mV was achieved
on an 0.5- Qcm cell with 7.7wt.% sorbitol admixture. From the experimental
results obtained on 42 processed BackPEDOT cells it can be hence concluded
that the admixture of sorbitol has a positive impact on the passivation quality
of the PEDPOT:PSS/c-5i junction, although not too much of sorbitol should be
added. Figure 5.13 shows the measured change in the internal quantum effi-
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Figure 5.13: Measured change in the internal quantum efficiency (AIQE) (blue
circles and red triangles) and change in reflectance (blue squares
and red diamonds) of exemplary BackPEDOT solar cells by adding
4.0wt.% (red symbols) and 7.7wt.% (blue symbols) sorbitol com-
pared to a BackPEDOT solar cell without sorbitol.

ciencies AIQE and the change in the reflectance spectra AR using the LOANA
measurement system (LOANA, PV-Tools) of two exemplary BackPEDOT solar
cells for sorbitol contents in the precursor dispersion of 4.0 and 7.7 wt.%, re-
spectively, in comparison to a solar cell without sorbitol in the precursor disper-
sion. The solar cells have a p-type c-Si base with a resistivity of 0.5 (dcm and the
PEDOT:PSS was spin-coated at 500 rpm for 10s and subsequently at 12000 rpm
for 30s. The long-wavelength reflectance above A =1000 nm is clearly increased
by adding the sorbitol to the PEDOT:PSS precursor dispersion in comparison to
the solar cell without admixture of sorbitol, which is attributed to the reduced
parasitic absorption in the PEDOT:PSS layer. Moreover, AIQE is improved in
the long-wavelengths range above A=800nm for the solar cells with sorbitol
addition, which is attributed to the improvement in the rear passivation of the
BackPEDOT cell and in the improved light trapping due to the reduced parasitic
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absorption within the PEDOT:PSS layer. Figure 5.14a and Table 5.10 illustrate the
series resistance Rg of the fabricated BackPEDOT solar cells as a function of the

sorbitol con

tent in the PEDOT:PSS precursor dispersion. Up to a sorbitol con-
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Figure 5.15:
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(a) Measured series resistance Rg of the fabricated BackPEDOT so-
lar cells for different sorbitol contents of the PEDOT:PSS precursor
dispersion. (b) Measured solar cell efficiency n of the fabricated so-
lar cells for different sorbitol contents of the PEDOT:PSS precursor
dispersion. Solar cells have been fabricated on p-type silicon wafers
with a base resistivity of 0.5 Qcm (red triangles) and 1.3 Qcm (blue
circles), respectively. The data of solar cells with 0.5-Q0cm, as well as
1.3-Qcm base material are summarized as a box plot for each sorbitol
content of the precursor dispersion.

500 pm 500 pm
(a) (b)

Light microscopy images of the metallized rear of a solar cell for dif-
ferent sorbitol contens of the PEDOT:PSS precursor dispersion. (a)
0.0 wt.% sorbitol, (b) 4.0 wt.% sorbitol and (c) 7.7 wt.% sorbitol was
added to the precursor dispersion.
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Table 5.10: Minimum and median Rg, as well as maximum and median fill factor
FF values of manufactured solar cells for different sorbitol contents of
the PEDOT:PSS precursor dispersion.

Sorbitol content in the

Minimum  Median Maximum  Median
PEDOTPSS precursor ¢ ‘[oem?] R, [Qem?]  FF[%]  FF[%]
dispersion cgqyp, [Wt.%]
0.0 (6 solar cells) 0.67 1.41 79.4 76.2
1.0 (7 solar cells) 0.60 0.78 80.7 79.5
2.0 (6 solar cells) 0.62 1.39 80.6 76.1
4.0 (7 solar cells) 0.66 0.79 80.3 79.6
5.7 (9 solar cells) 2.73 1.67 77.8 74.4
7.7 (7 solar cells) 2.81 2.08 75.3 73.6

centration of cgy, =4.0 wt.% the best Rs values remain at a constantly low level
of approximately 0.6 to 1.0 Qcm?. However, there are also outliers with increased
series resistance up to values around 1.50 Qcm?. At higher sorbitol contents, Ry
shows a pronounced increase with increasing sorbitol content. Median Rs values
are Rs = 1.67 Qcm? for a sorbitol content of csoy, = 5.7 wt.% and Rg =2.08 Qcm? for
a sorbitol content of ¢y, =7.7 wt.%. We attribute the increase in the Ry values for
sorbitol contents greater than 4.0 wt.% to a degradation of the solar cell back con-
tact due to the high thermal energy of the electron beam evaporation in combina-
tion with a presumably remaining sorbitol content in the PEDOT:PSS layer. Op-
tical microscopy images of the metallized cell rear for the different sorbitol con-
centrations are shown in Figure 5.15. In the cell manufacturing process, the rear
side of the solar cells is metallized by means of electron beam evaporation. Silver
is evaporated at a rate of less than 1nm/s on the solar cell rear. During metal-
lization, water, which is bound by sorbitol due to its hygroscopic properties[llﬂ ,
seems to evaporate due to the heat input. This can be seen as bubble formation
of the silver layer on top of the PEDOT:PSS:sorbitol layer. This phenomenon is
called blistering. Figure 5.15c shows blistering of the metal layer. It is therefore
also conceivable that blistering may occur within the PEDOT:PSS layer, which
makes the PEDOT:PSS layer more porous and thus also changes the electrical
properties. The charge carrier transport could be affected by the changed mor-
phology which could explain the increase in Rs of the solar cells with high sor-
bitol contents. The blistering depends on the sorbitol content of the PEDOT:PSS
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Table 5.11: Maximum and median 1} values of manufactured solar cells for differ-
ent sorbitol contents of the PEDOT:PSS precursor dispersion.

Sorbitol content in the

PEDOT:PSS precursor Max1f)num Me«ilan

dispersion ¢y, [Wt.%] n [l n [l
0.0 (6 solar cells) 19.8 19.1
1.0 (7 solar cells) 20.2 20.1
2.0 (6 solar cells) 20.2 19.4
4.0 (7 solar cells) 20.4 20.2
5.7 (9 solar cells) 19.5 18.2
7.7 (7 solar cells) 19.3 18.9

precursor dispersion. While for PEDOT:PSS layers without sorbitol addition no
blistering was observed, for a sorbitol content of cyup, =7.7 Wt.%, blistering was
clearly observed, as shown in Figure 5.15. In addition to blistering, a kind of
elongated crystal growth or structuring of the metallized PEDOT:PSS surface can
be observed. No blistering is observed at lower sorbitol contents, but the metal-
lized rear of the sample with cgyy1, =4.0 wt.% sorbitol in Figure 5.15b seems to be
a little more coarse-pored than the sample without sorbitol. The amount of sor-
bitol remaining in the PEDOT:PSS layer is probably higher for sorbitol contents
greater 4.0 wt.% than for lower sorbitol concentrations. Therefore, we observe an
increase in Rg only at high sorbitol concentrations. The best Rs value realized on
a solar cell processed in this study is Rs=0.6 Qcm? for a sorbitol concentration
of ¢sorp, = 1.0 Wt.%, which led to an energy conversion efficiency of n=20.2%. The
achieved energy conversion efficiencies of all fabricated BackPEDOT solar cells
as a function of the sorbitol concentration are shown in Figure 5.14b and in Table
5.11. For BackPEDOT solar cells manufactured with the PEDOT:PSS dispersion
without addition of sorbitol, the efficiencies range from 18.4 to 19.7%. By adding
a sorbitol content to the precursor dispersion of up to cgop =4.0 wt.%, higher cell
efficiencies of up to 1=20.4% are achieved. If a sorbitol content of more than
4.0 wt.% is added to the precursor dispersion, the cell efficiencies decrease and
range from 17.9% to 19.3% at a sorbitol content of cg1, =7.7 wt.%. The decrease
in the solar cell efficiency with increasing sorbitol content for cgo, > 4.0 wt.%
is attributed to the increasing Rs value. The best efficiency in Figure 5.14b is
1 =20.4% with a sorbitol content in the precursor dispersion of cyyp, =4.0 wt.%.
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The illuminated |-V curve and the [;— Vo curve of the best solar cell of this
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Figure 5.16: llluminated -V curve (red circles) and Js.— Vo curve (blue triangles)
of the 20.4% efficiency BackPEDOT cell with 4.0 wt.% admixture of
sorbitol to the PEDOT:PSS precursor dispersion. The corresponding
solar cell parameters are also shown.

study with the corresponding solar cell parameters is shown in Figure 5.16. The
best BackPEDOT solar cell provides a open-circuit voltage of V,c =660 mV and a
short-circuit current density of Jsc =38.5mA/ cm?. A good fill factor of FF =80.0%
is achieved due to the low series resistance of Rg = 0.73 Qcm?2. This combination of
cell parameters leads to an efficiency of n=20.4%. The short-circuit current den-
sity of Jsc=38.5mA/cm? achieved on this cell seems relatively low and higher
Jsc values up to 39.6 mA/ cm? were achieved on the 1.3-Qcm p-Si base material,
featuring a much higher bulk lifetime compared to the 0.5-Qdcm base material.
Hence, there seems to be a strong contribution of the bulk recombination in the
20.4% efficiency cell, bulk material with higher lifetimes can be used for further
efficiency improvement.

5.4.2 Impact of Annealing Duration

In Section 5.4.1 we showed, that in order to achieve the highest possible Js. values,
a high sorbitol admixture of cgyy =7.7 wt.% is necessary. However, a high sor-
bitol addition increases the probability that the series resistance of the solar cell
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will deteriorate significantly. In Figure 5.8, the specific contact resistance ppgpor
of the c-Si/PEDOT:PSS:sorbitol / Ag junction was examined for a sorbitol concen-
tration of csop, =7.7 Wt.% as a function of different annealing durations at 130°C.
It was shown, that longer annealing durations can have a positive effect on the
contact resistance of the c-Si/PEDOT:PSS:sorbitol/ Ag junction. This aspect will
be further examined in this Section. BackPEDOT solar cells with 1.3-Qcm p-type
FZ-Si base are fabricated. 7.7wt.% sorbitol is added to the PEDOT:PSS precursor
dispersion and the PEDOT:PSS:sorbitol layer is then annealed for various peri-
ods of time on a hotplate at 130°C in ambient environment. The Js. values of
the manufactured solar cells are shown in Figure 5.17a and in Table 5.12 for dif-
ferent annealing durations. The median Js. values are within a range between
37.6 and 38.4mA /cm? for all investigated annealing durations. Hence, we con-
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Figure 5.17: (a) Measured short-circuit current density Js. of the fabricated
BackPEDOT solar cells for different annealing durations. (b) Mea-
sured open-circuit voltages V,. of the fabricated solar cells for differ-
ent annealing durations. The Js. and V(. values are summarized as a
box plot for each investigated annealing duration. 7.7 wt.% sorbitol is
admixed to the PEDOT:PSS precursor dispersion and the annealing
temperature is set to 130°C.

clude that there is no relevant dependence of the Js. values on the annealing du-
ration. The extended annealing time should here not affect the parasitic absorp-
tion in the PEDOT:PSS:sorbitol layer. The best short-circuit current density value
achieved in Figure 5.17a is Jsc =39.6 mA/ cm?. Measured V. values for different
annealing durations of the fabricated solar cells are shown in Figure 5.17b. The
median parameters and the best achieved values of the solar cells are shown in
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Table 5.12: Maximum and median Js., as well as maximum and V,. values of so-
lar cells for different annealing durations at 130°C in ambient environ-

ment.

Annealing duration = Maximum Median Maximum Median
t [min] Jo [mA/cm?] ] [mA/ecm?] Voo [mV] Voo [mV]

10 (38 solar cells) 39.6 38.1 662 655

30 (9 solar cells) 394 38.5 661 658

45 (6 solar cells) 38.2 37.8 664 660

60 (36 solar cells) 38.9 37.6 667 654

90 (5 solar cells) 39.5 38.4 659 650

120 (8 solar cells) 38.8 38.2 657 644

Table 5.12. For an annealing duration of f =10 min, the median open-circuit volt-
age is Voo =655mV. For longer annealing durations up to 45 min the median V.
value increases to Vo =660mV. If the annealing time is extended even further,
the median open-circuit voltage decreases again to Vo =654 mV for an anneal-
ing duration of =60 min and for an annealing duration of 120 min only a me-
dian V; value of 644 mV is reached. An increase in V, for annealing durations
up to 45min and a subsequent decrease in V,. for longer annealing durations
is consistent with the results of the lifetime samples in Figure 5.10b. Neverthe-
less, the best achieved open-circuit voltage here is V,.=667mV for an anneal-
ing duration of t=60min. Figure 5.18a shows a boxplot of the series resistance
Rs of the fabricated BackPEDOT solar cells as a function of the annealing dura-
tion t in ambient environment at a temperature of 130°C. The median parameters
and the best achieved values of Ry are shown in Table 5.13. The median Rg val-
ues range between 1.07 and 2.22 Qcm? for all investigated annealing durations.
The median Rs values for annealing durations of 45, 60 and 90 min are close to
1.00 cm?, while the median R values for all other annealing durations are close
to 2.00 Qcm?. However, the minimum R, values achieved are below 1.00 Qcm?
for all annealing durations. The best achieved Rs value is R =0.62 Qcm? for an
annealing duration of t=60min. A possible advantage of the longer annealing
duration is also consistent with the specific contact resistance measurements in
Figure 4.4a, which show a minimum value of the specific contact resistance for
an annealing duration of t=90min. The achieved efficiencies of the fabricated
BackPEDOT solar cells as a function of the annealing duration are shown in Fig-
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Figure 5.18: (a) Measured series resistance Rs of the fabricated BackPEDOT so-
lar cells for different annealing durations. (b) Measured solar cell
efficiency 1 of the fabricated solar cells for different annealing dura-
tions. The Rs and n values are summarized as a box plot for each
investigated annealing duration. 7.7 wt.% sorbitol is admixed to the

PEDOT:PSS precursor dispersion and the annealing temperature is
set to 130°C.

ure 5.18b and Table 5.14. The best efficiencies achieved for each annealing dura-
tion increase from 1 =20.1% for an annealing duration of t =10min to 1 =20.6%
for an annealing duration of t=60min. With longer annealing durations, the
maximum achieved efficiencies decrease again to 19.9% for an annealing dura-
tion of t=120min. The best median efficiency of 1=19.4% is achieved for an
annealing duration of ¢ =45 min. However, the best single solar cell provides an
efficiency of 1=20.6% for a annealing duration of ¢t =60 min. Note that this is
the highest efficiency obtained for a silicon solar cell with PEDOT:PSS as selec-
tive contact. The illuminated -V curve and the Jsc— Vo curve of the champion
solar cell including the corresponding solar cell parameters is shown in Figure
5.19. Our champion BackPEDOT solar cell fabricated with an annealing duration
of t =60 min provides an open-circuit voltage of V. =660mV and a short-circuit
current density of Jsc =38.9mA/ cm?. A good fill factor of FF = 80.3% is achieved

2

due to a series resistance of only Rs=0.62(cm*. This combination of cell pa-

rameters leads to the highest efficiency achieved so far for any solar cell with
PEDOT:PSS/c-Si of n1=20.6%. We have checked that the parameters Js., Vo and
Rs are completely independently of each other by means of correlation of plots. It
is therefore possible to measure the maximum values for each individual param-
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Table 5.13: Minimum and median R, as well as maximum and median fill factor
FF values of solar cells for different annealing durations at 130°C in
ambient environment.

Annealing duration =~ Minimum  Median Maximum  Median

t [min] R, [Qcm?] R, [Qcm?] FF [%] FF [%]
10 (38 solar cells) 0.83 2.16 78.6 72.5
30 (9 solar cells) 0.96 2.23 78.3 70.9
45 (6 solar cells) 0.92 1.07 79.0 77.3
60 (36 solar cells) 0.62 1.28 80.3 75.5
90 (5 solar cells) 0.81 1.33 78.7 76.4
120 (8 solar cells) 0.79 2.08 78.7 71.6

Table 5.14: Maximum and median n values of solar cells for different annealing
durations at 130°C in ambient environment.

Annealing duration # [min] Maximum 1 [%] Median 1 [%]
10 (38 solar cells) 20.1 18.5
30 (9 solar cells) 20.3 17.6
45 (6 solar cells) 19.7 19.4
60 (36 solar cells) 20.6 18.4
90 (5 solar cells) 20.5 19.1
120 (8 solar cells) 19.9 17.6

eter on one solar cell and combine these values. The maximum values achieved
in this thesis according to Table 5.12, 5.13 and 5.14 are a open-circuit voltage of
Voc =667 mV, a short-circuit current density [sc=39.6 mA/ cm? and a fill factor of
FF=80.3%. The corresponding efficiency potential is now calculated using the
equation,

Nmax = VoC,max ]spc,imax PFmax, (54)
to estimate the realistic efficiency potential of our BackPEDOT approach, where
Py, is P =100 mW /cm?. According to Equation (5.4) with the given maximum
values for Js., Voc and the fill factor FF a maximum attainable energy conversion
efficiency for BackPEDOT solar cells with admixture of cgy,1, =7.7 wt.% sorbitol
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Figure 5.19: lluminated J-V curve (red circles) and Jsc— Vo curve (blue triangles)
of our champion BackPEDOT solar cell with 7.7 wt.% admixture of
sorbitol to the PEDOT:PSS precursor dispersion and an annealing du-
ration of 60 min at 130°C in ambient environment. The correspond-
ing solar cell parameters are also shown.

to the PEDOT:PSS precursor dispersion of Nmax =21.2% is determined, which
demonstrates the efficiency potential of our developed BackPEDOT cell.
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5.5 Chapter Summary

5.5 Chapter Summary

In this Chapter, we have investigated the impact of additives to the PEDOT:PSS
dispersion on the transparency of PEDOT:PSS as well as on the solar cell param-
eters of BackPEDOT solar cells. Sorbitol was found to be the most promising ad-
ditive, since the transparency of PEDOT:PSS is significantly improved, while the
series resistance of BackPEDOT solar cells remains unaffected. We have shown
here for the first time that the recombination current density parameter Jypepor
and thus the recombination at the PEDOT:PSS/c-Si junction is effectively sup-
pressed by the addition of sorbitol. We determined the specific contact resistance
of the Ag/PEDOT:PSS:sorbitol /c-Si junction in dependence of the sample anneal-
ing duration and report here for the first time, that a longer annealing duration of
90 min leads to a reduced specific contact resistance. On BackPEDOT solar cells,
the highest achieved Js. value is 39.6 mA/ cm? for a sorbitol concentration of the
PEDOT:PSS precursor dispersion of 7.7 wt.%, which is 0.8 mA/cm? higher than
the best achieved [ value without sorbitol admixture. Due to the improvement
in the surface passivation quality of PEDOT:PSS with sorbitol admixture, we ob-
serve an increase in Vi by 4.0mV on BackPEDOT solar cells. The highest Vi,
value of a single solar cell was 667 mV for an annealing duration of 60 min. The
lowest Rs of 0.62 Qcm? of a single solar cell was obtained for an annealing du-
ration of 60 min and corresponds to a fill factor of FF=80.3%. The best energy
conversion efficiency of 20.6% of a single solar cell was achieved for an annealing
duration of 60 min, which is the highest efficiency ever achieved with PEDOT:PSS
on silicon.
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6 Depletion Region Modulation
Effect at the PEDOT:PSS/c-Si
Junction

Depletion region modulation (DRM) is an effect observed in photoconductance
based lifetime measurements (Section 3.4) and is caused by a modulation of the
depletion region width of the measured silicon sample. The effect is observed
in silicon samples with a depletion region, e.g. due to fixed charges within a
surface-passivating dielectric layer or due to a p-n junction. In this Chapter, we
examine whether the DRM effect is also observable on PEDOT:PSS/c-Si junc-
tions and what information can be extracted from it. We fabricate silicon lifetime
samples on 300 um thick (100)-oriented p-type FZ-Si wafers with a resistivity of
1.3 Ocm and on 300 um thick n-type CZ-Si wafers with a resistivity of 1.5 Qcm.
A cross-section of the lifetime samples is shown in Figure 6.1. After RCA clean-
ing, a 10nm thick AlO, layer is deposited by means of plasma-assisted atomic
layer deposition (FlexAL, Oxford Instruments) on one wafer surface of the p-
type silicon wafer. One wafer surface of the n-type silicon wafer is passivated by
a 100 nm thick plasma-enhanced-chemical-vapor-deposited (PECVD) SiN, layer
(Plasmalab 80 Plus, Oxford Instruments) with a refractive index n of n=2.4 (at
a wavelength of A =633 nm) at a deposition temperature of 400°C, which is also
used on the p-type wafer as an AlO, capping layer. The p-type wafers are ther-
mally annealed on a hotplate at 425°C for 15 min to activate the AlO, passiva-
tion. Then, the samples are dipped in 1% hydrofluoric acid (HF) for 60 seconds.
Immediately after the HF dip, the PEDOT:PSS dispersion (CleviosTM, Heraeus
Deutschland GmbH) is deposited by spin coating (WS-650Mz-8NPPB/UD3, Lau-
rell Technologies). The PEDOT:PSS application is performed with a spin coating
procedure of 10s at a spin coating speed of 500 rpm and 30s at 1500 rpm. Sub-
sequently, the PEDOT:PSS layer is annealed on a hotplate for 10 min at 130°C in
ambient environment. Injection-dependent measurements of the carrier lifetime

are performed using a Sinton Lifetime Tester (WCT-120, Sinton Instruments). In
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6 Depletion Region Modulation Effect at the PEDOT:PSS/c-5i Junction

Figure 6.1, apparent lifetime T,pp curves in dependence of the excess carrier con-
centration An (for p-type silicon) or Ap (for n-type silicon), obtained by quasi
steady-state (QSSPC) photoconductance technique, are shown. The apparent
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Figure 6.1: Apparent lifetime curves of 1.5-Qcm n-type-Si wafers passivated with
PEDOT:PSS and SiN,, (red circles) and 1.3-Qcm p-type-Si passivated
with PEDOT:PSS and an AlO, /SiNy layer stack (blue squares).

lifetime T,pp of the p-type silicon wafer in Figure 6.1 is approximately constant
over the investigated An range. In contrast, the 1.5-Qcm n-type Si wafer shows
a strong increase in the apparent lifetime Tapp for decreasing Ap values below
~ 10 cm™3. We attribute this steep increase in lifetime in low injection densities
to the DRM effect. PEDOT:PSS, due to its work function of 5.2 eV[75], induces a
band bending in the n-type silicon which causes an accumulation of the minority
carriers at the surface and thus creates a depletion region at the PEDOT:PSS/n-5i
junction. In order to model the observed lifetime increase in low injection den-
sities, we treat the PEDOT:PSS layer in the same way as a passivating dielectric
layer with a fixed negative charge density, resulting in the same kind of depletion
region at the silicon surface. In our model, we not only include the change in
photoconductance during quasi steady-state measurements, but also the change
in the additional conductance caused by the depletion region modulation at the
PEDOT:PSS/n-Si junction. A detailed description of our model can be found
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in Section 3.5. By fitting the measured apparent lifetime curves Tapp(Ap) with
the simulated apparent lifetimes, we are able to determine the band bending ¥'s
induced by PEDOT:PSS at the interface in n-type silicon. Figure 6.2 shows exem-
plary measured lifetime curves for n-type silicon wafers with PEDOT:PSS/n-Si
junction as a function of Ap. The measured apparent lifetime T,pp of a reference
silicon wafer passivated on both sides with SiN,, is also shown in Figure 6.2. The
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Figure 6.2: Experimental (symbols) and fitted (lines) apparent lifetime curves of
1.5-Qcm n-type-Si wafers passivated with PEDOT:PSS and SiN,,. The
resulting interface parameters are shown in Table 6.1.

apparent lifetime in Figure 6.2 of the n-type silicon wafer passivated on both sides
with SiN, shows no DRM effect. The apparent lifetime curves for the n-type sil-
icon wafers with PEDOT:PSS/n-5i junction clearly show the DRM effect for Ap
values below ~10*cm 3. We examine here a PEDOT:PSS dispersion without
and with 7.7 wt.% sorbitol addition. The addition of 7.7 wt.% sorbitol to the PE-
DOT:PSS precursor dispersion leads to a higher apparent lifetime for Ap values
larger than ~4x10'3cm™3. In Chapter 5.3, the addition of sorbitol to the PE-
DOT:PSS precursor dispersion already showed a positive impact on the passiva-
tion quality of p-type silicon surfaces with PEDOT:PSS. The fact that the addition
of sorbitol improves the passivation quality of PEDOT:PSS is confirmed here on
n-type silicon. For excess carrier densities below ~ 4x 1013 em—3, however, there
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6 Depletion Region Modulation Effect at the PEDOT:PSS/c-5i Junction

is no difference in DRM-affected T,pp(Ap) lifetime curves, if sorbitol is added.
With a simulation of the T,pp(Ap) dependence as explained in Section 3.5 and a
tit of our experimental data shown in Figure 6.2 (red lines), we can determine the
band bending ¥ in the n-type silicon samples and the surface recombination ve-
locity parameter S, = S,,9 of the PEDOT:PSS/n-5i junction. A fit was performed
for four samples without sorbitol addition and for 7.7 wt.% sorbitol addition. The
averaged values of the band bending ¥ and the S0 values are summarized in
Table 6.1. The uncertainties indicates the deviation from the mean values. Due to
the sign convention, a band bending ¥, which leads to an accumulation of holes,

is described as negative. Based on modeling the DRM effect we have, for the first

Table 6.1: Interface parameters ¥ and Sy = S;0, determined by fitting the exper-
imental data shown in Figure 6.2.

Sorbitol content of Band bending in Surface recombination
PEDOT:PSS dispersion  1.5-Qcm n-type silicon velocity parameter
Csorb [Wt.%] Y, [meV] Spo=Suo [cm s 1]
0.0 (4 samples) —(720+9) 2.2x1034+0.2x10?
7.7 (4 samples) — (714 £ 6) 1.5x103+0.1x10?

time, extracted the band bending ¥ induced by PEDOT:PSS on n-type silicon.
Figure 6.3 shows the electronic band structure in an n-type silicon wafer with a
doping concentration of Np=3.2x10'>cm 3. Our extracted value for the band
bending ¥, based on modeling the DRM effect, is shown in green. The Fermi en-
ergy of intrinsic silicon E; (grey), the band gap of silicon E (orange) and the Fermi
energy E¢ according to Equation (3.12) (blue) are also shown. Jackle et al. had de-
termined the band bending ¥s on PEDOT:PSS coated n-type silicon for a doping
concentration of 1.5x10'® cm~3, which is in the same order of magnitude as the
doping concentration of the n-type wafers used in this study (3.2x10'°> cm~3),
Jackle et al. determined a value of ¥ of —712 meV(04] and —690 meV1123! for the
PEDOT:PSS/n-Si junction by means of capacitance-voltage (C-V) measurements.
Wan et al.124] also reported a band bending of —716 meV at the PEDOT:PSS/n-5i
junction measured by C-V measurements. Wang et al.l125] report a band bend-
ing for the PEDOT:PSS/n-Si junction of —710 meV determined by X-ray photo-
electron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS).
Within the range of the measurement uncertainties, the band bending ¥ de-
termined by our newly introduced methodology based on the DRM effect is in
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Figure 6.3: Schematic of the electronic band structure in an n-type silicon wafer
with a doping concentration of Np=3.2x10® cm3. Our extracted
value for the band bending ¥, based on modeling the DRM effect,
is shown in green.

excellent agreement with the Y values reported in the literature. Interestingly,
within the measurement uncertainty, we do not observe any impact of sorbitol
admixture to PEDOT:PSS on ¥s. However, the addition of sorbitol improves the
chemical interface passivation, as demonstrated by a reduction of the S,o value
by 31%.
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6 Depletion Region Modulation Effect at the PEDOT:PSS/c-5i Junction

6.1 Chapter Summary

In this Chapter, we have shown that lifetime curves obtained from quasi-steady-
state photoconductance (QSSPC) measurements on n-type silicon wafers, coated
with PEDOT:PSS, show a drastic increase in the measured apparent lifetime with
decreasing injection density An. We attribute this increase to the depletion region
modulation (DRM) effect, known from silicon wafers passivated by dielectric lay-
ers with fixed charges and p-n-junctions[64]. Injection-dependent lifetime curves
Tapp (Ap) of PEDOT:PSS coated p-type silicon wafers did not show any DRM ef-
fect. We have modelled the T,pp(Ap) curves including the DRM effect at the
PEDOT:PSS/n-Si junction. By modelling the measured Tapp (Ap) curves, we have
determined the band bending ¥ induced by PEDOT:PSS on silicon. The deter-
mined value for the band bending ¥s of — (720 £9) meV is in good agreement
with values reported in the literature for the PEDOT:PSS/c-Si junction obtained
from capacitance-voltage (C-V) measurements, X-ray photoelectron spectroscopy
(XPS) and ultraviolet photoelectron spectroscopy (UPS). Our newly introduced
methodology to determine ¥ from injection dependent lifetime measurements
was hence shown to be well suitable. We also examined the impact of adding
sorbitol to the PEDOT:PSS dispersion on the DRM effect. Within the measure-
ment uncertainty we do not observe any impact of the sorbitol admixture to PE-
DOT:PSS on the band bending ¥s. The surface recombination velocity param-
eter, however, decreased significantly by the admixture of sorbitol. Hence, we
conclude that the admixture of sorbitol to PEDOT:PSS improves the chemical in-
terface passivation of the PEDOT:PSS/c-Si junction, but leaves the band bending
within the silicon bulk unchanged.
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7 Summary

In this thesis, we have successfully implemented PEDOT:PSS into BackPEDOT
solar cells. We showed, that the passivation of planar silicon surfaces with PE-
DOT:PSS exhibits a pronounced dependence of the PEDOT:PSS layer thickness.
The passivation quality of PEDOT:PSS decreases with decreasing PEDOT:PSS
layer thickness. On fabricated BackPEDOT solar cells, we demonstrated that Js.
increases with decreasing thickness of the PEDOT:PSS layer, but the open-circuit
voltage V. decreases due to the detoriation of the passivation quality of thin
PEDOT:PSS films on c¢-Si. On random-pyramid textured silicon surfaces cov-
ered with PEDOT:PSS we detected for the first time, a thin organic layer in the
valleys between the pyramids of the silicon surface beneath the deposited PE-
DOT:PSS layer. We measured a different atomic composition of the thin organic
layer in comparison to the PEDOT:PSS layer on top and concluded, that the thin
PEDOT:PSS layer is probably responsible for the passivation of textured Si sur-
faces with PEDOT:PSS and that an increased sulfur content has a positive impact
on the surface passivation properties. In addition, we have examined the impact
of additives to the PEDOT:PSS dispersion on the transparency of PEDOT:PSS as
well as on the solar cell parameters of BackPEDOT solar cells. Sorbitol was found
to be the most promising additive, since the transparency of PEDOT:PSS is sig-
nificantly improved, while the series resistance of BackPEDOT solar cells remains
unaffected. We have shown here for the first time that the recombination current
density parameter ]y pgpot and thus the recombination at the PEDOT:PSS/ c-Si in-
terface is effectively suppressed by the addition of sorbitol. On BackPEDOT solar
cells, the highest achieved J. value is 39.6 mA/ cm? for a sorbitol concentration
of the PEDOT:PSS precursor dispersion of 7.7 wt.%, which is 0.8 mA /cm? higher
than the best achieved Js. value without sorbitol admixture. Due to the improve-
ment in the surface passivation quality of PEDOT:PSS with sorbitol admixture,
we observe an increase in V. by 4.0mV on BackPEDOT solar cells. The best Vi,
of a single solar cell was 667 mV and the highest energy conversion efficiency
of 20.6% of a single solar cell was achieved for an annealing duration of 60 min,
which is the highest efficiency ever achieved with PEDOT:PSS on silicon. In ad-
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7 Summary

dition, we have shown that lifetime curves obtained from quasi-steady-state pho-
toconductance (QSSPC) measurements on n-type silicon wafers, coated with PE-
DOT:PSS, show a drastic increase in the measured apparent lifetime with decreas-
ing injection density An. We attribute this increase to the depletion region mod-
ulation (DRM) effect. We have modelled the T,pp(Ap) curves including the DRM
effect at the PEDOT:PSS/n-Si junction. By modelling the measured T.pp(Ap)
curves, we have determined the band bending ¥ induced by PEDOT:PSS on sili-
con. The determined value for the band bending ¥ of — (720 = 9) meV is in good
agreement with values reported in the literature for the PEDOT:PSS/ c-Si junction
applying other measurement techniques. Our newly introduced methodology to
determine ¥ from injection dependent lifetime measurements was hence shown
to be well suitable. We also examined the impact of adding sorbitol to the PE-
DOT:PSS dispersion on the DRM effect. Within the measurement uncertainty;,
we do not observe any impact of sorbitol admixture to PEDOT:PSS on the band
bending ¥s. The surface recombination velocity parameter, however, decreased
significantly by the admixture of sorbitol. Hence, we conclude that the admix-
ture of sorbitol to PEDOT:PSS improves the chemical interface passivation of the
PEDOT:PSS/c-Si junction, but leaves the band bending within the silicon bulk
unchanged.
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