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Zusammenfassung

Cu(In,Ga)Se2
1-Solarzellen haben kürzlich Rekordeffizienzen von 22,3 % er-

reicht. Umso erstaunlicher ist es, dass das Verständnis der
CIGSe/MoSe2/Mo-Rückkontaktstrukur sowie der Rolle der MoSe2-
Zwischenschicht bisher noch mangelhaft ist. In dieser Arbeit wurde der La-
dungstransport in MoSe2 und die elektronischen Barrieren am Rückkontakt
untersucht und ihre Relevanz für CIGSe- Solarzellen durch Experiment und
Simulation bewertet. Da in der Literatur eine Abhängigkeit des Widerstan-
des der Rückkontaktstruktur von CIGSe-Solarzellen von der Menge des
zur Verfügung stehenden Natriums berichtet wird, wurde eine Untersu-
chung von MoSe2/Mo-Proben vorgenommen, wobei Mo-Schichten mit un-
terschiedlichem Natriumgehalt selenisiert wurden. Die chemische Charak-
terisierung zeigte, dass Natrium vorwiegend zur Probenoberfläche und zur
MoSe2/Mo-Grenzflächen diffundiert, und dass daraus folgend der Natri-
umgehalt im Volumen der MoSe2-Schicht vergleichsweise gering ist. Wäh-
rend ein inverser Zusammenhang zwischen der zur Verfügung gestellten
Natriummenge und der MoSe2-Schichtdicke festgestellt wurde, hatte der
Natriumgehalt kaum Einfluss auf den spezifischen Widerstand der MoSe2-
Schicht. Um eine Barrierenwirkung des Rückkonktaktes zu untersuchen,
wurde eine Studie des isolierten Rückkonktaktes in Form von
CIGSe/MoSe2/Mo- und MoSe2/Mo-Proben durchgeführt. Durch Anwen-
dung des Modells der thermionischen Emission bei der Auswertung von
IV T -Messungen, wurde eine Barrie an der CIGSe/MoSe2-Grenzfläche er-
mittelt, wogegen die MoSe2/Mo-Grenzfläche als ohmsch eingestuft wer-
den konnte. Darüber hinaus, wurde der Rückkontakt auch innerhalb der
vollständigen CIGSe-Solarzelle untersucht. Experimentell wurde eine In-
jektionsbarriere für Löcher bei niedrigen Temperaturen beobachtet. Auf-
bauend auf der Gesamtheit der experimentellen Ergebnisse, wurde ein Si-
mulationsmodell einer CIGSe Solarzelle inklusive der MoSe2-Schicht er-
stellt,und ein umfassendes Verständnis für den Einflusses des Rückkon-
takts auf die Solarzellenkennlinie erarbeitet. Zusammenfassend wurde in
dieser Arbeit der Ladungstransport und die Barrierenwirkung des Rück-
kontaktes untersucht, so dass strom- und spannungslimitierende Faktoren
für die ganze Solarzelle mittels simulativer Nachbildung der Experimente
aufgedeckt und bewertet werden konnten.

1Cu(In,Ga)Se2 - Im Folgenden durch CIGSe abgekürzt.
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Abstract

Cu(In,Ga)Se2 (CIGSe) solar cells have recently reached efficiencies of
22.3 % [1]. Surprisingly, a clear understanding of the CIGSe/MoSe2/Mo
back contact structure and the role of the intermediate MoSe2 layer has been
lacking to date. In this thesis, the charge transport in MoSe2 and electronic
barriers of the back contact were investigated. Their impact for CIGSe solar
cells was assessed experimentally and on the basis of simulation. As the
resistance of the back contact of CIGSe solar cells is reported to be affected
by the available sodium content, an investigation of a MoSe2/Mo samples
was conducted, in which Mo layers with varied sodium supply were sel-
enized. Chemical characterization of the selenized samples revealed, that
the sodium mainly diffuses to the sample surface and MoSe2/Mo interface.
Consequently, the sodium concentration in the MoSe2 bulk was relatively
low. While an inverse relation between sodium supply and the thickness of
the MoSe2 layer was found, the sodium content had hardly an impact on
the resistivity of the MoSe2 layers. To investigate the presence of a barrier
at the back contact, a study of samples with isolated back contact structures
CIGSe/MoSe2/Mo and MoSe2/Mo was realized. By the application of the
thermionic emission model on IV T measurements, a barrier was found to
be present at the CIGSe/MoSe2 interface, while the MoSe2/Mo interface
could be classified to be ohmic. Furthermore, the back contact within the
complete solar cell was investigated. Experimentally, an injection barrier
for holes at lower temperatures was observed. Based on all the experimen-
tal previous results, a simulation model of the CIGSe solar cell was set up
to enable a comprehensive understanding of the impact of the back contact
on the solar cell characteristics. To summarize, in this work charge trans-
port and barrier effects of the back contact were investigated, and current
and voltage limiting effects for the complete solar cell could be assessed by
means of a simulation model based on the experimental results.
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Chapter 1

Introduction

Why do solar cells work? In the case of Cu(In,Ga)Se2 (CIGSe) solar cells,
it has to be admitted that more than once throughout the history of their
development, lucky coincidences helped the technology to reach efficien-
cies of now over 22 %, and that the ”why does it work”, is not always fully
understood.
One of the lucky coincidences is the positive impact of sodium on the effi-
ciency of CIGSe solar cells. Originally introduced into the system by acci-
dent, due to the diffusion of sodium into the cell from soda lime glass sub-
strates, the sodium content in solar cells is nowadays controlled and often
artificially introduced by the use of sodium doped molybdenum targets, or
NaF layers [2]. One of the effects of sodium on the absorber, is to increase
the effective charge carrier density. While models exist that attribute the
charge carrier density increase to the passivation of compensating donor
type defects present in grain boundaries in CIGSe, the effects of sodium on
CIGSe solar cells is an ongoing discussion [2–4].
A related case example is, and here we arrive at the topic of this thesis,
the back contact of CIGSe solar cells. The widely used molybdenum back
contacts, first determined to form a Schottky type barrier to a CuInSe2 ab-
sorber by Matson et al. [5] and Rusell et al. [6], are now believed to be essen-
tial for the formation of a quasi-ohmic contact across the CIGSe-Mo inter-
face due to the formation of an intermediate MoSe2 layer [7–10]. For solar
cells, where the formation of a MoSe2 layer during selenization was sup-
pressed, barrier effects have been observed [11]. While the beneficial effect
of the MoSe2 layer is undisputed, the question “why does the back contact
work”, has not been resolved, as aside from the band gap (1.04 eV [12]),
the material properties of MoSe2 in a solar cell have yet to be consistently
clarified. This applies to doping density, doping type, electron affinity and
band alignment with CIGSe and Mo at the back contact. This is related
to another aspect of the Mo/MoSe2/CIGSe back contact. It is the point of
ongoing discussion, whether it provides a truly ohmic contact to the back
contact metal [11, 13, 14], or if a barrier to charge transport exists [15–17].
If a barrier is present, it also has to be determined if it is located at the
MoSe2/Mo or the CIGSe/MoSe2 interface. Furthermore, the presence of
sodium doping has been determined to reduce the resistance of the back
contact structure, as roll-over effects and non-ohmic behaviour have been
attributed to the back contact in sodium reduced samples [4, 18]. Neverthe-
less, the impact of sodium on the MoSe2 layer itself is not well understood,
e.g. regarding the doping density of MoSe2.
The goal of this thesis is to contribute to the understanding of the back
contact of CIGSe solar cells by investigating the charge transport and the
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barriers on the isolated back contact as well as its impact on the complete
solar cell. After the introduction of the theoretical background in Chapter 2
and experimental methods and simulation tools in Chapter 3, MoSe2 layers
which were prepared by selenization of molybdenum precursors with var-
ied sodium content are investigated in Chapter 4. Chapter 5 is dedicated to
the electrical characterization of the back contact in the form of an isolated
sample structure. In Chapter 6, a complete CIGSe solar cell is characterized
regarding the presence of a barrier in dependence of metastable state. This
was realized by means of temperature dependent current voltage measure-
ments, followed by a detailed discussion of the concrete implementation
of the MoSe2 layer regarding electron affinity and doping on the basis of a
simulation model.
On the basis of the multiple experimental results in conjunction with simu-
lation, this thesis aims to greatly improve the understanding of the MoSe2

thin film material and how the back contact in CIGSe solar cell works.



3

Chapter 2

Background Information and
Theory

2.1 Physics of the Solar Cell

Solar cells are composed of multiple functional layers. In Cu(In,Ga)Se2 thin
film solar cells, they can be divided into the front contact, the absorber,
and the back contact. The interfaces, e.g. the p-n junction including the
front contact, and the metal-semiconductor junction at the back contact, are
of particular interest, as they are responsible for the functionality of the
solar cell, but can also be limiting for the device efficiency. An overview
of the physics of the solar cell, i.e. p-n junction, and especially metal-
semiconductor- and isotype heterojunction is given in this section, as a ba-
sis for the discussion of the back contact in CIGSe solar cells. All simulated
band diagrams and IV -curves in this chapter were created with the SCAPS
software [19].

2.1.1 The p-n Junction

The p-n junction, being responsible for charge separation as well as the ba-
sic diode character of a solar cell, is the central part of a solar cell. The focus
of this section is on the basic equations for the one-dimensional case nec-
essary for interpretation of measurements of a solar cell. A more detailed
description can be found in the books of Würfel [20] or Sze [21].
On the contact of a p- and n-type semiconductor, the gradient in charge
carrier concentrations ∂cn,p

∂x causes diffusion of holes to into the n-region,
where they recombine with electrons, and vice versa for electrons. This can
be described by the diffusion current density

Jdiff,n,p = ±qDn,p ·
∂cn,p
∂x

(2.1)

with the diffusion coefficients Dn,p and the elementary charge q. The inter-
face region, called space charge region (SCR), which would be neutral prior
to contact, is depleted of mobile charges. It is approximated that the SCR
is depleted completely and ends abruptly. Fixed ions remain in the SCR
and an electric field forms between the ions of the p- and n-side, which
counteracts the diffusion current:

F = −∂φ
∂x

=
Vbi

wSCR
(2.2)
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with the electric potential φ, the built-in voltage Vbi and the width wSCR.
When thermal equilibrium is established, the Fermi levels of the semicon-
ductors have aligned and, mathematically, only a small drift current caused
by thermally generated charge carriers being separated by the electric field
and an equal diffusion current remain, which cancel each other. The rela-
tion between the potential and the charge distribution can be described by
the Poisson equation

∂2φ

∂x2
= −ρ(x)

εrε0
(2.3)

with the total charge density ρ(x) at x, ε0 as vacuum permittivity and εr as
relative permittivity. Under the assumption of a complete depletion of the
SCR, the charge density in the depleted regions equals the sum of doping
density and density of ionized defect states

ρ = ±q ·ND/A. (2.4)

ρ is positive on the donor side and negative on the acceptor side. With
double integration of 2.3 and the boundary conditions that φ(−wp) = 0 and
φ(wn) = Vbi at respective the edges wp and wn of the SCR, the width of the
space charge region can be described as

wSCR = wp + wn =

√
2εrε0
q

(
1

ND
+

1

NA

)
Vbi. (2.5)

The ratio of the part of the SCR in p- and n-side is given by the respective
charge density

wp
wn

=
ND

NA
. (2.6)

For CIGSe solar cells, it is often assumed that the doping density of the
n-type semiconductor is much higher than that of the p-type. Therefore
according to Eq. 2.6, the SCR is located almost completely on the p-side,
and Eq. 2.5 is reduced to

wSCR ≈ wp =

√
2εrε0
q
· Vbi

NA
. (2.7)

If a voltage bias V is applied (+ on p-side), the potential difference at the
junction is changed to Vbi − V and the SCR-width to

wSCR(V ) =

√
2εrε0
q

Vbi − V
NA

. (2.8)

By approximating the depletion zone as an ideal parallel-plate capacitor
with the plate distance wSCR and the charge Q = qNAwSCRA with the
area A, it can be assigned the capacitance

C

A
=
d(Q/A)

dV
=

ε0εr
wSCR

=

√
qε0εrNA

2 (Vbi − V )
. (2.9)
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This is used to access the SCR-width and effective charge carrier density by
capacitive measurements.
Without illumination and applied voltage, i.e. in equilibrium, the product
of hole and electron density follows the law of mass action

np = n2
i = NCNV exp (−EG/kBT ) (2.10)

with the effective density of states NC and NV of conduction and valence
band, respectively, kB as the Boltzmann constant, the band gap EG and ni
as the effective, thermally generated intrinsic charge carrier density.
When voltage bias is applied to the junction, it shows the rectifying be-
haviour of a diode. In forward direction (+ at the p-side), the barrier is
reduced with Vbi − V , and the depletion zone contracts as charge carriers
are pushed towards the interface of the junction, where they recombine if
they have enough energy to overcome the electric field. The total current
increases exponentially with the applied voltage. If voltage is applied in
reverse direction, the depletion zone is extended and only thermally gen-
erated charge carriers can be extracted as the barrier is increased. For an
ideal junction, the current-voltage behaviour is described by the Shockley
equation [20]:

J = J0

(
exp

(
qV

mkBT

)
− 1

)
(2.11)

with the reverse saturation current J0. J0 is determined by the net recom-
bination of the complete junction [2]. The ideality factor m depends on
the dominant recombination path, and idealy has a value between one, for
dominating recombination in the quasi-neutral region or via very flat traps
in the SCR, and two for recombination via deep traps in the SCR [2, 22]. In
the context of solar cell efficiency, a value of one is desirable, as it represents
lower recombination.
If the junction is illuminated, additional charge carriers are generated by
photon absorption. As the system is not in equilibrium, n and p cannot
be described by the same Fermi energy any more. This holds also true for
applied voltage. Therefore, separate quasi Fermi energies EFn,p for elec-
trons/holes are introduced within the Boltzmann approximation of E −
EF � kBT and f(E) ≈ exp((EF − E)/(kBT )), with

n = NC exp

(
EC − EFn

kBT

)
and p = −NV exp

(
EFp − EV

kBT

)
(2.12)

and Eq. 2.10 has to be adapted to

np = n2
i exp

(
EFn − EFp

kBT

)
. (2.13)

The current for holes and electrons is now proportional to the gradient in
their respective quasi Fermi levels:

Jp(x) = µpp
dEFp

dx
Jn(x) = −µnn

dEFn

dx
. (2.14)
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Under open-circuit condition, where the total current is zero, the difference
between the quasi Fermi levels equals in this ideal case the voltage across
the junction VOC = EFn − EFp

1. The current density for short circuit con-
dition JSC, where the voltage across the junction is zero, equals the photon
current absorbed within the p-n junction and a diffusion length from the
p-n interface. By approximating the short circuit current density JSC to be
voltage independent and using a simple superposition, the Shockley equa-
tion for the junction under illumination is

J = J0

(
exp

(
qV

mkBT

)
− 1

)
− JSC. (2.15)

As VOC is easily measured, it is useful to consider its temperature depen-
dence as follows:

JSC = J0

(
exp

(
qVOC

mkBT

)
− 1

)
(2.16)

J0 = J00 exp

(
− EA
mkBT

)
(2.17)

with a weakly temperature-dependent prefactor J00, called reference cur-
rent density, and the activation energy EA, which is the energy factor of
the Boltzmann term exp (−EA/ (mkBT )) of the reverse saturation current.
EA can provide information on the location of the dominant recombination
path in the junction, for example for a dominating recombination in the
quasi-neutral region of the absorber, EA can be close to the absorber band
gap EG. The open-circuit voltage can now be described with

VOC ≈
mkBT

q
ln

(
JSC

J0

)
(2.18)

=
EA
q
− mkBT

q
ln

(
J00

JSC

)
. (2.19)

This means for a decreasing temperature the open circuit voltage VOC ap-
proaches EG and is limited by recombination (m,J00).

2.1.2 p-n Heterojunction

In contrast to a p-n homojunction, the difference in band gap EG,n/p, work
function φS,n/p and doping density NA/D of the respective semiconductors
can have a major impact on the characteristics of the junction. Additionally,
it has to be accounted for interface defects, which can act as recombination
centers. Furthermore, they can induce possible Fermi level pinning, which
impacts band bending and current-voltage behaviour. A more detailed and
mathematically explicit discussion of the heterojunction as a CIGSe/CdS
junction can be found in the book of Scheer and Schock [2], which is used
as the primary reference for this section.
For the semiconductor, the work function is defined as

φS = χ+ |EC − EF| (2.20)

1VOC - Open circuit voltage
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which is the sum of the electron affinity χ, defined as difference between
vacuum level and bottom of the conduction band EC, and the distance be-
tween EC and Fermi level. The band diagram of the junction can be con-
structed with the following equations:

qVbi = φS,1 − φS,2 = qVbi,1 + qVbi,2 (2.21)
= φSS (2.22)

The total band bending equals the difference in work functions and in-
duces the built in voltage Vbi of the junction. Vbi,1/2 is the part of the band
bending located at the side of the interface of the respective semiconduc-
tor. Their ratio is determined by the respective net acceptor (donor) density
NA,1/2(ND,1/2) and relative dielectric constant ε1/2. That is for a p-n junc-
tion:

Vbi,1/Vbi,2 = NA,1ε1/ND,2ε2 (2.23)

The depletion zone range is determined by the doping density:

x1/x2 = NA,1/ND,2 (2.24)

and the step in the conduction bands ∆EC and valance bands ∆EV is de-
termined by the respective electron affinity χ1/2 and band gap EG,1/2:

∆EC = χ1 − χ2 (2.25)
∆EV = EG,1 + χ1 − (EG,2 + χ2) . (2.26)

Note that equations 2.20 to 2.25 also hold true for an isotype junction, e.g. a
n-n or p-p junction. An important difference is that at an isotype interface,
only one of the semiconductors is depleted of charge carriers, and the other
one is enriched.
In the following, a p-type absorber in contact with a n-type semiconductor
with a higher band gap is discussed as an example. Different band align-
ments are described to provide a qualitative understanding of the effects on
recombination and IV behaviour. For an in depth discussion including ex-
plicit equations, the reader is referred to Section 2.4 in the book Chalcogenide
Photovoltaics by Scheer and Shock [2].
In general, the region of the junction, where the Fermi level is positioned at
the center of the band gap, is likely to be the dominant recombination path.
This can be explained by the fact that electrons and holes are available in
an equal amount for recombination. For an equal doping of the two inter-
facing semiconductors, this would be right at the interface. If the n-type
semiconductor is much higher doped than the absorber, e.g. by a factor
of 100, the absorber would be inverted close to the junction and the Fermi
level would be positioned center-band gap in the absorber.
One possible band alignment at the p-n interface, is a step in the conduction
band ∆EC that is negative from the perspective of the absorber. This could
reduce the difference between the conduction band of the n-type semicon-
ductor and the absorber valence band, to a value less than the band gap of
the absorber. The interface band gap EG,IF is then lower than the absorber
band gap EG,a. If cross band recombination is possible, e.g. from the va-
lence band of one semiconductor to the conduction band of the other, the
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interface can be the dominating recombination path of the junction. Conse-
quently, the reverse saturation current J0 is increased with EG,IF entering
the corresponding Boltzmann term as the activation energy. Furthermore,
J0 strongly depends on the doping ratio. As described above, a similar dop-
ing ratio, leading to the Fermi level being mid-band gap at the interface,
would increase J0. Defects present at the hetero interface would further in-
crease the recombination by acting as recombination centers. If the junction
is employed as the main junction in a solar cell, the efficiency of the cell can
be decreased by a high J0, due to the relation of J0 and VOC according to
Eq. 2.18.
A reverse of the situation would be, when the step in the conduction band
∆EC > 0 is positive from the perspective of the absorber. This would lead
to a higher interface band gap EG,IF = EG,a + ∆EC, and the interface re-
combination can be reduced. For a similar doping density of both semi-
conductors, the activation energy equals the interface band gap. When the
absorber is inverted close to the junction, due to a higher doping density in
the n-type semiconductor, the activation energy remains EG,a.
A step, in the form of a spike, in the conduction band can also act as a bar-
rier regarding the transfer of electrons to and from the junction (limiting
current). The limiting current over the additional barrier also follows the
thermionic emission principles: a high ∆EC leads to a high activation en-
ergy of the corresponding Boltzmann factor. Therefore, if ∆EC is not too
large, the current of the main diode is not limited. Furthermore, a Fermi
level close to the conduction band increases the limiting current: the dif-
ference between EF and EC is reduced, and accordingly the activation en-
ergy of the barrier. Additionally more charge carriers are available to pass
the barrier. If the main diode current approaches the limiting current, and
the barrier height is not voltage dependent, the roll over feature appears
in the IV behaviour. In the case of a barrier high enough to limit a photo
generated current, the efficiency of a solar cell is reduced due to increased
recombination and loss of voltage by the barrier.
In summary, when the heterojunction is employed as the main junction of
a solar cell with a p-type absorber, a higher doping of the n-type semicon-
ductor to invert the absorber close to the interface is beneficial to reduce
recombination at the interface and the reverse saturation current J0. Addi-
tionally, a small positive step in the conduction band has a similar effect.
If the step is not too high and it is in a region where electrons are majority
carriers, it is unlikely to limit solar cell output. While the characteristics of
the heterojunction were described for a specific example, the principles can
also be applied to different band alignments, e.g. junctions with a valence
band offset and a different doping ratio.

2.1.3 Isotype Heterojunction

Similar to the p-n heterojunction, the junction of two different semiconduc-
tors of the same doping type (isotype heterojunction) is governed by the
respective doping densities, work functions and band gaps. If the work
functions φS,1 and φS,2 of the semiconductors SC1 and SC2 are not equal,
charge is transported over the interface on contact of the semiconductors
until their Fermi levels are aligned by the electric field, which also induces
band bending. As in the p-n heterojunction case, the different band gaps of
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TABLE 2.1: Parameters used in simulation

Semiconductor EG [eV] NA [cm−3] χ [eV] d [µm]

SC1 1.04 1 · 1016 varied 0.07
SC2 (at interface) 1.33 1 · 1016 4.17 2.1

the semiconductors contribute to potential barriers at the interface.
To construct the band diagram of the junction, Equation 2.20 to 2.25 in the
previous section can be used. Depending on the junction, the step in con-

FIGURE 2.1: Simulated band diagram of the MoSe2/CIGSe interface, with
almost matching work functions of the semiconductors. The electric field is

barely increased at the interface and holes can transfer easily.

duction or valence band can be large enough to inhibit charge transport.
In this case it is often called a spike. In the following, the band diagram
of isotype heterojunctions is discussed on the example of a junction of two
p-type semiconductors. Though this is a hypothetical scenario, the charac-
teristics of the two semiconductors (short SC1 and SC2, left and right) are
based on that of CIGSe (right hand side) and, at least regarding the band
gap, of MoSe2 (left hand side). The parameters used are given in Table 2.1.
The work function (electron affinity) of SC1 is now varied to discuss differ-
ent band alignments.
In Fig. 2.1 the work functions of SC1 and SC1 almost match, therefore no
significant band bending is induced. In contrast to that, in Fig. 2.2 the case
with a lower work function of SC1 is displayed. The SC2 layer is depleted
of holes and a significant spike is formed for the valence band. Due to the
barrier in the valence band, the transfer of holes is inhibited and the contact
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FIGURE 2.2: Simulated band diagram of the SC1/SC2 interface. The SC2 layer
is depleted of holes due to the low work function of SC1. Due to the spike in

the valence band, a barrier with rectifying behaviour can be expected.

displays rectifying behaviour. The barrier can be reduced for hole injec-
tion from the SC2 to SC1 with voltage bias. Applying positive voltage bias
on SC1, on the other hand, does not decrease the barrier height and leads
to rectifying behaviour. Analogous to the characteristics of a conduction
band step discussed in Section 2.1.2, the current density in both directions
is increased for a higher doping density, which decreases the gap between
Fermi energy and spike minimum and provides more charge carriers which
potentially cross the barrier.
A third case is displayed in Fig. 2.3. Here the SC1 layer has a higher work
function and is depleted of holes. From the band alignment it can be ob-
served that the contact will show rectifying behaviour, but in the opposite
direction compared to the previous case displayed in Fig. 2.2.
In Fig. 2.4 a simulation of the current-voltage behaviour of the junction is
displayed. As can be expected from the previous band diagrams, rectifying
behaviour is found for the cases where the mismatch of the semiconductor
work functions leads to formation of barriers in the valence band.
The same thermionic emission principles apply, as as in the
metal-semiconductor junction case, therefore the JV curves obey the same
exponential behaviour as in Eq. 2.34. For very low barriers, the behaviour
approaches that of an ohmic contact, especially for high temperatures such
as room temperature. The current density for a barrier at a isotype hetero-
junction is less straight forward than for the metal-semiconductor junction.
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FIGURE 2.3: Simulated band diagram of the SC1/SC2 interface. In this case
the SC1 layer is depleted of holes.

FIGURE 2.4: Simulated JV curves of the SC1/SC2 interface at a temperature
of 300 K without illumination.

Two approximations are needed:

p1ε1 = p2ε2 (2.27)
qVbi � kBT (2.28)
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Assuming the approximations are valid, the following equation can be reached:

J =
A∗Tq

kB
(Vbi − V ) exp

(
− φSS

kBT

)
· exp

(
qV

kBT

)
(2.29)

with the effective Richardson constant A∗. Similar to the case of a metal-
semiconductor junction, the interface could be contaminated or a high den-
sity of defects may be present. In this case of an non-ideal junction, the
band diagram and IV behaviour can be significantly altered. Then the best
approach to get insight into the junction is to combine experimentation and
simulation.

2.1.4 Metal-Semiconductor Junction

An ideal junction between metal and semiconductor can be described by
the Schottky model. More details on this topic can be found in the books
by Sze [21], as well as by Milne [23], which were used as reference for this
section.
The formation of a barrier depends on the alignment of the semiconductor
Fermi level, i.e. its work function and the metal work function: a barrier
forms only if the semiconductor is depleted of its majority charge carriers.
The metal is characterized by the chemical potential of its electrons, also
known as the work function φM. Fig. 2.5 shows the case of φM > φS and a p-
type semiconductor, based on the characteristics of CIGSe. Negative charge

FIGURE 2.5: Metal-semiconductor junction for φM > φS. Due to the high metal
work function the contact is ohmic. Displayed is the band diagram (top) as

well as charge carrier density and electric field (bottom).

is transferred from the semiconductor to the metal (or vice versa for holes)
until the Fermi level is aligned with the metal work function. The band
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TABLE 2.2: Rules for barrier build up in an ideal metal-semiconductor junction

Semiconductor φM < φS φM > φS

p-type φMS = EG + χ− φM ohmic
n-type ohmic φMS = φM − χ

bending induced by the charge accumulation in the interface region does
not inhibit the transport of holes over the interface, therefore this contact
is ohmic. In Fig. 2.6 the case of φM < φS is displayed, where a transfer

FIGURE 2.6: Metal-semiconductor junction with φM < φS and a p-type semi-
conductor (CIGSe). Displayed is the band diagram (top) as well as charge
carrier density and electric field (bottom). The depletion of holes in the semi-

conductor near the interface causes a barrier for hole transport.

of holes leads to depletion of the semiconductor (see Fig. 2.6 bottom) and
band bending at the interface. The resulting barrier height is defined as

φMS = χ+ EG − φM (2.30)

with the bandgap EG. If the junction is biased with positive voltage at the
semiconductor side, the barrier height is reduced, but not for negative bias.
This causes the rectifying behaviour, or diode behaviour, of the junction.
Simulated current-voltage (JV ) curves for the metal-semiconductor junc-
tion are displayed in Fig. 2.7. The behaviour shifts depending on the metal
work function from diode/high barrier (low φM) to ohmic/no barrier (high
φM). The behaviour of an ideal metal-semiconductor junction for p- and
n-type semiconductors is summarized in Table 2.2. Using the thermionic
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FIGURE 2.7: Simulated JV curves for a metal-semiconductor junction with
a p-type semiconductor and varied metal work function. The bias voltage is

applied to the metal layer.

emission theory, it can be derived the current flow over the barrier. The fol-
lowing assumptions are made: (1) barrier height φMS is much higher than
thermal energy kBT , (2) thermal equilibrium is established and (3) the ther-
mal equilibrium is not affected by a current flow.
The current density Js→m of charge carriers from the semiconductor to the
metal is given by the number of charge carriers having an energy of φS−φM,
or greater, that are directed per second into unit area of the interface. This
is given by

Js→m,0 = AT 2 exp

(
−φMS

kBT

)
(2.31)

with the Richardson constant A. In thermal equilibrium, the current from
the metal semiconductor and vice versa are equal.

Js→m,0 = Jm→s,0 = J0 (2.32)

If a forward bias voltage is applied, the barrier height is reduced to φMS−qV
and the current flow from the semiconductor into the metal is enhanced to

Js→m = AT 2 exp

(
−φMS

kBT

)
· exp

(
qV

kBT

)
(2.33)

As previously mentioned, the barrier height for charge carriers transferring
from the metal to the semiconductor is approximated to not be influenced
by the voltage. Thus for the total current J , J0 has to be subtracted from
Eq. 2.33.

J = J0

(
exp

(
qV

kBT

)
− 1

)
(2.34)
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If this scenario is applied to the back contact barrier in a CIGSe solar cell,
the back contact barrier diode is in the opposite polarity to that of the main
diode. Therefore, photo current flows through the back contact diode as a
forward current, and the solar cell efficiency reduction is only very small
for low barriers (< 0.3 eV [2]). A roll over can be found in the IV charac-
teristics of the cell due to the limiting reverse saturation current of the back
contact barrier.
Experimentally, a barrier height which differs from the result expected from
Table 2.2 can often be observed. In a real junction, a number of factors lead
to deviation from the ideal case. If a large density of surface states is present
on the semiconductor surface, band bending may already be present with-
out contact to a metal. Furthermore, a large density of surface states might
prevent a depletion layer, or any change to an already existing depletion
layer, on contact with metal. In this case, which is called Fermi level pin-
ning, the barrier height is independent of the metal work function. Any de-
fects present at the interface can also influence the barrier height depending
on their charge and density. For a very high charge carrier density in the
semiconductor, the depletion region may be sufficiently small for charge
carriers to tunnel through it. Another deviation from the ideal case can
result from the assumption that charge carriers emitted into the semicon-
ductor can move into the bulk region easily. If this is not the case, their
charge influences the barrier height.
Additionally, the work function of the semiconductor can change, if ions
migrate in the depletion zone of the charge carrier under the influence of
the electric field. Further experimental concerns are oxidation or contami-
nation of the metal or semiconductor before they are brought into contact.
Due to the high number of influencing factors, the barrier heights as given
by the equations in Table 2.2 can only give a first indication of the expected
barrier height.

2.2 CIGSe Solar Cell

An overview of the structure and the layers of the solar cell is presented,
followed by a more in-depth discussion of the back contact in CIGSe solar
cells.

2.2.1 Cell Structure and Materials

Cu(In,Ga)Se2 (CIGSe) thin film solar cells have recently reached new record
energy conversion efficiency of 22.3% [1] and are under continuous devel-
opment to increase efficiency and decrease cost. In the following, the most
common structure of CIGSe solar cells is presented. The corresponding ma-
terials are introduced with a focus on those relevant for the back contact of
the cell. More details on material properties of the different layers can be
found in the books by Luque, as well as the book by Scheer and Schock [2,
24].
Soda lime glass is commonly used as a substrate. It has a relatively low cost
and its thermal expansion coefficient is similar to that of CIGSe. For large
modules, it allows only process temperatures up to 500 ◦C, due to limited
thermal stability. Soda lime glass can act as a sodium source. To control the
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sodium flow SiNx, SiOx or SiOxNy layers can be used as a diffusion barrier.
Then, an artificial sodium source such as NaF or sodium doped molybde-
num can be employed.
Molybdenum (Mo) is used as a back contact metal due to a comparatively
low cost, high melting point of about 2700 ◦C and a low diffusivity in semi-
conductor films. Furthermore, it works well with CIGSe solar cells. Poly-
crystalline Mo films can be produced by DC sputtering. With increasing
tensile stress the films adhere better to a glass substrate, but this also in-
creases the resistivity. Therefore, a double layer of Mo films is typically
deposited at high and low gas pressure. The sheet resistance for Mo films is
about 200 mΩm−2 [2]. Mo is reported to have a work function in the range
of 4.36− 4.95 eV [25].
At temperatures of 450 ◦C or higher [9], Mo reacts with Se to molybdenum
diselenide (MoSe2). As observed experimentally, an intermediate MoSe2

layer is formed between CIGSe absorber and metallic molybdenum (Mo)
back electrode during the production of the absorber, which results from
partial selenization of the molybdenum layer. MoSe2 is a semiconductor
with a hexagonal structure with a = 3.28 Å and c = 12.9 Å [9] and an
indirect band gap of 1.04 eV [12]. It consists of Se-Mo-Se sheets aligned
perpendicular to the c-axis. MoSe2 is reported to exhibit high conductiv-
ity anisotropy with 0.4 (Ωcm)−1 perpendicular to the c-axis and 2.71 · 10−4

(Ωcm)−1 parallel to the c-axis [26]. Consequently the c-axis parallel to the
back contact plane orientation is preferred for a low resistance back contact.
While monolayer MoSe2 is being studied extensively, the electronic proper-
ties of MoSe2 layers of 50-100 nm are not well known. For example it has
been reported to be p- as well as n-type [12, 27, 28]. The matter is compli-
cated by the fact that MoSe2 layers in CIGSe solar cells are possibly subject
to Na- and K-doping with the elements diffusing from the glass substrate,
or other added sources, at elevated temperatures during production. The
role of MoSe2 in the CIGSe cell is discussed in more detail in the following
section.
The Cu(In,Ga)Se2 absorber is prepared usually either by co-evaporation
of the respective elements, or by annealing a precursor in selenium atmo-
sphere. The CIGSe absorber is a group I − III − V I2 semiconductor and
crystallizes in the chalcopyrite structure. Its most important characteristics
are a high absorption coefficient, which is a perquisite for thin-film solar
cells, as well as a band gap, which can be tuned by adjusting the Ga/In ratio
to adjust for an optimum value regarding efficiency given by the Shockley-
Queisser limit [29]. The respective band gaps of CuGaSe and CuInSe are
1.04 eV and 1.68 eV. For Cu(In1−xGax)Se2 the band gap can be found ac-
cording to Vegards Law [30] by

ECIGSe
G (x) = (1− x)ECuInSe

G + x · ECuGaSe
G − bx(1− x) (2.35)

with a bowing factor b = 0.21 eV [31]. For high efficiency cells, the absorber
is Na doped, which increases grain size, net p-doping density and conse-
quently results in a higher VOC and a higher fill factor [2].
A thin buffer layer of CdS is deposited on the absorber, usually with chem-
ical bath deposition. It protects the absorber from sputter damage and dif-
fusion influences of Al and ZnO.
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TABLE 2.3: Layer properties of the CIGSe solar cell

CIGSe CdS iZnO Al-ZnO

EG [eV] 1.33− 1.18 2.50 3.30 3.33
NA(ND) [cm−3] 1 · 1016 5 · 1017 5 · 1017 1 · 1020

d [µm] 1.920 0.060 0.070 0.870

The window layer consists of two layers of ZnO: a thin, high-resistance i-
ZnO layer, and a thicker, low resistance Al-ZnO layer, which is aluminium
doped. While the role of the i-ZnO layer is not clear, its usage results in bet-
ter reproducible high efficiency solar cells [2]. Al-ZnO, on the other hand,
provides a high conductivity and a low optical absorption.
Figure 2.8 shows a band diagram of the solar cell. The MoSe2 layer is ex-
cluded, as there is no agreement on the doping type and the work func-
tion in the literature. This is discussed in more detail in the following Sec-
tion 2.2.2. The band gap, doping density and thickness of each layer can be

FIGURE 2.8: Simulated band diagram of CIGSe cell excluding MoSe2 layer,
created with SCAPS [19]. At the top, the different layers of the solar cell are

indicated.

found in Table 2.3. The values used here are based on a simulation baseline
in the LCP group created by Jan Keller and Maria Hammer.

2.2.2 Back Contact Barrier in CIGSe Solar Cells

In this section, the role and relevancy of the back contact of CIGSe solar
cells and to a lesser extend of CZTS solar cells, as well as current research
topics on it, are presented.
To reach the maximum efficiency for CIGSe-SC, a back contact with low
electrical resistance, allowing for optimal extraction of charge carriers, is
necessary. This is the reason why a MoSe2 layer is required: it is critical
in avoiding the otherwise non-ohmic contact of the CIGSe/Mo interface,
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which would lead to an efficiency loss [2, 8, 10, 11, 13, 32, 33]. Generally,
the MoSe2 layer was found to improve the current injection from the molyb-
denum electrode at room temperature [2, 11]. However, regarding the in-
terface character of the back electrode, both ohmic as well as Schottky-type
behaviour have been reported [14, 15, 34]. The experimental assessment
of the back contact configuration is of major importance to interpret par-
ticular low-temperature device characteristics. For example, the blocking
of the injection current at low temperatures (roll-over effect), the N1 defect
signature observed in admittance studies, as well as metastable phenom-
ena have been previously related to the presence of a back contact barrier
[15–17]. For the consistent interpretation of the device physics of a given
sample, a direct and reliable assessment of the back contact configuration is
desired.
Furthermore, in Cu2ZnSnSe4 (CZTSe) solar cells, MoSe2 is formed at the
back contact as well and influences the cell performance [35]. MoSe2 lay-
ers which are too thick can have detrimental effects by increasing the series
resistance [36] and lead to the decomposition of CZTSe [37, 38]. Conse-
quently, controlling the formation of the MoSe2 layer becomes necessary.
The incorporation of sodium (Na) in CIGSe solar cells is not only known to
increase absorber performance, but it is also essential for the formation of
the back contact [2, 3]. Negative impacts of Na deficiency on the CIGSe/Mo
junction were previously attributed to changing the MoSe2 orientation of
the c-axis from parallel to substrate to perpendicular, as the latter orienta-
tion can increase resistance due to the anisotropic nature of MoSe2 [4, 10].
Further studies by Yoon et al. [18] suggested Na to reduce the back contact
resistance by enhanced doping of either or both CIGSe and MoSe2.
Therefore, there are two possible impacts of Na content on the MoSe2 layer,
which are important for the cell performance: Firstly the layer thickness,
which has to be controlled to minimize the series resistance, as well as the
absorber decomposition and secondly, the resistivity. The latter is related
to the orientation of the MoSe2 and can additionally give indication doping
density. Abou-Ras et al. [9] studied the kinetics of MoSe2 layer forma-
tion, and found a strongly increased thickness of the layer with increas-
ing selenization temperatures. Also, Zhu et al. [39] studied the impact of
Na on the thickness of the MoSe2 layer, by employing molybdenum back
electrodes with varied density, as well as SiO2 barrier layers between the
glass and molybdenum in order to control the Na diffusion from the glass
substrate into the molybdenum. A model with Na2Sex compounds as the
relevant factor in film formation is proposed there. However, further inves-
tigations with a focus on the relation of Na content and MoSe2 thickness are
needed, as the impact of additional Na introduced into samples on thick-
ness has not been studied so far. To the knowledge of the author, the same
holds true for the resistivity of the isolated MoSe2 layer produced by sel-
enization of molybdenum, in relation to the sodium supply.
In conclusion, the understanding of the electrical transport properties of
the back contact, and the related material characteristics of MoSe2 is so far
not satisfying. Therefore, investigations regarding the impact of sodium on
MoSe2 and the presence of a barrier in the CIGSe/MoSe2/Mo back contact
structure are necessary.
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Chapter 3

Experimental Methods and
Simulation Tools

Due to the multitude of experimental methods and simulation tools em-
ployed, an introduction on their underlying principles and applications is
given in the following. For common methods, e.g. the standard solar cell
characterization methods IV and CV , the introduction is kept very brief,
as the reader is likely to be already knowledgeable about them and a de-
scription can easily be found elsewhere [40]. In the other cases of Raman
spectroscopy, X-Ray photoelectron spectroscopy, as well as the TCAD Sen-
taurus software, more theoretical background is provided, to enable the
reader to fully comprehend the derivation of the results in this thesis.

3.1 Analysis of Materials

3.1.1 Raman Spectroscopy

Raman spectroscopy uses inelastic light scattering to probe the phonon en-
ergies specific to a material. In the classical model, an incident electric field
~Ei induces polarization ~P in a material:

~P = χ · ~Ei = χ · ~E0
i cos(~ki · ~r − wit) (3.1)

with the amplitude ~E0
i , wave vector ~ki, position vector ~r and frequency wi.

χ is the electrical susceptibility, which is a characteristic of the material. In
a crystal, atomic vibrations are quantized into phonons:
~Q(~r, t) = ~Q0 cos(~q · ~r − w0t), with wave vector ~q and frequency w0. The
phonons modulate the dielectric response of the material, which can be ap-
proximated with a Taylor expansion of χ:

χ ≈ χ0 +
∂χ

∂ ~Q
· ~Q. (3.2)

Using equations 3.1 and 3.2, the polarization can be written as

~P = χ0
~Ei +

1

2

∂χ

∂ ~Q
· ~Q0 ~E0

i cos
(

(~ki − ~q)~r − (wi − w0)t
)

︸ ︷︷ ︸
Stokes shift

(3.3)

+
1

2

∂χ

∂ ~Q
· ~Q0 ~E0

i cos
(

(~ki + ~q)~r − (wi + w0)t
)

︸ ︷︷ ︸
anti-Stokes shift

. (3.4)
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In Equation 3.3, the first term corresponds to the elastic contribution of the
scattering radiation (Rayleigh scattering) and the second and third term
account for the inelasticly scattered Stokes and anti-Stokes Raman peaks,
which are shifted from the elastic peak. The magnitude of the Raman shift
is equal to the corresponding phonon, which is characteristic to a material.
The intensity for a single phonon mode is

IStokes ∼ (wi − w0)4 · |~es
(
∂χ

∂ ~Q
· Q̂
)

︸ ︷︷ ︸
R

~ei|2 (3.5)

with Q̂ the unit vector parallel to the atomic displacement induced by a
phonon, and the polarizations of the scattered and incident light ~es and ~ei.
R is called Raman tensor and leads to the selection rules of non-zero Raman
peaks. By the group theory, number and vibrating sites of phonons can be
predicted based on the symmetry of a given crystal structure. Therefore,
the Raman active modes are labelled by space groups according to group
theory (Mulliken symbols). For example, A2u refers to a mode symmetric
with respect to the main axis of symmetry, symmetric with respect to the
centre of symmetry, and antisymmetric with respect to rotation axis. A de-
tailed introduction can be found in the book by Schrader [41].
Experimentally, in Raman spectroscopy a sample is excited by a laser and
the scattered radiation is detected with a spectrometer. As the intensity of
the Raman signal is proportional to the incident intensity, a high excitation
by laser is preferred, but an upper limit is given by effects of local sample
heating or damage by the laser. In this study, a 532 nm/3 mW laser in a
LabRAM Aramis from Horiba was used. Since phonon modes depend on
the crystal lattice of a material (and not only on the elements present), Ra-
man spectroscopy was employed to investigate the presence of the MoSe2

or other phases in samples prepared in the study.

3.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a frequently applied technique,
in which images are obtained by scanning a sample with a focused high
energy (5-20 keV) electron beam and detecting the signal emitted from the
sample. The incident electrons interact with the sample in a pear shaped
volume below the sample surface. Secondary electrons have a kinetic en-
ergy (0-50 eV [40]) and can only escape from a limited depth of a few
nanometres below sample surface. Imaging with secondary electrons pro-
vides a high resolution of down to 1 nm of the surface morphology [40].
Edges on the sample are brighter, as a greater sample-electron interaction
volume is close enough to the surface for secondary electrons to escape.
Auger electrons have a distinct elemental spectrum. They are the result of
an electron relaxing to a lower, by emission previously vacated state, and
providing energy for a different electron to emit from the sample. Back scat-
tered electrons are the result of direct electron-nucleus interaction and have
higher energies between 50 eV and the energy of the primary beam. Their
energy depends on the atomic number Z of the interacting element, which
is why imaging with them can provide Z contrast.
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Within the thesis, SEM is primarily used to investigate surface morphol-
ogy, layer thickness and identification of layers in combination with energy
dispersive X-ray spectroscopy. Images were typically recorded at a beam
energy of 10 kV and a current below 1 nA, which provides the best com-
promise of resolution and intensity for the materials investigated.
All SEM measurements were carried out with a FEI focused ion beam (FIB)
/ SEM system.

3.1.3 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray Spectroscopy (EDX) is often used together with
SEM. When an inner-shell electron is emitted from the sample due to scat-
tering with an incident electron, the empty state can be reoccupied by an
electron from an elevated state. The difference in potential energy between
its former and present state can either be transferred to another bound elec-
tron, and then the energy can be emitted with an Auger electron, or be
emitted as a X-ray photon. The energy of the photon is characteristic for
the specific element, thus recording the X-ray spectrum provides chemical
information of the region where the electron beam is focused on. The char-
acteristic emission lines are called K,L,M... referring to an electron transi-
tion to orbitals with the principal quantum numbers 1, 2, 3... . Additionally,
a transition between to adjacent orbitals, e.g. 2 → 1, is labelled with α,
while a separation of two orbitals is labelled with β. For light elements,
such as sodium, the competing Auger process has a higher probability than
X-ray emission. Besides other concerns, e.g. if the detector window is trans-
parent to the comparably long wavelength photon, this is the main reason
why EDX is not suitable for the analysis of light elements due to the low
intensity of the signal.
In this thesis, EDX was used together with SEM to identify elements present
along a line scan on the sample surface, or a sample cross section to distin-
guish between the different layers of the sample.

3.1.4 X-ray Diffraction

In X-ray diffraction (XRD), the elastic diffraction of X-ray photons by atomic
planes is used to investigate the crystallographic structure of a sample. Ac-
cording to Braggs law, from wavelength λ of the X-ray radiation and the
angle θ of diffracted light, the inter planar distance dhkl can be determined
with

2dhkl sin(θ) = nλ. (3.6)

hkl are the Miller Indices, which denote the set of planes orthogonal to
the reciprocal lattice vectors in a Bravais lattice. For a given unit cell, the
intensity of the scattered beam is proportional to the square of the structure
factor Fhkl with

Fhkl =
n=0∑
N

fn · exp (2πi(hxn + kyn + lzn)) , (3.7)

where N is the number of atoms in the unit cell, fn the atomic structure
factor and xn, yn and zn are the coordinates of the respective atom position
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in the unit cell. XRD diffractograms are subject to peak broadening due to
crystallite size and strain (negating instrument broadening). In the so called
Williamson Hall Analysis [42], the effects are separated. For the crystallite
size, the peak broadening follows the Scherrer’s equation

βsize =
Kλ

DV cos θ
(3.8)

with the volume weighted crystallite size DV and the Scherrer’s constant
K, which depends on the crystal geometry and is in the range of 0.8-1.1.
The effect of strain can be written as

βstrain = Cε tan θ (3.9)

with the strain ε and a material dependent constant C = 4...5. From these
two equations, it follows

βtot cos θ =
Kλ

DV
+ Cε sin θ. (3.10)

By plotting βtot cos θ over sin θ for multiple peaks of an XRD diffractogram,
the crystallite size and strain can be evaluated from the slope and the inter-
cept.
For the thesis, XRD was employed to investigate the prepared MoSe2 sam-
ples regarding orientation, crystallite size and strain in dependence of the
amount of supplied sodium. The measurements were performed with a
Panalytical X’pert Pro diffractometer with a CuKα-source (40 kV, 40 mA).

3.1.5 Glow Discharge Optical Emission Spectroscopy

Glow discharge optical emission spectroscopy (GDOES) is a method to de-
termine the elemental composition of a sample in the form of a depth pro-
file, or an average bulk composition. The plasma source usually is a Grimm-
type design: a sample is placed on a small opening in a disk shaped cath-
ode, with the front side facing into the cathode. The sample is on the cath-
ode potential. A tube shaped anode is inserted into the opening of the cath-
ode from the other side, until it is placed 0.1-0.2 mm in front of the sample
front side. During the plasma discharge, the sample is bombarded with
positive noble gas ions, in this case argon atoms. The material, which is
sputtered from the sample, is excited and emits photons corresponding to
the characteristic spectral lines of the respective element. CCDs1 and pho-
tomultiplier tubes, arranged in a Rowland circle, are employed to detect the
emission. Under constant discharge conditions, the spectral line intensity
Iik of the sample j, element i and wavelength k is proportional to concen-
tration ci:

Iik = ciqjRik (3.11)

with sputter rate qj and emission yieldRik. Rik has to be determined by em-
ploying standard samples with known composition and sputter rate. The
sum of elemental concentrations is then normalized to 100 %. To translate

1Charge-coupled devices
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the elemental composition of a sample into a depth profile, the sample den-
sity ρ is assumed to be an average of the pure element densities. The sputter
depth z is then

z =
∑(

q

ρ
A∆t

)
(3.12)

with the sputter duration ∆t and sputter area A. The main advantage of
GDOES is the fast (≈ 5 min for a sample of 3 µm thickness) measurement of
depth profiles. Depending on the availability of appropriate standard sam-
ples, a resolution in the ppm-range is possible. For elements like sodium,
where calibration is difficult due to likely contamination of the surfaces and
high mobility of sodium in the bulk, a relative distribution of the element
in the sample can be determined. All measurements were performed with
a Spectruma Analytik GDA 750 setup. GDOES was used for the study of
MoSe2 samples with varied sodium supply in regard to the composition
and distribution of sodium in the different layers of the samples.

3.1.6 X-ray Photoelectron Spectroscopy

In X-ray photoelectron spectroscopy (XPS), X-ray photons are used to ion-
ize atoms of a sample via photoemission. The ejected electrons and their
kinetic energy Ekin = hν − EB − Φ are detected. Here, hν is the energy of
the incident photon, EB the binding energy and Φ the work function of the
material. The binding energy of a core electron of an element is distinctive,
therefore, XPS can be used to determine the composition of a sample. As
the sampling depth depends on the mean free path of electrons, which is
typically below ≈ 10 nm, XPS is very surface sensitive. A depth profile of
the composition of a sample can be acquired by alternating XPS with sput-
tering of the sample in defined steps.
The binding energy of a core electron is mostly determined by the shell, or-
bit and spin orbit coupling of the state. Following this, the naming conven-
tion for peaks in XPS spectra is: element, shell (n), orbit (l) and total angular
momentum (j) (respective quantum numbers in brackets). For example, Mo
3d5/2 and 3d3/2 indicate peaks, from electrons from the third shell in the
d orbital of molybdenum, which are split due to spin orbit coupling with
the total angular momentum j = l + s = 5/2 and 3/2 respectively, with
orbital angular momentum l = 2 and spin s = ±1/2. The intensity ratio
of peaks split due to spin orbit coupling, can be determined by the ratio of
their multiplicity 2j + 1, e.g. in the case of Mo 3d5/2 and Mo 3d3/2 a ratio
of 3/2.
The binding energy is also influenced by bindings to other elements, the so-
called chemical shift. In very general terms, the removal of an electron (ox-
idation) from an element leads to an increase of the binding energy, and the
addition of an electron (reduction) to a decrease. By comparing the mea-
sured binding energy with databases, it can be possible to determine the
chemical state of the detected element. Databases, like the one provided
by the National Institute of Standards and Technology [43], can be used to
identify the elements corresponding to peaks.
To quantify the atomic percentage of elements, first the raw peak area in-
tensity (RPA [cps eV]) is determined by subtracting the background and
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fitting the peak if necessary2. Before the RPA can be compared for differ-
ent elements, the normalized peak area intensity (NPA) has to be calculated.
The preferred method is to use relative sensitivity factors derived from own
standard reference samples. In the absence of those, the NPA can be calcu-
lated3 using

NPA =
RPA

TF · SFS · EDF
(3.13)

with the theoretical instrument transmission function TF, the theoretical
Scofield cross-section SFS and the kinetic energy dependent escape depth
factor EDF. The TF is a polynomial function, which describes the energy
dependence of the detected intensity for different pass energies. Its coeffi-
cients are derived from a reference measurement on copper. For the SFS, a
library of so called adjusted Scofield factors is used, which is included in
the Avantage software and maintained by the Thermofisher company. The
EDF accounts for the energy dependence of the inelastic mean free path of
electrons and is calculated after the method of Tanuma et al. [44]. Then, the
concentration cx of an element x can be determined with

cx =
NPAx

NPAx + NPAy + NPAz
. (3.14)

All XPS and UPS measurements were performed with an Thermofisher ES-
CALAB 250Xi system. In the research presented here, XPS was mainly
used to quantify the concentration of elements in the samples, especially
of sodium.

3.1.7 Ultraviolet Photoelectron Spectroscopy

The principle of ultraviolet photoelectron spectroscopy (UPS) is similar to
that of XPS, but the sample is excited with ultraviolet light instead of X-
rays. Typically, the He I line with hν = 21.22 eV is used. This results in
emission of shallower electrons from around the Fermi level and valence
band maximum instead of from core levels for XPS. The work function of
metals can be determined straight forward from an UPS spectrum. As for
XPS, the kinetic energy of electrons is Ekin = hν − EB − Φ. The detected
kinetic energy can be slightly shifted from the ideal kinetic energy due to a
difference in work functions between sample and detector. Therefore, the
difference between the highest and lowest kinetic energy of detected elec-
trons (Fermi edge and low energy cut off) is subtracted from the excitation
energy hν to determine the work function Φ of the sample. For semiconduc-
tors, if not enough electrons are available at the Fermi level to detect, the
electrons with the highest kinetic energy in a spectrum do not represent the
Fermi edge, but the valence band maximum [40]. The valence band max-
imum is determined by the intersection of a linear fit of the leading edge

2If only peaks from one element are present, subtracting the background is sufficient
to determin the RPA. If peaks from multiple elements overlap, or if an analysis based on
chemical shift is desired, fitting the peaks is necessary.

3The procedure of calculating the NPA is described according to the handbook of the
Avantage software by Thermofisher, other softwares may employ slightly different meth-
ods.
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with the background (see Fig. 4.25 in Chapter 4). To determine the semi-
conductor work function anyway, a metal in contact with the sample can
be measured as reference, as its Fermi level should be of the same energy,
as the one of the sample. Even without such a reference measurement, the
electron affinity χ of the semiconductor can be approximated by subtract-
ing the band gap from the valence band maximum.
As UPS uses a much lower excitation energy than XPS, it is even more sur-
face sensitive. Therefore, surface contamination is a concern. Ideally, com-
pletely vacuum processed samples should be analysed, otherwise cleaning
procedures should be employed. In this thesis, UPS was employed to pro-
vide information on the valence band maximum of the MoSe2 samples.

3.2 Solar Cell Characterization

3.2.1 Standard Electrical Characterization

The basic principles for current-voltage (IV ) and capacitance-voltage (CV )
characterization have already been introduced in Section 2.1.1. As they are
very common methods, further theoretical details will be omitted here. Re-
garding experimental details, a Keithley 2400 was used for measuring of
IV under standard test conditions. For the IV T experiments of solar cells,
a nitrogen cooled Lakeshore cryostat system was employed. CV measure-
ments were conducted with a Solartron SI-1260 impedance gain/phase an-
alyzer. IV (T ) and CV were used in conjunction with metastable condition-
ing (see Section 6.2.1). IV was used to record changes in JSC and VOC. IV T
was employed to investigate the presence of electrical barriers impacting
the IV behaviour for lower temperatures. In order to determine the effec-
tive charge carrier density, CV was used.

3.2.2 External Quantum Efficiency

External quantum efficiency (EQE) offers a spectrally resolved measure-
ment of the short circuit density Jsc. It is defined as the number of electrons
collected per photon, with

EQE(E) =
1

q

dJSC(E)

dΦ(E)
, (3.15)

in which the incident photon flux Φ(E) per cm2 and s, in the photon en-
ergy interval dE, leads to the short-circuit current density dJSC . In the
ideal Shockley-Queisser case, EQE(E) = 1 holds true for photon energies
E > EG and EQE(E) = 0 elesewhere, but in real solar cells, optical losses
and recombination reduce the quantum efficiency. By determining the mag-
nitude and wavelength of these losses, EQE can give insight on the loss
mechanisms of the solar cell. It is often employed in combination with an
optical model of the cell. Additionally, the effective band gap of the solar
cell can be determined from the low energy edge of EQE spectra. Also, JSC

can be determined by integrating an EQE spectrum over all wavelength.
Experimentally, a monochromator is used to excite a sample with specific
wavelength, while the generated current is detected. Usually, a lock-in gen-
erator is employed to improve the singal to noise ratio. Before the actual
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measurement of the cell, the setup is calibrated regarding incoming pho-
ton flux with reference cells. In the thesis, EQE was employed to track the
behaviour and performance of solar cells subjected to metastable condition-
ing.The measurements were performed with a Bentham PVE300 system.

3.2.3 TCAD

TCAD [45] is a software platform for semiconductor and device simula-
tion. To model a sample, a virtual structure is created with the respective
geometry and physical properties of the materials, which are discretised in
a mesh. The calculation of desired physical values is based on equations,
which partly have been introduced in similar form in Chapter 2. More de-
tails on TCAD and the mathematical background can be found in the TCAD
user guide [46] and in the thesis by Michael Richter [47]. The electrostatic
potential is determined from the Poisson Equation(Eq. 2.3), where for the
electric charges not only the effect of doping but also defects are consid-
ered. Quasi-Fermi energies for electrons and holes are used to calculate the
respective charge carrier densities according to Eq. 2.12. The energies of
conduction and valence band are derived from susceptibility χ, band gap
EG and electrostatic potential. Furthermore, the continuity equations for
electrons and holes are used for charge neutrality:

∇ · ~Jn = q(R−G) + q
∂n

∂t
(3.16)

∇ · ~Jp = q(R−G) + q
∂p

∂t
. (3.17)

To account for recombination, the Shockley-Read-Hall model [48] is used,
due to a dominant recombination through defects (radiative recombination
is neglected). Optical generation of free charge carriers is implemented with

G(x) =

∫
α(Eph, x)ν(x)Φ(Eph, x)dEph (3.18)

with the absorption coefficient α = 4πk/λ, the quantum yield ν and the
photon flux Φ, with the latter depending on the light intensity with
Φ(Eph, x) = I(Eph, x)/Eph. The drift-diffusion model is employed for charge
carrier transport:

~Jn = nµn(∇EC − kBT∇ lnNC)︸ ︷︷ ︸
drift

+Dn(∇n− n∇ ln γn)︸ ︷︷ ︸
diffusion

(3.19)

~Jp = pµp(∇EV − kBT∇ lnNV )︸ ︷︷ ︸
drift

+Dp(∇p− p∇ ln γp)︸ ︷︷ ︸
diffusion

. (3.20)

γn =
n

NC
exp

(
EV − EF,n

kBT

)
(3.21)

γp =
p

NV
exp

(
EF,p − EC

kBT

)
(3.22)

For the case of current through interfaces, a thermionic emission model is
used.
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In this thesis, TCAD was used to create a simulation model of the complete
CIGSe solar cell and to investigate various back contact configurations.
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Chapter 4

Characterization of MoSe2
Layers with Varied Na Content

The characteristic of the back contact of CIGSe solar cells is determined by
the layer properties of CIGSe, MoSe2 and molybdenum, as well as of their
corresponding interfaces. For CIGSe and molybdenum a lot of information
on their electronic characteristics is available in the literature [2, 24], but in
the case of the MoSe2 layer in CIGSe solar cells, it is still lacking. Further-
more, the impact of sodium on the complete cell has been studied [2, 3],
yet the impact of intentionally added sodium on the growth and transport
properties of MoSe2 has not been sufficiently investigated, in order to un-
derstand its influence on the device performance. In this chapter, a study of
MoSe2 layers, prepared by selenization of molybdenum layers with varied
sodium content, is presented1.

4.1 Experimental Setup and Basic Sample Preparation

Soda lime glass (SLG) was used as a substrate. The substrates were cleaned
as follows:

1. Scrubbed with soap and water

2. Ulatrasonic bath with deionized water and mucasol

3. Ultrasonic bath with isopropanol

4. Ultrasonic bath with aceton

5. Drying under N2 flux

Molybdenum (Mo) films were deposited in the cluster tool. For the de-
position parameters, the standard process existing in our group was used,
which is optimized to produce good layer adhesion and conductivity. This
process was established in a previous study in the LCP group [49] and is as
follows:

1. Heating the sample to 180 ◦C and tempering for 10 min

2. Mo base layer via dc sputtering at 10−2 mbar Argon atmosphere and
300 W

3. Mo standard layer via dc sputtering at 10−3 mbar and 300 W

1The results presented is this chapter were submitted for publication
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4. Tempering of the sample at 180 ◦C for 20 min

The role of the Mo base layer is to provide good adhesion to the substrate.
It is deposited with higher pressure, leading to a less dense layer, which has
better adhesion compared to the Mo standard layer [50–52]. Tempering of
the sample leads to lower resistivity of the Mo layer [49, 53].
For the selenization of the samples, a glass tube furnace was used. The sam-
ples were placed in a graphite susceptor together with 200 mg selenium in
pellet form. As the inner area of the susceptor is 3x6 cm2, two samples sized
2.7x2.7 cm2 were selenized together.
While the production of a pure MoSe2 layer would have been desirable to
perform Hall measurements, extensive tests led to the conclusion, that a
MoSe2 layer without a remaining molybdenum layer below could not be
prepared in sufficient quality with the given setup. As displayed in Fig. 4.1
as an example, all pure MoSe2 layers prepared were too porous to be suit-
able for a Hall measurement. Comparison with literature [9] shows, that
this would only be avoidable with a different setup, which provides sep-
arated sample and selenization-source temperatures. Therefore, the study
was conducted with a molybdenum bottom layer below the MoSe2, which
provided stable samples.

FIGURE 4.1: Left: XRD two-θ scan of a molybdenum layer compared to Sam-
ple MoSe9. No Mo peaks can be detected for MoSe9. The main peaks of Mo
and MoSe2 are indexed according to XRD cards JCPDF 00-042-1120 (Mo) and
JCPDF 00-029-0914 (MoSe2). Right: SEM of Sample MoSe9. Selenizing thin Mo
films under high temperature of 560 ◦C, as was done here with Sample MoSe9,

resulted in unstable films.

4.2 Variation of Selenization Temperature

In order to find a selenization temperature, which results in samples with
a stable bottom Mo layer as well as a stable and thick MoSe2 layer, a series
of selenizations with varied temperature was conducted. In the MoSeT-
series, a standard Mo layer with a fixed thickness of 800 nm was used. The
samples were selenized at 480, 500, 520 and 540 ◦C. To check if the sputter
pressure was a critical parameter for selenization, another sample with Mo
sputtered at 0.5 · 10−3 mbar was selenized at 500 ◦C. In Fig. 4.2 the thick-
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FIGURE 4.2: Thickness of the MoSe2 layer as determined by SEM cross sections
over selenization temperature.

ness of the MoSe2 layer versus selenization temperature is displayed. In
comparison to results from Abou-Ras et al., the MoSe2 layer thickness is
higher, but it increases with temperature as expected [9]. The sample pro-
duced with lower sputter pressure matches the thickness of the main series
for 500 ◦C. Regarding the morphology, all samples showed a closed layer
with dust on top. The quality of the samples was not satisfying, as small
cracks could be found when held against the light. Further trials revealed
that these cracks could be avoided by reducing the Mo thickness before se-
lenization to the range of 600 nm.
In conclusion of the MoSeT series, the following parameters were chosen
for the next sample series, the MoNaSe series, in which the sodium content
is varied:

• Total Mo layer thickness of 600 nm before selenization

• Mo sputtered at 1 · 10−3 mbar Ar pressure on top of a Mo base layer
(1 · 10−2 mbar Ar pressure and 128 s sputter time for the latter)

• Selenization at 520 ◦C, with 200 mg Se at 1 mbar nitrogen atmosphere
for one hour

4.3 Variation of Sodium Content - MoNaSe Series

The addition of sodium has been attributed beneficial effects for CIGSe so-
lar cells [2–4], which has been mainly accounted to be a result of increased
doping density in the CIGSe absorber, as well as an improved back contact.
Additionally, Yoon et al. [18] concluded in a study of the CIGSe/MoSe2/Mo
back contact structure, that sodium reduces the resistivity, but it could not
be resolved to what extent sodium impacts the material properties of MoSe2.
Furthermore, sodium is reported to influence the thickness of the MoSe2

layer [39], though a study of the effect of sodium supply by the means of a
Mo:Na, i.e. sodium containing molybdenum, layer is lacking. The MoSe2

layer thickness is a critical parameter, as a too thick MoSe2 layer can induce
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increased series resistance at the back contact and requires a higher molyb-
denum layer thickness, which increases cost. In Cu2ZnSnSe4 (CZTS) solar
cells, it can lead to decomposition of the absorber [36–38]. To contribute to
the understanding of these issues, a study of the preparation of MoSe2 sam-
ples with varied sodium supply, as well as subsequent characterization, is
presented in the following sections.

4.3.1 Sample Preparation

To introduce sodium into the samples, two different Mo:Na targets, con-
taining a compound of Mo and Na2MoO4 with 1.3 and 2.6 weight percent
(wt %) Na content, were used to sputter layers at 10−3 mbar. Another layer
of Mo was deposited on top at a pressure of 10−3 mbar. To achieve a vari-
ation in Na content, the respective sputter times of the Mo and Mo:Na tar-
gets were varied as shown in Fig. 4.3, e.g. Samples 1 and 2 had no Mo:Na
layer, and Samples 7 and 12 had no Mo top layer. To avoid diffusion of
sodium from the glass substrate into the rest of the sample, a SiOxNy barrier
layer was deposited on the substrate prior to Mo deposition for all samples
except Sample 2. In total, twelve samples were produced for this series.

FIGURE 4.3: Summary of the sample design before selenization. Previous ex-
periments showed that a Mo thickness of 600 nm provides stable and compact
MoSe2 layers, which translates to a sputter time of 552 s for the parameters
used. Accordingly, the total sputter time of Mo + Mo:Na was kept constant for

all samples.

A table with the respective sputter times can be found in Appendix A (Ta-
ble A.1).

4.3.2 Characterization and Discussion

Raman

Directly after the selenization, Raman spectra were recorded to clarify phases
present in the samples, as shown in Fig. 4.4. Four peaks can be found at
287 cm−1, 170 cm−1, 350 cm−1 and 242 cm−1. They can be assigned to
MoSe2 with the modes E1

2g, E1
g, A2

2u, A1g, respectively, without any indica-
tion for other phases [54].
A close-up of the highest peak at 242 cm−1 in Fig. 4.5 shows that the peak
positions for Samples 7 and 12 (nominally highest Na content) are shifted
slightly to lower wavenumbers compared to the remaining samples. This
might indicate the incorporation of Na into the crystal structure, due to rel-
atively high doping or effects of strain, which can appear in thin layers [40].
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In fact, Samples 7 and 12 have the thinnest MoSe2 layers of the series (see
SEM results).

FIGURE 4.4: Raman measurements of all samples, showing MoSe2 peaks as
found in the literature [54].

FIGURE 4.5: A Lorentzian fit of the main peak, shows that the peak position
for Samples 7 and 12 is at shifted slightly to lower wavenumbers. The shift
could be caused by high doping or high defect density, but strain effects, since
Samples 7 and 12 have the thinnest MoSe2 layers, are also a possible explana-

tion.
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XRD

As Raman spectroscopy is a very surface-sensitive technique [40], XRD
measurements were performed on selected samples to confirm the crystal
structure for the complete layers2. As the comparison with reference card
JCPDF 00-029-0914 shows, MoSe2 can be identified for the six samples in-
vestigated, as well as a remaining molybdenum layer below the surface in
Fig. 4.6. The MoSe2 (100), (110), and (200) reflections at 31.4 ◦, 55.9 ◦ and
65.6 ◦, respectively, can be identified, whereas other reflections with rela-
tively strong intensity, e.g. the (002) reflection at 13.7 ◦, were only detected
with a weak signal for three of the six samples. These are the thicker Sam-

FIGURE 4.6: 2θ XRD scan of the Samples 2, 6, 7, 8, 11 and 12, together with
peak positions for MoSe2 , Mo and Au from XRD cards [JCPDF 00-029-0914,
00-042-1120, and 00-004-0784]. For all samples investigated, the MoSe2 peaks
(100), (110), and (200) at 31.4 ◦, 55.9 ◦ and 65.6 ◦ can be identified, indicating a c-
axis parallel to the substrate. Additionally, the Mo layer below is detected. The

Au signal (38.2 ◦) comes from the contacts deposited for IV measurements.

ples 2, 6, and 8, in contrast to the Samples 7, 11, and 12 without the feature.
Therefore, it is concluded that the c-axis of the MoSe2 films is oriented par-
allel to the substrate for thin films [55]. This is also the preferred orientation
for the application in solar cells, as an orientation of c-axis perpendicular to
the substrate results in a high series resistance [18, 56]. With increasing
thickness, a fraction of the grains deviates from this orientation, giving rise
to the appearance of the (002) reflection. Samples 7 and 12 exhibit a shift of
the MoSe2 (100), (110) and (200) reflections to higher angles (see Figure 4.7,
left image, for a close-up of the (110) reflection), indicating a contraction
of the lattice parameters a and b. As those two are the samples with the
thinnest MoSe2 films, these contractions can be attributed to the influence
of the underlying Mo layer. A further evaluation of the diffraction patterns
was performed to separate the contributions of inhomogeneous strain and
crystallite size to the broadening of the XRD profile. For this purpose, the
profiles of the (100), (110) and (200) MoSe2 reflections were fitted to create

2The evaluation of the XRD results regarding the Williamson-Hall plot was done in co-
operation with Peter Michalowski.
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FIGURE 4.7: Left: A close-up of the MoSe2 (110) peaks at 55.92 ◦ is displayed.
For Sample 7 and 12, the peak is shifted to higher angles, indicating a contrac-
tion of the lattice. As these samples have the thinnest MoSe2 layers (see SEM
results), this can be attributed to the influence of the Mo layer below. Right:
Crystallite size as determined by Williamson-Hall plot is shown. For Sample
7 and 12, with the highest Mo:Na target sputter time 424 s of the 1.3 wt% and
2.6 wt% targets, respectively, the crystallite size is significantly higher, there-

fore it seems to be related to the Mo:Na sputter time.

a Williamson-Hall plot [42], and to calculate the volume-weighted crystal-
lite size and the strain perpendicular to the c-axis. As the integral width
of the reflections was deployed in the analysis, a Scherrer constant of one
was used for the evaluation [57]. The results can be seen in Fig. 4.7 (right
side) and which reveal that the grains of the Samples 7 and 12 are larger
in the direction perpendicular to the c-axis than those of the other samples.
The increase in crystallite size seems to be related to the increased Na con-
tent in the samples. The crystallite size of 10 to 20 nm is in the range of
those reported in the literature [55]. Furthermore the MoSe2 layer of Sam-
ple 7 exhibits more than twice the strain perpendicular to the c-axis com-
pared to the other samples. This finding is attributed to the influence of the
Mo substrate, as the strain seems to be relaxed for thicker films. This is in
agreement with the SEM results, which show that Sample 7 has the thinnest
MoSe2 layer, as well as the peak shift in Raman spectra attributed to strain
previously.

SEM

In order to investigate morphology, SEM measurements were performed
on the surface of all substrates and samples. In Fig. 4.8 (a) a SEM image
of the surface of the molybdenum precursor of Sample 1 is shown. As can
be seen, the layer is closed and has the morphology typical for Mo grains
produced with DC sputtering [50, 58]. Similar results were found for all
other samples. Fig. 4.8 (b) shows the same sample, after selenization. The
grainy morphology of the MoSe2 crystallites exists for all samples of the
series, with the exception of Sample 12 (highest Na content of the series)
displayed in Fig. 4.8 (c), which looks slightly different. Additionally, results
from optical microscopy show further inhomogeneous surface structures
and an increased roughness for nominally high Na contents as in Sample 12
or Samples 7 and 11 (not shown). This indicates that a very high Na supply
leads to a less controlled selenization of the molybdenum. The thickness



36 Chapter 4. Characterization of MoSe2 Layers with Varied Na Content

Sample Mo (pre. sel.) [nm] MoSe2 [nm] Mo (post. sel.) [nm]

Sample 1 577±3 1595±5 163±3
Sample 2 568±2 1286±4 33±8
Sample 3 624±2 1403±14 231±5
Sample 4 611±2 1047±3 318±3
Sample 5 602±2 1177±7 261±4
Sample 6 644±10 935±4 350±3
Sample 7 608±11 264±4 426±2
Sample 8 603±5 1627±2 199±3
Sample 9 562±2 1583±8 197±4
Sample 10 629±4 1341±9 225±2
Sample 11 622±2 925±10 357±3
Sample 12 573±2 568±15 313±7

TABLE 4.1: Layer thicknesses of all samples and Mo thickness before seleniza-
tion as measured by SEM cross-sections. The error value is derived from the
standard deviation of five measurements taken from the same SEM image. The
thickness of the MoSe2 layer clearly decreases with increased Mo:Na sputter

time.

FIGURE 4.8: SEM top down images from Sample 1 before (a) and after (b)
selenization, and also the selenized Sample 12 (c). The grainy structure present
for Sample 1 is typical for MoSe2 and appears also for all other samples except
Sample 12, whose surface looks flatter. Some samples show additional surface
features and increased roughness. The most extreme case with Sample 12 is
shown in the inset (d). This points to a less controlled selenization for high Na

contents.

of MoSe2 and Mo layers was measured at cross sections for all samples. In
Fig. 4.9, the SEM cross section images of six of the twelve samples are dis-
played. A separation into two layers with a columnar structure is visible.
EDX measurements (see Section 4.3.2) confirmed that the bottom layer can
be identified as Mo and the top layer as MoSe2. The layer thickness of all
samples, as determined by SEM, is shown in Table 4.1. For the MoSe2 layer,
the thickness ranges from 260 nm to 1600 nm. On average, they are 3.3 times
thicker compared to the molybdenum thickness consumed by selenization.
This is due to the decreased molar density of MoSe2 compared to the one of
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FIGURE 4.9: SEM images of the cross sections for six of the twelve samples.
The sample name and respective Mo:Na target sputter time are given, also the
MoSe2/Mo interface is marked. The thickness of the MoSe2 layers decreases

with increasing sputter time.

molybdenum [9, 55]. In Fig. 4.10 the MoSe2 layer thickness is plotted over
the sputter time of the respective Mo:Na targets. Increasing the sputter time
of the Mo:Na target leads to a thinner MoSe2 layer. Zhu et al. proposed that
the relation between MoSe2 thickness and Na content is not linear. Accord-
ing to these authors, a maximum thickness is reached for a specific concen-
tration of Na3 and any additional Na reduces the MoSe2 thickness [39]. If
this theory is applied here, almost all samples should at least have a mini-
mum amount of Na content, as only a decrease in thickness with added Na
can be observed. It is unclear why the MoSe2 layers are thinner for the sam-
ples produced with the 1.3 wt% Na target, if the thickness is only influenced
by the Na content of the sample. A possible explanation is that the Mo:Na
layers deposited by the different Mo:Na targets have a different density or
density of grain boundaries, which changes the diffusion constants of Na
and Se, leading to layers of different thickness during selenization.

3In that paper, the sodium content was adjusted via a varied barrier layer. No absolute
quantification of the sodium content was given.
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FIGURE 4.10: MoSe2 layer thickness, as determined by SEM cross sections, is
plotted over sputter time of the respective Mo:Na targets. The layer thickness
decreases with increased sputter time, which is attributed to the influence of

higher Na content on the selenization process [39].

EDX

To unambiguously identify the layers present in the samples post seleniza-
tion, energy dispersive X-ray measurements (EDX) were performed on SEM
cross sections. In Fig. 4.11 a linescan over the cross section of Sample 1 is
shown. The corresponding SEM image is displayed in Fig. 4.9. The peak of

FIGURE 4.11: Depth profile from EDX linescan of Sample 1 cross section. Glass
substrate, Mo bottom layer and MoSe2 layer can be identified from the Si, Mo

and Se profiles.

the Mo profile at about 0.2 µm clearly shows the presence of a Mo layer at
the bottom of the sample. Furthermore, the glass substrate and the MoSe2

layer can be identified from the Si and Mo profiles. The sodium profile,
which is not very reliable for EDX measurements, due to sodium being
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a light element and presumably being present only in low concentration,
shows no clear trend.

GDOES

In order to investigate the distribution of sodium within the samples, depth
profiles of elemental concentrations were measured by GDOES. It has to be
noted that a low intensity Mo emission line (588.998 nm) overlaps with the
Na line (588.995 nm). To take this into account, the GDOES results are dis-
played in content [a.u.]. In Fig. 4.12 the Na and Mo depth profiles of the
Samples 1, 2, 4 and 7 are displayed. The graphs for the remaining samples
are displayed in Appendix A. Looking at the Mo content, the areas of low
and high Mo content can be clearly assigned to MoSe2 and Mo layers, re-
spectively. The MoSe2 layers are thinner for a higher Na contents, which

FIGURE 4.12: Depth profile from GDOES measurement of Samples 1, 2, 4 and
7. Na and Mo content are plotted over sample depth. The regions with low
(high) Mo content can be assigned to MoSe2 (Mo) layers. In the MoSe2 re-
gion, the Na accumulates close to the surface and at the interface to the Mo
layer. In the central region of the MoSe2 layer, the Na content is only increased
for Sample 7, which is the sample with the highest amount of Na added and
the thinnest MoSe2 layer. The Na content in the Mo layer is higher and more

evenly distributed, with a maximum at the interface to the glass substrate.

is in agreement with the SEM cross section results. For all samples, similar
features of the Na distribution in the MoSe2 layer can be identified: a local
maximum at the surface, a low amount in the center region and an increase
towards the MoSe2/Mo interface. In the center region, the Na content is
the highest for Sample 7 and the lowest for Sample 1. The latter proves that
the SiOxNy barrier layer in Sample 1 effectively inhibits sodium diffusion
from the glass substrate. However, it could not be determined if the dif-
fusion was only reduced or completely stopped, as some sodium can also
reach the Mo layer of the samples through diffusion in the form of gaseous
Na2Sex, with x= 1 − 6, as described by Abzieher et al. [35]. As all samples
were selenized in the same conditions, the amount of Na introduced this
way should be constant over the sample series. An overview of the aver-
age Na content of the MoSe2 layer of all samples is displayed in Fig. 4.13.
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Sample 1 has the lowest Na content of all samples, but the content only in-

FIGURE 4.13: Na content in the MoSe2 layer averaged over sample depth, as
determined by GDOES, plotted over sputter time of the Mo:Na targets. A sig-
nificant increase in Na can be observed only for the Samples 7 and 12 with the

highest amount Na added and the thinnest MoSe2 layer.

creases significantly for Samples 7 and 12, which are both prepared with
the maximum amount of sodium from their respective sputter targets. In
order to discuss this result, the Na content of the Mo layers has to be taken
into account (see Fig. 4.13). Within the Mo layer, the sodium accumulates
at the back side and, with increasing Na content, this Na rich phase ex-
tends up to the MoSe2/Mo interface. Analogous to Fig. 4.13, the average
Na content in the Mo region is shown in Fig. 4.14. Here, a clear correlation

FIGURE 4.14: Na content, determined by GDOES measurements in the Mo
layer and averaged over sample depth, is plotted over the sputter time of the
respective Mo:Na targets. The Na content increases with sputter time as ex-
pected, with the exception of Sample 12. For Sample 12, the high roughness
likely caused an incomplete sputtering of the last bit of the layer on the glass

substrate, leading to the measurement artefact.
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with the sputter time of the Mo:Na targets can be found. As expected, all
samples prepared with the 2.6 wt% Mo:Na target have a higher Na content
compared to those from the 1.3 wt% targets, with the exception of Sample
12. This is likely related to the high roughness of Sample 12, leading to an
incomplete removal by sputtering of all molybdenum near the Mo/glass
interface during the GDOES measurement. Accordingly, the sodium in the
remaining molybdenum is not detected. In contrast to the MoSe2 layer, the
Na content in the Mo layer correlates with the amount of Na introduced
during the preparation of the samples. From these results, it can be con-
cluded that additional Na is only incorporated in the MoSe2 layers for very
high Na supply and thin MoSe2 layers, as it is the case for Samples 7 and
12. The majority of the provided Na apparently diffuses into the Mo and to
the MoSe2/Mo interface and MoSe2 surface. This is in contradiction to the
SIMS profile of X. Zhu et al. [39], where a Na decrease in the MoSe2 cen-
tral region was not found and the Na content in the Mo region was lower
compared to MoSe2.

XPS Depth Profile

As GDOES provided no quantitative results of the sodium distribution, due
to a line overlap of a small Mo peak with both sodium lines, X-ray Photo-
electron Spectroscopy (XPS) depth profiles were recorded. Two samples,
Samples 5 and 6, were investigated. The measurement of an XPS depth
profile encompasses alternate sputtering and recording of XPS spectra after
each sputter level. The XPS spectra can then be quantified and plotted over
the sputter time. The process of quantifying XPS spectra is described in
Section 3.1.6. Because the sputter rate in the XPS is not known sufficiently
accurate, the depth of the MoSe2/Mo interface as determined from SEM
cross sections was taken as reference. The XPS depth profiles were scaled
accordingly.
Detailed spectra of the peaks of Mo3d, Se3d, O1s and Na1s were measured
and evaluated for quantification. The C1s was also recorded, but due to an
overlap with Auger peaks from Se (LM5 and LM6), it cannot be quantified.
The Mo3d peak also has an overlap with the Se3s peak, but as it is much
lower than the Mo3d peaks, quantification is possible by fitting the peaks.
In Fig. 4.15 the peak fitting of Mo3d spectrum is displayed for the sample
surface (sputter level 0). The Mo3d doublet, as well as the Se3s peak, are
visible. The Mo3d doublet is affected by chemical shift, which, according to
Abdallah et al. [59], can be attributed to oxidation of Mo. While oxidation
can be induced by sputter damage, in the case of this spectrum, no sput-
tering was performed beforehand (sputter level 0). The highest doublet at
the low energy side is assigned to MoSe2 [43]. The shift to higher energies
can be attributed to various compounds with oxygen (MoOx, x = 1− 3), as
well as the sodium source compound in the Mo:Na layer, Na2MoO4 [43].
The latter also is the source of oxygen in the samples, though at the surface
level (ahead of any sputtering), additional oxygen due to exposure to air
has to be expected. To account for chemical shift and changes throughout
the sample depth, a set of nine peaks were used to fit the spectrum. All Mo
peaks were used in combination for quantification of the Mo concentration.
In Fig. 4.16 the changes in the Mo3d spectrum for different sputter levels,
which are sample surface, MoSe2 bulk and Mo bulk, are displayed. The
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FIGURE 4.15: XPS Mo3d spectrum before sputtering. Due to the overlap with
the Se3s peak, peak fitting is necessary for quantification. The Mo3d peak
doublet consists of the Mo3d5/2 and Mo3d3/2 peaks, but due to chemical shift

a total of nine peaks was necessary to achieve a satisfying fit.

FIGURE 4.16: XPS Mo3d spectra of samples 5 (left) and 6 (right side) for differ-
ent sputter levels. A change in chemical shift for different layers is observed.

A good fit was achieved for all spectra.

fit sufficiently matches the measured intensity in all regions. In the case of
Sample 5, the last sputter level only reached the Mo/MoSe2 interface. Only
some residual Se is detected, therefore, spectra from this level are labelled
as "(Mo)" in figures. For Sample 6, spectra from the Mo bulk were recorded
and are labelled as "Mo". Nevertheless, no difference between the spectra
of Samples 5 and 6 is observed. For the different sputter levels, a shift of
the peaks is found. The change from surface to MoSe2 condition can be
explained by the removal of oxygen and the effect of sputter damage. In
the pure Mo layer, the main peaks further shift to lower energies, which
can be attributed to the absence of Se. According to the literature [60], the
Mo3d5/2 peak is shifted by 0.4 eV to higher energies for MoSe2 compared
to pure Mo.
Fig. 4.17 shows the corresponding Se3d spectra at binding energies of 51−
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61 eV. The primary feature of the spectra is the Se3d doublet. Around 59 eV

FIGURE 4.17: XPS Se3d spectra of Sample 5 (left) and 6 (right) for different
sputter levels. The effect of sputtering is visible in the difference between the
surface and MoSe2 case. For Sample 5, in the (Mo) spectrum a small amount

of Se is detected, as the last sputter level is at the interface region.

at surface level an additional peak is found. According to the literature [43],
the peak can be assigned either to SeO2 or Na2SeO3. Due to sputter dam-
age [59], the doublet is merged in the MoSe2 region. To determine the peak
area for quantification, the background was subtracted from each spectrum.
The Na1s spectra are shown in Fig. 4.18. Sodium is clearly detected at the

FIGURE 4.18: XPS Na1s spectra of Sample 5 (left) and 6 (right) for different
sputter levels. In the MoSe2 bulk, barely any sodium is detected.

surface, but only barely in the MoSe2 bulk region. In the molybdenum layer,
which was only completely reached for Sample 6, a significant sodium peak
is detected again. The peak at the surface is shifted to lower energies, com-
pared to the spectra of the other layers, but a clear assignment of the source
of the shift was not possible. In the literature [43], a wide range of binding
energies is found for pure Na and Na2MoO4. To reduce the influence of
noise, due to the low peak intensity, the spectrum was fitted with a single
peak for quantification.
The O1s spectra are shown in Fig. 4.19. Oxygen is found at the surface and
in the molybdenum layer. The background was subtracted of each peak for
quantification. The depth profile resulting from the quantification of Mo3d,
Se3d, O1s and Na1s spectra is shown in Fig. 4.20. For both samples, the
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FIGURE 4.19: XPS O1s spectra of Sample 5 (left) and 6 (right) for different
sputter levels. Besides the surface, oxygen seems also to be present in the Mo

layer.

FIGURE 4.20: XPS depth profile of Samples 5 and 6 for elements Se, Mo, Na
and O. The MoSe2 and Mo layers can be identified by change in Mo and Se
content over depth. The spike for Sample 5 at 800 nm is a result, of a restart of

the measurement after ambient exposure.

effect of preferential Se sputtering changes the Mo/Se ratio in favour of Mo
after the first sputter step. The preferential sputtering of Se is documented
in the literature [59, 61]. Additionally, the area of the Se3s peak seems to
be somewhat underestimated, though a quantification with overestimated4

Se3s peak results only in an increase of the Se content by about 2 at.%.
In Sample 5 there is a slightly higher Se content in the MoSe2 layer com-
pared to Sample 6. It is likely that this is the result of a problem from the
sputtering process during depth profiling for Sample 5, e.g. sample charg-
ing. Although the profile is less deep, it took 150 compared to 100 sputter
levels to prepare. Even then, the MoSe2/Mo interface was barely reached.
Sample 5 was taken out to measure the sputter crater depth after the first

4To overestimate the Se3s peak, the fit routine was forced to use a higher full width half
maximum for the Se3s peak.
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100 sputter levels, which is the reason for the oxygen spike at 800 nm depth.
More interesting than the measurement artefacts are the distribution of oxy-
gen and sodium. Up to 27 at.% oxygen is found at the sample surface,
which most likely originates from contamination by exposure to air. In the
MoSe2 bulk region, 3-4 at.% remains. In the case of Sample 6, where the
sputtering penetrated the Mo layer, about 9 at.% oxygen can be found there.
This is a reasonable source of the oxygen in the MoSe2 layer, as the oxygen
in the Mo layer is originally provided by the Mo:Na layer, which contains
Na2MoO4 with nominally 10 at.% oxygen5. Sample 5 and 6 were prepared
with Mo:Na layers of 100 s and 200 s sputter time, respectively. For a fur-

FIGURE 4.21: Close up of the XPS depth profile of the sodium distribution.
The highest sodium content is observed at the sample surface and in the Mo

layer.

ther study, a depth profile of pure Mo and Mo:Na layers would be useful
to exclude any other sources of oxygen in the process. The relatively high
amount of oxygen brings into question, if the use of Mo:Na in CIGSe so-
lar cells has any detrimental effects, e.g. by formation of other oxides with
the elements present in the absorber. However, as a study by Mansfield et
al. [62] shows, where an oxygen content of up to 30 at.% was found in the
Mo:Na layer before selenization, the oxygen seems to have no negative im-
pact on the solar cell performance. There, solar cells with Mo:Na reached a
higher efficiency than those, where NaF was used as a sodium source (15.8
compared to 13.7 %, respectively).
In Fig. 4.21 the sodium distribution is shown in detail. Note that the mini-
mum sodium concentration which can be detected is about 0.5 at.%. At the
surface 3-4 at.% sodium is found, which either diffused there from deeper
sample regions or is the result of surface contamination. For Sample 5, the
Na maximum at the surface decreases below the detection limit at 130 nm,
compared to Sample 6 where some Na is detected up to about 400 nm. This
matches with the fact that Sample 6 was supplied with more sodium. Fur-
thermore, no sodium is detectable in the MoSe2 bulk, and a small peak is

5For Samples 5 and 6, the Mo:Na target with 5 % sodium was used.
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detected for Sample 6 at the MoSe2/Mo interface. Both is in agreement with
the sodium distribution found with GDOES. In the Mo layer, sodium is at
1 at.%. This also matches with GDOES results, where the Na content in Mo
was found to be higher than in MoSe2.
To summarize, the main information from XPS depth profiles is the sodium
content of about 1 at.% in Mo and up to 4 at.% at the surface region of the
sample.

Surface Characterization of four Samples by XPS and UPS

Ultraviolet photo electron spectroscopy (UPS) is suitable to measure the en-
ergetic position of the valence band maximum (VBM)6 (see Section 3.1.7),
which is needed to create a model of the solar cell back contact. A set of
four samples (1, 3, 7, 12, see Fig. 4.3) was chosen for this experiment. From
the XPS depth profile is evident that sample surfaces are contaminated by
exposure to air. A cleaning process with argon clusters was employed to re-
move contamination without inducing sputter damage and to allow for an
accurate UPS measurement. This so-called soft sputtering was performed
for 120 s, at 6 kV and with the setting small cluster size, which according
to the Thermo Fisher company equals about 1000 atoms per cluster. XPS
spectra of the O1s and C1s peaks were recorded before and after the cluster
cleaning to evaluate the effects on the samples. (Fig. 4.22 and 4.23). For

FIGURE 4.22: O1s spectra of Samples 1, 3, 7, 12 before and after cleaning.

Samples 3, 7 and 12, a main peak and a shoulder on the high energy side
are visible in the O1s spectra. According to the input by Thermo Fisher, the
main peak can be identified with metaloxides, e.g. SeOx or MoOx, which
matches with the results for the surface layer of the depth profile for Mo3d
and Se3d spectra. The shoulder is caused by organic contamination. For
Samples 3, 7 and 12, the high energy shoulder decreases in intensity after
cleaning, while the main peak is largely unchanged (Sample 7 and 12) or

6A direct determination of the work function could not be achieved, as the required
reference metal on the sample, could not be implemented due to practical reasons regarding
sample size.
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slightly increased (Sample 3). For Sample 1, a previous trial of cluster clean-
ing before recording the first XPS spectrum entailed that the contamination
was already removed. From the result it can be seen that the organic con-
tamination was at least significantly reduced, while metallic compounds
remained on the samples. The C1s peak at 284.7 eV [63] is overlaid by the

FIGURE 4.23: C1s spectra of Samples 1, 3, 7, 12 before and after cleaning.

Se Auger peaks LM5 and LM6 (at 286.0 eV and 297.2 eV, respectively [63]),
as can be seen in Figure 4.23 . Regarding Samples 3, 7 and 12, a decrease
of the C1s peak can be seen, while the Se signal is slightly increased post
cleaning. This indicates that the organic surface contamination was success-
fully reduced, which results in a higher intensity for the previously covered
elements such as Se. Additionally, diverging peaks are found in the spec-
trum from Sample 1, which could be identified as K2p peaks. Potassium
peaks also appear on the survey spectrum of Sample 1 (not shown). There-
fore, there seems to be some contamination with potassium of Sample 1.
To summarize, Samples 3, 7 and 12 were cleaned successfully of organics,
though some metal oxides seem to remain. A surface contamination with
potassium was found for Sample 1.
As described in Section 3.1.7, to determine the valence band maximum from
a UPS measurement, the low energy cut off (kinetic energy) and the high
energy onset need to be determined from a UPS spectrum. In order to make
sure that the electrons with the lowest kinetic energy, which constitute the
cut off signal, can be detected, it is advisable to apply bias to the sample.
On the other hand, charging, which is caused by the intense UV radia-
tion, is often a problem for UPS measurements on samples which have a
non-conductive substrate. To solve this problem, the samples should be
grounded. In this case, grounding was achieved by connecting the sample
surface to the metallic sample holder with carbon tape. Another possibility
is to use charge compensation, where the analysis chamber is flooded with
thermic electrons, which compensate any charging of the sample. Unfortu-
nately, charge compensation cannot be applied together with sample bias,
as the bias potential prevents the electrons from reaching the sample.
Based on this, the following experimental procedure was executed:
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1. Standard UPS

2. UPS with charge compensation

3. UPS with sample bias

4. UPS with sample bias and lower lamp pressure

For bias, 5 V was used for Sample 1 and 10 V for the remaining samples.
In Fig. 4.24, an overview of the four spectra is given for the example of
Sample 12. First, the measurements in standard mode and in charge com-

FIGURE 4.24: UPS spectra of Sample 12 in the four different modes.

pensation are compared: The cut off and onset have almost exactly the same
value, but the peak has more details for the case of charge compensation.
This indicates, that there seems to be no significant charging of the sample
in standard mode, but the charge compensation somewhat influences the
extraction of excited electrons.
Next, the biased curve, which ideally should only be shifted by 10 eV to
higher energy, is considered. Before the cut off, a new small peak feature
is visible. This can be caused by enhanced electric fields and edges of the
sample or if part of the sample is not sufficiently grounded.
For the fourth mode with bias and low lamp pressure, the idea is, that as
charging is an effect of the excitation by the high intensity UV radiation, the
charging should be reduced for a less intense excitation. If the charging has
a big impact on the peak position, a shift should be seen compared to the
case with normal lamp pressure. Qualitatively, the peak position remains
the same, though as expected the intensity is a bit lower. Therefore, a sig-
nificant impact of charging on the recorded spectra can be excluded.
To determine the VBM, the difference between the energies of cut off and
onset is subtracted from the excitation energy, which in this case is 21.22 eV
for the He I line. An example of how the positions of cut off and onset are
determined is given in Fig. 4.25. For the cut off, a linear fit is applied to
both the background and the low energy flank of the main peak. The point
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FIGURE 4.25: UPS spectra detail for Sample 12. The determination of the cut
off (left) and onset (right) is shown.

Sample Sample 1 Sample 3 Sample 7 Sample 12

VBM [eV] 5.59 4.93 4.95 4.87

TABLE 4.2: UPS Results, with energies for the VBM given as difference from
the vacuum level.

of intersection is taken as the cut off. Likewise, in the case of a semiconduc-
tor, the onset is determined from the intersection of the background and a
linear extrapolation of the leading edge. This is shown on the right side of
Fig. 4.25, where the onset is at 30.91 eV. This procedure was executed for all
four modes and all four samples. It was foun, that the valence band maxi-
mum determined from the biased measurement deviates up to 0.8 eV to the
values of the standard or charge compensated measurement. This indicates
that the cut off in standard mode is limited by detection, and is not adequate
to calculate the valence band maximum. On the other hand, the results of
bias and bias, low lamp pressure modes only differ by 0.02 eV at most.
Therefore it seems reasonable, that the influence of sample charging is very
small. It is concluded that the results from the biased measurements are
the most accurate, which are presented in Table 4.2. The full results for all
measurement modes can be found in Table A.2 in Appendix A. The valence
band maximum determined for Sample 1 clearly deviates from the values
of the other samples. This is most likely related to the surface contamina-
tion with potassium, which was detected by XPS. This shows that the UPS
measurement is able to detect changes in the sample surface. Lastly, the re-
sults for Samples 3, 7 and 12 are all in the range of (4.9±0.1) eV. This means,
that even though the samples were supplied with a very different amount
of sodium, either the surface condition is very similar, or the sodium at the
surface has very little impact on the valence band maximum. With the band
gap of 1.04 eV [12], this leads to an electron affinity of χ = (3.9± 0.1) eV.
In the literature, Shimada et al. [64] found a VBM7 of (5.5±0.1) eV and work
function of (4.4 ± 0.1) eV, for n-type single crystal MoSe2 samples, which

7In the paper, Shimada refers to a phototreshold which equals the difference between
vacuum level and VBM. This definition corresponds to the VBM as used here.
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were prepared by CVD. Therefore, the value for the VBM determined here
deviates at minimum by 0.4 eV from the literature value. This can possibly
attributed to the remaining metal oxides present in the samples. Further-
more, it is likely that all samples in this study have a higher sodium content
in the region near the sample surface, as indicated by the depth profiles pre-
sented in Section 4.3.2.
To answer the question of the Na content of the samples at the surface, XPS
measurements were conducted of all samples after the UPS measurements.
As for the depth profile, the Mo3d, Se3d, Na1s and O1s peaks were quan-
tified. For all spectra except Mo3d it was sufficient to subtract the back-
ground for quantification. Fitting with 5 peaks (two Mo3d doublets and
Se3s) was sufficient for the Mo3d spectra, as compared to the depth profile
no shift of the spectrum for different layers had to be accounted for. The
Mo3d spectra are displayed in Fig. 4.26, together with the corresponding
Se3d spectra. Again, the same fit parameters8 were used for all samples.

FIGURE 4.26: Left: the Mo3d spectra of the Samples 1, 3, 7 and 12 together with
fit envelope and background are displayed. The same fit parameters were used
for all samples. As only the surface was analysed, five peaks were sufficient to
fit the spectra. Right: the corresponding Se3d spectra are shown. It was quan-
tified for binding energies of 52.9− 57.7 eV, as can be seen from the subtracted

background.

The spectrum of Sample 1 diverges from the others, which can be linked to
surface contamination as explained previously. As the chemical shift of the
spectra is basicly the same case as for the discussion of the zero-level depth
profiles, it is not repeated here. In Table 4.3 the result of the quantification
is shown. In all samples, there is a significant amount of oxygen left at the
surface. As previously mentioned, it should be considered that the oxygen
on the surface influences the UPS results. On the other hand, the variation
in oxygen content (19%− 30%) does not impact the determined VBM. Ad-
ditionally, it can be observed in the Mo3d spectrum in Fig. 4.26, that the
amount of MoO3 is relatively small compared to the overall Mo amount,
while no selenium oxides, which would be present around 59 eV, can be
found in the Se3d spectra.
Except in the case of the contaminated Sample 1, the Mo/Se ratio is about
1:1 in all samples. As the theoretical ratio is 1:2, this means that either there

8Fit parameters refers to: number of the peaks, peak position (a small range of allowed
binding energy), full width half maximum, coupling of peaks (rules for doublets regarding
intensity ratio) and respective sensitivity factors.
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TABLE 4.3: XPS Results Samples 1, 3, 7, 12

Sample Mo [at.%] Se [at.%] Na [at.%] O [at.%]

Sample 1 32.4 7.2 10.4 50.1
Sample 3 36.6 34.3 1.0 28.1
Sample 7 38.9 41.2 0.8 19.1
Sample 12 34.6 34.2 1.0 30.2

are already some effects of preferential sputtering caused by the cleaning
process, or there is a problem with the quantification, e.g. the sensitivity
factors are not adequate. For the sensitivity factors the library of the soft-
ware is used (adjusted Scofield), so this seems unlikely to be the problem.
To really solve this question, a purely vacuum processed MoSe2 layer with-
out surface contamination would have to be analysed in the future.
Regarding the sodium content, in the Table 4.3 it is evident that aside from
Sample 1 there is almost no variation detected on the sample surface. It
should also be considered that the sodium amount on the surface is re-
duced by the sputter cleaning procedure. In an XPS measurement without
any previous cleaning of the samples, a sodium content of up to 6.5 at.%
was determined at the surface. But this is likely to be influenced by contam-
ination due to exposure to ambient atmosphere and handling and thus not
a reliable result. As the GDOES results depicted in Figure 4.12 also show
no correlation between the sodium supplied and the concentration in the
surface region, it seems likely that sodium accumulates at the sample sur-
face up to a certain percentage independent from available amount sodium
in the bulk of the MoSe2 layer. In order to check this hypothesis, again
a set of completely vacuum processed samples would be necessary to ex-
clude any influence from contamination by air and handling. The problem
of contamination with sodium was also discussed by Abzieher et al. [35].
Furthermore, it remains unclear if sodium at the surface influences the elec-
tron affinity of MoSe2 layers, though it can be concluded that it seems to be
independent from sodium via Mo:Na layers.

Electrical Characterization: Resistivity

For electrical characterization, Au contacts were deposited by e-beam evap-
oration on all samples. Prior to the contact deposition, the samples were
etched for 15 s in Br2-MeOH solution to achieve a clean, defined surface
between metal contact and sample. Next, current voltage (IV) curves were
measured. A photo of a sample with contacts as well as the measurement
configuration can be seen in Fig. 4.27 (a) and (b). As the contact is com-
pletely ohmic, determining the resistance R is straight forward. To separate
the resistance of the MoSe2 layer from that of the Mo, the different con-
tact areas and distances were employed. The IV curves were measured
between the contacts of one column, e.g. for column a between contacts
a1-a2 (also a2-a3, a3-a4), a1-a3 (also a2-a4) and a1-a4. This is repeated for
all columns. For each measured resistance R the corresponding distance
between the two contacts, measured between the centers of each contact, is
determined from optical images together with the contact area. To extract
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FIGURE 4.27: (a) Optical image of Sample 5 with Au contacts in three different
sizes arranged in a grid. By varying the distance and contact area when mea-
suring IV curves, it is possible to determine the resistivity of the MoSe2 layer

of the sample. (b) Schematic illustration of sample structure.

Distance / Area Contacts column a Contacts column b

Row 1-2 5.6 Ω 9.0 Ω
Row 1-3 6.2 Ω 9.8 Ω

TABLE 4.4: Resistance of Sample 2, as determined from a linear fit of IV curves.
At room temperature, the samples display completely ohmic behaviour.

the resistance of the MoSe2 layer in the measurement configuration shown
in Fig. 4.27 (b), it is assumed that the lateral current flow occurs only in the
Mo layer. To justify this assumption, the resistivity for a change in lateral
contact distance (case 1) compared to that for a change in contact area (case
2) is calculated in the following example of Sample 2. For both cases an ap-
proximate resistivity is calculated, using R = ρ · s/A, with R as resistance,
contact area A, the distance between the contacts s and ρ as the resistivity.
This leads to

ρDistance =
R1 −R2

s1 − s2
A, case 1 (4.1)

ρContact Area =
R1 −R2

s

1
1
A1
− 1

A2

, case 2 (4.2)

For Sample 2, the MoSe2 layer is dMoSe2 = 1286 nm thick and the Mo layer
dMo = 33 nm. The sample is about 3 cm wide. The distance between con-
tacts is as follows: between row 1 and 2 0.42 cm and between row 1 and
3 it is 0.84 cm. The change in distance is therefore sMo = 0.42 cm. The
contact area is: column a: Aa = 0.022 cm2, column b: Ab = 0.010 cm2. As
can be seen in Table 4.4, by increasing the distance between the contacts by
0.42 cm the resistance increases by 0.7 Ω on average, and by decreasing the
contact size from 0.022 cm2 to 0.010 cm2, the resistance increases by 3.5 Ω
on average. With using Equation 4.1, the results are as follows:

ρDistance =
R1 −R2

sMo
AMo (4.3)

=
0.7 Ω

0.42 cm
· (3 cm · 33 nm) (4.4)

= 1.65 · 10−5 Ωcm2 (4.5)
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with AMo as the Mo layer thickness times the sample width. Similarly, the
resistivity for a change of contact size is calculated with

ρContact Area =
R1,a −R1,b

s

1
1
Aa
− 1

Ab

(4.6)

=
3.5 Ω

2 · 1286 nm
1

1
0.010 cm −

1
0.022 cm

(4.7)

= 250 Ωcm2. (4.8)

Note that the MoSe2 layer has to be passed twice, therefore the contact dis-
tance equals two times the MoSe2 thickness. In conclusion, the resistivity
calculated from a change in distance is about seven orders of magnitude
lower than that calculated from a change in contact size. The higher resistiv-
ity can now be attributed to MoSe2 and the lower one to Mo. Looking back
at the configuration in which IV measurements are taken (see Fig. 4.27), the
equivalent circuit depicted in Fig. 4.28 is proposed. Here,RMoSe2,1 describes
the resistance of the current passing perpendicular through the MoSe2 layer
and RMoSe2,2 the resistance of the current passing horizontally through the
MoSe2 layer. As the resistance of the latter one is much higher, the current
going horizontally through the MoSe2 layer is negligible, even if the MoSe2

layer is 40 times thicker than the Mo layer (extreme case Sample 2). With

FIGURE 4.28: Equivalent circle proposed for the IV measurement. The resis-
tance RMoSe2,2 for the current flowing horizontally through the MoSe2 layer is
much higher than 2 ·RMoSe2,1 +RMo, and can be excluded from the evaluation.

this, one can now assume for the resistance

R = ρMo
dMo

AMo
+ ρMoSe2

2dMoSe2

AMoSe2

(4.9)

= RMo + 2RMoSe2 (4.10)

with ρMo, dMo, AMo as resistivity of the Mo layer, distance between the gold
contacts and thickness of the Mo layer times width of the sample, respec-
tively. ρMoSe2 , dMoSe2 ,AMoSe2 are the resistivity of the MoSe2 layer, thickness
of the MoSe2 layer and area of the gold contacts. In Fig. 4.29 R of Sample 5
is plotted over the distance between the contacts. From the y-axis intercept
RMoSe2 , concerning only the resistance of MoSe2, can be determined. Fi-
nally, by plotting RMoSe2 over 1/AMoSe2 (Fig. 4.30), ρMoSe2 can be extracted
from the slope of a linear fit. Note that any influence from series resis-
tance, which does not depend on the area of the gold contacts, is excluded
by this procedure. In case of Sample 9, the determination of the resistivity
is not possible due to a high variation in resistance. This is attributed to
lateral inhomogenity in layer thickness of the sample. An overview of the
results for all samples is shown in Fig. 4.31, where ρMoSe2 is plotted over
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FIGURE 4.29: Resistance of IV curves from Sample 5 plotted over the distance
between each pair of contacts and for each row (a-d) of contacts.

FIGURE 4.30: The y-axis intercept of Fig. 4.29 corresponding to the resistance
concerning the MoSe2 layer is plotted over the inverse contact area. From the

slope, the resistivity of the MoSe2 layer can be determined.

the sputter time of the Mo:Na targets. All samples have a resistivity in the
range of 268-432 Ωcm, except Sample 6 with 604 Ωcm, which translates to
a realistic doping density of 2 · 1014 − 2 · 1016 cm−3 assuming mobilities
of 1-100 cm2/Vs. This rather small variation indicates a limited impact of
the presence of Na during selenization on the electrical characteristics of
MoSe2. In more detail, Sample 1 and 2 without added sodium have a com-
parably low resistivity of about 300 Ωcm, and the samples produced with
the 1.3 wt% target show an increase in resistivity up to 200 s sputter time.
In contrast to that, the 2.6 wt% samples remain at a lower resistivity for
all sputter times. For 424 s sputter time, samples from both targets show
again a low resistivity. Though the resistivity of MoSe2 produced by se-
lenization of Mo with varied Na content is shown here for the first time,
further research is required to investigate the relation between Na content
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FIGURE 4.31: Resistivity of MoSe2 layer for each sample plotted over the sput-
ter time of the respective Mo:Na target. While the samples produced with the
1.3 wt% target seem to show a maximum resistivity for 200 s, the change in

resistivity overall is relatively small.

and resistivity in more detail. The overall conclusion from electrical char-
acterization is that the impact of varying Na content on MoSe2 resistivity
is relatively small, which also indicates that a substantial change in doping
density is unlikely.
The resistivity of MoSe2 single crystals grown by chemical vapor deposi-
tion was reported with 0.91 Ωcm by Dave et al. [65], whereas Hu et al.
found 2.5 Ωcm (perp. to the c-axis) and 3.7 · 103 Ωcm (parallel to the c-
axis) [26, 56]. When directly compared to the literature results, the values
found in this study are higher than those measured perpendicular to the
c-axis, but lower than those for c-axis parallel. Disregarding effects of grain
boundaries, defects and doping on resistivity, the samples produced in this
study would consist of 84-96 % crystallites with c-axis perpendicular to the
measurement direction, which is in agreement with the XRD results. The
percentage was calculated by taking the literature values as reference for
ρpar and ρperp, and solving ρMoSe2 = a · ρpar + b · ρperp with a + b = 1. For
ρMoSe2 , the values determined here are entered. To verify if sodium has any
impact on the charge carrier density, capacitive measurements would have
been desirable, but related experiments with MoSe2 did not succeed in pro-
ducing a Schottky contact with metal contacts of different work functions
like Al, Ag and Pt. Instead, all contacts showed ohmic behaviour at room
temperature. Due to the high variation of the work function of the metals,
this can only be explained by either Fermi level pinning by interface defects
or a relatively high charge carrier density in the MoSe2 layer, resulting in a
space charge region that enables tunneling.

Electrical Characterization: Temperature Behaviour

To get an indication of the thermal activation energy of the charge carriers in
the samples, temperature dependent IV measurements were performed for
three samples. Completely ohmic behaviour was found for T = 300 − 120
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K. For lower temperatures, the IV curves became increasingly s-shaped. In
Fig. 4.32, the conductance G is plotted over 1000/T. In the region of linear
behaviour, the thermal activation energy EA was evaluated according to

G = G0 exp
−Ea

kBT
(4.11)

withG0 as a parameter which depends on the sample characteristics and kB

as the Boltzmann constant. The results are 110 meV, 73 meV and 113 meV
for Samples 2, 6 and 7, respectively. For MoSe2 bulk single crystals, energy

FIGURE 4.32: Temperature dependence of the conductance G is displayed
for three different samples. With increasing temperature, the conductance in-
creases exponentially, as expected from a semiconductor. The determined ac-
tivation energies are high compared to 38 meV and 36 meV found in the liter-
ature [66, 67], indicating an impact of grain boundaries or a different doping

mechanism.

values of 38 meV and 36 meV were found in the literature [66, 67]. The
difference between the results in this study and those in the literature sug-
gests that either energetic barriers at grain boundaries increase the thermal
activation energy [68, 69] or a significant different defect density occurs in
MoSe2 bulk single crystals compared to MoSe2 layers prepared by seleniza-
tion from Mo layers.

4.4 Conclusion

In order to investigate the impact of sodium on layer growth and charge
transport properties of MoSe2 layers, molybdenum layers with a varying
amount of sodium were selenized. Characterization by Raman and XRD
verified that MoSe2 was formed on top of a remaining molybdenum bottom
layer and that the MoSe2 c-axis is mostly orientated parallel to the substrate.
A clear trend of an inverse relation between thickness of the MoSe2 layer,
which ranges from 260 to 1630 nm, and sodium supply was found. This
might allow for better control of challenges for CZTSe solar cells, regarding
increased series resistance and phase decomposition arising from MoSe2
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layers, which are too thick, i.e. in the µm range [36–38]. Depth profiles of
the composition showed that, while the sodium content in the Mo layers be-
low MoSe2 correlated with the amount introduced during production, the
sodium in the MoSe2 mostly accumulated at the surface and the Mo/MoSe2

interface of the samples. Atomic concentrations of up to 4 % sodium close
to the sample surface and about 1 % in the Mo layer were found. Resis-
tivity measurements of the MoSe2 layers were performed, where a range
of 270-450 Ωcm was found (one sample at about 600 Ωcm). For a typical
CIGSe solar cell photocurrent density of 30 mA/cm2, the resistivity trans-
lates to an almost negligible voltage loss per µm MoSe2 layer thickness of
8.1 · 10−4 − 18.0 · 10−4 V/µm. An additional point is that, according to
the results regarding resistivity, a high variation in doping density due to
the variation of sodium content is very unlikely, as it would require a high
variation of mobility. As results from literature for solar cells point to an
overall beneficial effect of Na for the back contact resistance in CIGSe solar
cells [2–4, 18], it can be concluded that this is likely caused by its impact on
the CIGSe doping density, which further affects the properties of the back
contact. UPS results of the sample series show a valence band maximum of
(4.9±0.1) eV irrespective of the amount of sodium supply during seleniza-
tion of the samples, though this result is possibly affected by metal oxides
present in the samples. To summarize, while the sodium supply was found
to have an inverse relation with the MoSe2 layer thickness, the change of
sodium concentration in the MoSe2 bulk was relatively low. The sodium
content had hardly an impact on the resistivity of the MoSe2 layers, which
was generally low and favourable for the application in CIGSe solar cells.
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Chapter 5

Investigation of a Barrier at
Interfaces of CIGSe/MoSe2/Mo

The experimental assessment of the back contact in CIGSe solar cells is
of importance to determine, whether it has detrimental effects on the ef-
ficiency of the solar cell. Furthermore, it is relevant to interpret particular
low-temperature device characteristics. For example, the blocking of the
current at low temperatures (roll-over effect), the N1 defect signature ob-
served in admittance studies as well as metastable phenomena have been
previously related to the presence of a back contact barrier [4, 15–17]. In
this chapter, a simple approach to estimate the back-contact barrier height
by interpreting temperature-dependent current-voltage characteristics of
MoSe2/Mo- and CIGSe/MoSe2/Mo-samples in the framework of the
thermionic emission model is presented1.

5.1 Experimental Setup and Sample Preparation

The considered samples were derived from state-of-the-art
glass/Mo/Cu(In,Ga)Se2/CdS/i-ZnO/ZnO:Al solar cells, for which the ab-
sorber was grown by a co-evaporation multistage process. The back contact
was fabricated via dc sputtering at a pressure of 2.5 – 3 µbar and a power of
about 67 kW. The absorber has an integral composition of 22 % copper and
an integral Ga/Ga+In ratio of 0.34.
Two types of samples were prepared. Sample A relates to the sequence
MoSe2/Mo in which the CIGSe film has been removed by physical lift off.
To achieve the lift off, a preparation with super-glueing a glass substrate
on the sample and separation of the layers by a bench vice proved to be the
best approach. In contrast, removal of the absorber by applying capton tape
on the sample and freezing it with liquid nitrogen, and subsequent removal
of the absorber together with the tape had a low success rate.
Sample B relates to the structure CIGSe/MoSe2/Mo, in which the CIGSe
surface was exposed by etch-removal of the ZnO:Al/i-ZnO/CdS window
layer in diluted hydrochloric acid (HCl) or aqua regia. The complete re-
moval of the CIGSe film (Sample A) and of the window layer (Sample B)
was verified with EDX measurements. In case of Sample A, the MoSe2

layer was characterized by GDOES and SEM measurements. For the elec-
trical connection of the molybdenum surface, local sputtering to remove
the MoSe2 layer was employed. The configurations of the two structures

1This chapter is based on the publication by N. Neugebohrn et al. "Analysis of the back
contact properties of Cu(In,Ga)Se2 solar cells employing the thermionic emission model"
published in Thin Solid Films in 2015 [70].
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are illustrated in Fig. 5.1. Equivalent results were achieved for both indium

FIGURE 5.1: Schematic of the two sample configurations and contacts. Sample
A consists of MoSe2/Mo/glass layers with indium contact on molybdenum,
and either a gold contact or an indium contact on the MoSe2 layer. Sample B
is composed of CIGSe/MoSe2/Mo/glass layers with a gold contact on CIGSe
and an indium contact on MoSe2. The MoSe2 layer is around 100 nm thick, for
the CIGSe layer samples with 1.3 µm (measurements plotted in Fig. 2 and 3)

and 2 µm thickness were used.

patches and Au contacts applied on the MoSe2 surface. For Sample A the
molybdenum was contacted with indium patches. For the Sample B con-
figuration, Au contacts were applied on the CIGSe layer by electron beam
physical vapor deposition and indium patches were used to establish reli-
able contacts to the MoSe2 surface. The Au/CI(G)Se interface is assumed to
be ohmic [71, 72], though it has to be noted that a verification at low temper-
atures is lacking in the literature. The respective contact areas are 0.95 mm2

(Sample A) and 2.27 mm2 (Sample B). The reliability of the results for Sam-
ple B was checked by a set of six samples with contact areas in the range be-
tween 1.13 mm2 and 3.80 mm2. From two samples only the window layer,
i.e. ZnO:Al/iZnO/CdS, was removed via selective etching with HCl, while
the absorber thickness of four samples was additionally reduced with aqua
regia (three Samples for 8 s, one sample for 10 s). Previous experiments
showed that a 10 s etching step reduced the absorber thickness by 1.0 µm
(SEM measurement). Temperature-dependent current-voltage (IV T ) mea-
surements were performed in a closed-cycle helium cryostat. For the IV
measurements a 2-probe configuration was used for practical reasons. Tests
conducted in a 4-probe configuration revealed only negligible difference in
series resistance and no change of the shape of the IV curves.

5.2 Results and Discussion

The surface as prepared for Sample A is displayed in Fig. 5.2. The CIGSe
absorber was removed by glue and lift off, and localized sputtering was
employed to directly contact the molybdenum. The removal of all MoSe2
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FIGURE 5.2: SEM of sputter crater as used to prepare Sample A. In the sputter
crater in the lower left half, the MoSe2 layer was removed. Insets show the
surface morphology of MoSe2 and Mo. The absorber was previously removed

by glue- and lift-off.

in the area of the sputter crater was confirmed by EDX line scans, as is dis-
played in Fig. 5.3. In Fig. 5.4 the surface of a sample after etching with

FIGURE 5.3: Left, the position of an EDX linescan over the edge of the sputter
crater is indicated. Right, the measured EDX intensity is plotted over distance.
As can be seen, the selenium intensity is on noise level in the crater, and in-

creases outside of it, while the molybdenum intensity decreases.

HCl (left) compared to with aqua regia (right) is shown. HCl selectively
etches the front contact, revealing a rough surface of CIGSe grains. With
aqua regia, the CIGSe absorber is also partly removed, leading to a smooth
surface with visible CIGSe grain boundaries. No remains of the front con-
tact (neither ZnO nor CdS) could be observed, which was veryfied with
EDX measurements (not shown).
Fig. 5.5 shows a semi-logarithmic plot of the current-voltage characteristics
for T=110. . . 310 K of Sample A (left) and Sample B (right). A comparison
of the two plots in Fig. 5.6 shows a much smaller temperature dependence
and higher current density even at room temperature for Sample A. There-
fore it can be concluded that MoSe2/Mo is not the current limiting interface
in Sample B. Additionally it can be assumed that the current crosses the
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FIGURE 5.4: SEM of samples after front contact removal by etching. Left:
When HCl is employed, ZnO and CdS are etched selectively. A rough sur-
face of CIGSe grains is visible. Right: Aqua regia, a mixture of HCl and HNO3,
also etches the CIGSe absorber. The sample thickness is determined by the

etching time, which is 10 s in this case.

FIGURE 5.5: Left: Semi-logarithmic plot of the current-voltage charac-
teristics for temperatures 110. . . 310 K of Sample A (MoSe2/Mo). Right:
Semi-logarithmic plot of the current-voltage characteristics for temperatures
110. . . 310 K of Sample B (CIGSe/MoSe2/Mo). The comparison of the two plots
shows that the current for Sample A is much less temperature dependent than
the one for Sample B. Also only for Sample B the current shows diode-like ex-
ponential increase with voltage for low temperatures and rectifying behaviour,

indicating a contact barrier.

MoSe2-layer twice due to the lower electrical resistance of the metallic Mo-
layer. Further, the In/MoSe2 interface at the contacts, present in Sample A
and B, does not limit the current in Sample B. Additionally, only for Sample
B the current shows diode-like exponential increase with voltage for low
temperatures and rectifying behaviour, indicating a contact barrier. There-
fore, it can be concluded that the CIGSe/MoSe2 interface is responsible for
the current limitation in Sample B, and not the MoSe2/Mo interface.
The characteristics of Sample B can be described as a barrier-controlled cur-
rent (e.g. caused by an energy-band offset). For a basic determination of
a barrier height it is evaluated within the framework of the thermionic-
emission model [21] as introduced in Chapter A with Eq. 2.34.
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FIGURE 5.6: The comparison of the current densities for both samples at 300 K
shows a higher current density for Sample A.

The barrier height is
φB = ∆EV + Ea, (5.1)

with Ea being the difference between the Fermi level and valence band
maximum and ∆EV the band offset at the interface of the contact. Eq. 2.34
can be rearranged in the following form:
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By plotting ln(I/T 2)−k over T−1 (adapted Arrhenius plot) for a fixed volt-
age, the barrier height can be extracted from the slope of the linear fit to the
data. Fig. 5.7 shows the corresponding graphs for both samples for a fixed
voltage of V = 0.05 V. Sample A (triangles) shows negligible thermionic
emission (TE) like behaviour. Sample B (Fig. 5.7, full dots) exhibits an ex-
ponential increase of the current in agreement with the TE model for the
temperature regions denoted as I and II. For region I (T1 = 250...310 K) a
barrier height of φT1,0.05V = (0.22 ± 0.01) eV (blue fit) could be extracted,
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FIGURE 5.7: Adapted Arrhenius plot for 0.05 V according to Equation 5.4 used
to extract barrier heights. Sample A (triangles, MoSe2/Mo) exhibits negligible
thermionic emission like behaviour. Sample B (full dots, CIGSe/MoSe2/Mo)
exhibits a behaviour which follows the thermionic emission model in the
temperature regions I and II. The respective extracted barrier heights are

φ1,0.05V = 0.22 eV (blue fit) and φ2,0.05V = 0.27 eV (red fit).

whereas the value φT2,0.05V = (0.27 ± 0.01) eV (red fit) was obtained from
the fit in region II (T2 = 165 − 215 K). For T < 165 K (region III) the TE
model cannot be applied. No dependence of the contact area on the ex-
tracted barrier height was found within the sample set used. Note that so
far the barrier height values were extracted for a fixed voltage. For an ideal
diode, no dependence of the barrier height on the voltage is expected, as
the voltage enters explicitly in Eq. 5.4. In order to check whether the char-
acteristic follows the ideal TE model, the barrier height was extracted for
different voltages. Fig. 5.8 displays the barrier height for two temperatures
(T = 209 ± 5 K (red) and T = 288 ± 5 K (blue)) versus the bias voltage.
For both temperatures the barrier height exhibits substantial voltage de-
pendence, with a more pronounced variation at higher temperatures. In
order to determine a zero-bias barrier height, the average of the values for
φ around zero voltage is determined. The zero-bias barrier height is defined
by averaging the barrier heights for voltages V = ±8 mV, ±9 mV and ±10
mV. The measurements and the barrier extraction were performed for a set
of six samples, yielding average values of φT1,0Vbias = (0.21± 0.02) eV and
φT2,0Vbias = (0.24 ± 0.03) eV, which are within the margin of error of the
corresponding values determined for V = 0.05 V (Fig. 5.7). An influence of
the etching type (either HCl or aqua regia, see sect. 5.1 exp.) on the barrier
height was not found. This indicates that the Au/CIGSe interface has no
major impact on the barrier height.
Comparing the results obtained from IV T measurements performed on
MoSe2/Mo and CIGSe/MoSe2/Mo samples (figures 5.5 and 5.7), one can
observe that the current through the latter structure is limited by a bar-
rier for majority carriers (holes). As the Au/CIGSe contact is assumed to be
ohmic [71, 72], it is concluded that this barrier is situated at the CIGSe/MoSe2
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FIGURE 5.8: Plot of the barrier height versus voltage for two exemplary tem-
peratures (Sample B). Voltage dependence of the barrier height is not antici-
pated for an ideal diode. Therefore, a further current-limiting mechanism may
be superimposed to the barrier, e.g. an additional barrier or ohmic current

limiting by the CIGSe bulk.

interface and implies a current rectification, which can be expressed in an
equivalent circuit by a diode in the same direction as the diode of the main
junction of the solar cell. Even though, the existence of a barrier at the
Au/CIGSe interface cannot be completely excluded, it can be assumed that
this barrier does not limit the current in the device.
This finding is in contrast to [11, 14, 34] where the back contact of CIGSe so-
lar cells was found to be ohmic, but supports the findings in [15–17] where
a barrier is proposed to be present at the back contact, though there, the
barrier was proposed to be opposed to the main diode. As the exact doping
density and gallium concentration can influence the band alignment at the
back contact interface, it is possible that the existence of a back contact bar-
rier depends on the specific production process and the process parameters
of the solar cell. Furthermore it is known that thickness and orientation of
the intermediate MoSe2 layer are influenced not only by the Na-content of
the substrate, but also by the mass density of the molybdenum back contact
metal [18, 39]. While the doping density of MoSe2 appears to be affected by
Na content only relatively minor (see Chapter 4), it appears to influence
the resistance of the back contact [18]. This is likely connected to sodium
increasing CIGSe net hole concentration [2], as well as effects of sodium be-
ing present at the CIGSe/MoSe2 interface. Therefore, the aforementioned
reports in the literature and the presented study are not necessarily in con-
tradiction.
The temperature dependence of the current was found to be in agreement
with the thermionic emission model. By respective characterization of the
two sample configurations, it could be concluded on the presence of a bar-
rier located at the CIGSe/MoSe2 interface with a height of about 0.2 eV at
room temperature. However, a dependence of the barrier height on the ap-
plied bias voltage was found, which is in disagreement with classical device
physics (Fig. 5.8). As this voltage dependence appears to be unsystematic,
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this phenomenon is assigned to the presence of imperfections in the device
structure (e.g. caused by pinholes and lateral inhomogeneities of the layer
sequence).
The result displayed in Fig. 5.7 suggests that the extracted barrier height is
a function of the temperature region. In the higher temperature range a bar-
rier height of φT1,0Vbias = (0.21± 0.02) eV is found and φT2,0Vbias = (0.24±
0.03) eV is found at lower temperatures. Due to a very high current per-
mitted across such a small barrier at room temperature, the sample shows
almost ohmic behaviour and secondary current-limiting phenomena influ-
ence the measured current and thus, change the extracted barrier height.
Both an ohmic current limitation and an additional extraction barrier could
produce the current limitation at high temperatures. As these effects are
negligible in the region T2 = 165...215 K, the barrier height determined
in this temperature regime is considered to be a more accurate description
of the physical properties of the sample. The almost ohmic behaviour of
the sample at room temperature suggests that the barrier is not sufficiently
high to deteriorate the solar cell performance under operating conditions.
For temperatures below T = 160 K the temperature dependence of the cur-
rent does not follow the thermionic emission model (Fig. 5.7). In Eq. 5.1, the
barrier height is a function of the difference between the hole quasi-Fermi
level and the valence band edge EV, which is set constant in Eq. 2.34-5.4 for
simplicity. For a more appropriate analysis of the temperature dependence
of the barrier height, the actual position of the Fermi level at each tempera-
ture would have to be known.
So far the barrier height has been discussed as a metal-semiconductor bar-
rier according to Eq. 2.34. This is useful to compare it to the more com-
monly considered topic of a barrier at a CIGSe/Mo interface as a metal-
semiconductor junction, as was done in the literature [73], and was the
sensible approach before the barrier was identified to be located at the
CIGSe/MoSe2 interface. As experimental results suggest, a discussion as
an isotype heterojunction might be more appropriate in accordance with
Eq. 2.29 in Section 2.1.3. This leads to a minor increase of the barrier height
by 0.02 eV to φT1,0Vbias = (0.23± 0.02) eV and φT2,0Vbias = (0.26± 0.03) eV.
Nevertheless, the result is useful to get an understanding about the mag-
nitude and type of the barrier and can be used as input for a simulation
model.

5.3 Conclusion

Samples with isolated back contact interfaces, i.e., MoSe2/Mo and
CIGSe/MoSe2/Mo were prepared from state-of-the art CIGSe solar cells
with an absorber film produced via co-evaporation. While the MoSe2/Mo
interface was found to be ohmic, IV T measurements revealed a current
limitation for the CIGSe/MoSe2/Mo sample configuration, which was eval-
uated on the basis of the thermionic emission model. The findings can be
explained by the presence of a barrier for hole transport with a value of φ =
0.21 − 0.24 eV at the back contact. For current-voltage measurements per-
formed on the isolated interfaces, the MoSe2/Mo interface revealed much
less pronounced temperature dependence than for the CIGSe/MoSe2/Mo
sample. Therefore it can be concluded that the barrier is located at the
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CIGSe/MoSe2 interface. Although the assessment of the back contact char-
acteristics contributes to an improved understanding of the device physics,
it should be emphasized that the barrier is unlikely to limit the hole current
through the solar cell under operating conditions at room temperature.
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Chapter 6

Influence of the Back Contact
on CIGSe Solar Cells

In Chapter 4 the material properties of MoSe2 layers with varied sodium
content were investigated, while in Chapter 5 the electrical characteristics
of the isolated back contact of a CIGSe cell were studied. To research the
applicability and the impact of the results from the Chapters 4 and 5 on a
complete solar cell, the temperature dependent IV characteristics of a com-
plete CIGSe solar cell are examined here. In order to investigate the experi-
mentally observed behaviour and the impact of the properties of MoSe2 on
the solar cell characteristics, a simulation model is set up which includes
the MoSe2 layer in the back contact.

6.1 Experimental Setup and Samples

For details on the CIGSe solar cells used as samples, refer to Section 5.1. An
Ni/Al grid was evaporated on the cell to contact the front side of the cell,
and small pieces of indium were placed on the exposed molybdenum back
electrode for the other contact. A set of two samples was used, called Z2
and Z4 internally. Their cell areas are (with subtracted grid area in brack-
ets) 0.93(0.75) cm2 for Z2 and 0.75(0.64) cm2 for Z4.
In the literature metastable behaviour has been observed for CIGSe solar
cells, e.g. by Eisenbarth et al. [16], which was also connected to a possi-
ble back contact barrier. Therefore, it is necessary to bring the samples in
a defined state before conducting experiments. The samples were studied
in two states: dark annealed (DA) and light soaked (LS). The conditioning
parameters are based on the work by Schoneberg [74] on similar samples in
our group.
To reach the DA state, the samples were tempered at 90 ◦C for 15 hours in
a dark chamber and only removed from there after cooling down to room
temperature. For LS state, the samples were tempered again at 90 ◦C under
AM 1.5 illumination for 18 hours and then cooled down under illumination
to 43 ◦C. To verify the metastable condition of the samples, external quan-
tum efficiency, capacitance voltage and current voltage measurements were
performed on the samples before and after the IV T measurements in each
condition. A summary of the experimental procedure is presented in Table
6.1. Sample Z4 was used for the IV T experiments and Sample Z2 was kept
as a control sample. The respective measurements for both samples,e.g.
CV measurements (post-test), were always conducted on the same day1. In

1Therefore measurements of Sample Z2 may also be labelled "post-IV T ", even though
no IV T measurements were conducted for them.
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TABLE 6.1: Experimental Procedure

Experiment / Procedure Samples

Dark annealing Z2 and Z4
EQE, IV , CV (pre-test) Z2 and Z4
IV T Z4
EQE, IV , CV (post-test) Z2 and Z4

Light soaking Z2 and Z4
EQE, IV , CV (pre-test) Z2 and Z4
IV T Z4
EQE, IV , CV (post-test) Z2 and Z4

order to focus this chapter on the discussion of the back contact, the evalua-
tion of standard solar cell characteristics and its discussion is only included
when it is relevant for a possible back contact barrier.

6.2 Results and Discussion

6.2.1 Metastable Changes Investigated at Room Temperature

In the following, the tests regarding the metastable condition of the sam-
ples are presented and briefly discussed. The presence of a barrier can be
influenced by the metastable condition of the sample. Therefore, it is neces-
sary to verify, if the effect of the metastable conditioning is influenced (e.g.,
reversed) by IV T measurements.

Current-Voltage Measurement

In the IV measurement displayed in Fig. 6.1, a clear increase of VOC can be
observed for the LS state compared to DA state, while the short circuit cur-
rent (ISC) stays almost the same. This was also found by Schoneberg [74],
and it is typically interpreted as an increased charge carrier density, which
leads to a higher quasi Fermi level splitting and then lastly increases the
VOC. For the last measurement in the LS, post-IV T state, aside from an in-
creased series resistance, likely related to contacting, a slightly reduced VOC

can be seen, which indicates that the cell is slowly losing the LS state. That
means the charge carrier density is slowly decreasing. Interestingly, this
was also observed for the control cell (not shown), which was stored under
nitrogen atmosphere between the measurements. Therefore, it cannot be
attributed to the stress induced by the IV T measurement (thermal or elec-
trical). It can only be concluded that a decay of the LS condition happens
even at room temperature.

Capacitance-Voltage Measurement

The capacitance-voltage measurements have been evaluated regarding ap-
parent charge carrier density, as by Equation 2.9 in Chapter 2. The results
for Sample Z4 are shown in Fig. 6.2. In the LS state, the sample has an
increased charge carrier density, as well as a reduced space charge region
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FIGURE 6.1: IV measurement for DA and LS state of Sample Z4. Notably, the
cell shows increased open circuit voltage (VOC) in the LS state.

FIGURE 6.2: Apparent charge carrier density over distance from junction for
DA and LS state of the Sample Z4. The apparent charge carrier density is
greatly increased for the LS state of the sample. Furthermore, the width of
the space charge region W0 is reduced, as well as the distance scanned by the
voltage variation, due to the higher charge carrier density. After the IV T mea-

surement in the LS state, the apparent charge density is somewhat reduced.

(SCR) width. The SCR and the charge carrier density are linked as described
in Eq. 2.8.
Furthermore, the apparent charge carrier density is increasing with dis-
tance from the heterojunction of the cell, especially for the LS state. For
the LS post-IV T state, the apparent charge carrier density is lower com-
pared to the pre-IV T state, which is in agreement with the observations
from the IV measurements. As it was argued before, the decrease of the
apparent charge carrier density after the IV T measurement is not caused
by the stress induced by the IV T experiment. In Fig. 6.3 the results of the
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control Sample Z2, for which IV T was not measured, show the same trend
as Sample Z4. In summary, in agreement with the IV results, an increase

FIGURE 6.3: Analogous to Fig. 6.2 for Sample Z4, the apparent charge carrier
density is displayed for control Sample Z2. The IV T measurements were only
performed with Sample Z4. Similar trends as for Sample Z4 can be observed.
Some contacting issues appear to have caused a high noise in the DA post-IV T

measurement.

in apparent charge carrier density in the LS state can be determined by CV
measurements. A decay of the state happens, but it is not induced by stress
from IV T measurements.

EQE Measurement

The measurement of the external quantum efficiency (EQE) for Sample Z4
is shown in Fig. 6.4. The corresponding result for Sample Z2 is not shown,
as it is so similar that the graphs mostly overlap. When comparing LS and
DA state, a difference in external quantum efficiency is observed for higher
wavelengths. This was also found by Gerlitz in his study of metastable be-
haviour by time resolved photoluminescence [75]. There, it was attributed
to a reduced width of the SCR in combination with a reduction of minor-
ity carrier life time and diffusion length. Photons with longer wavelength
are primarily absorbed deeper in the absorber, due to their lower absorp-
tion coefficient compared to photons of shorter wavelength. Therefore, a
reduced SCR width and diffusion length has the strongest effect on charge
carriers which are generated by absorption of longer wavelength. The re-
duced SCR width, concluded from the reduced external quantum efficiency
for longer wavelength in the LS state, is in agreement with the results from
IV and CV .

6.2.2 IVT Measurements

IV T measurements were performed with the Sample Z4 in the DA and LS
state, for a temperature range of 140-310 K and under AM1.5 illumination
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FIGURE 6.4: EQE of Sample Z4, in the DA and LS state (both post-IV T ). A
decrease in quantum efficiency for higher wavelength in the LS state can be

seen. This can be attributed to the reduced SCR width in the LS state.

as well as in the dark. The sample was contacted at four points for the mea-
surement.
The IV curves for DA and LS state are presented in the figures 6.5 and 6.6.
In the DA state, the expected VOC increase with decreasing temperature

FIGURE 6.5: IV T measurements of Sample Z4 in the DA state. For the mea-
surement under light, no indication of a barrier can be seen. In the dark case,
the IV curves of the lower temperatures reach comparable current values only

for much higher voltages. Here, a barrier can be assumed.

can be observed for measurement under illumination, as is described in Eq.
2.18. The VOC does not completely follow the linear relation at low temper-
atures, which can be possibly related to a small extraction barrier for holes.
Without light, the IV curves are shifted to higher voltages for lower temper-
atures and deviate from the exponential increase, which indicates a barrier.
After the conditioning into the light soaked state, a slightly increased VOC

compared to the DA state can be observed, which is the consequence of the
increased charge carrier density leading to a higher quasi Fermi level split-
ting. Additionally, the activation energy is increased: When the VOC is plot-
ted over temperature, as in Fig. 6.7, the activation energy can be determined
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FIGURE 6.6: IV T measurements of Sample Z4 in the LS state. For tempera-
tures of 230 K and lower, effects of a barrier can be clearly seen in IV curves
measured under illumination. Similarly, without light a shift to higher voltages
can be seen for curves recorded for temperatures of 230 K and lower, which is

the gap between the curves at around 1.3 V in the graph.

according to Eq. 2.18. A clear effect of a barrier can be seen in IV curves

FIGURE 6.7: Evaluation of the open-circuit voltage VOC. By plotting VOC over
temperature, the activation energy can be determined from the y-axis intercept.
The activation energy is higher in the LS state due to the higher splitting of

quasi Fermi levels.

under illumination for temperatures of 230 K and lower. Additionally, the
effect is also observed without illumination by a shift to higher voltages at
230 K. Under illumination, the effects of a barrier are only clearly visible for
positive currents. As a barrier was found to be present at the MoSe2/CIGSe
interface in Chapter 5, the one observed here in the IV T measurements is
discussed as a back contact barrier. Nevertheless, an influence of a front
contact barrier cannot be excluded. An integration of both front and back
contact barriers in a model would lead to very complex model with over-
laying effects of the barriers and no clear conclusion could be reached for
either of them.
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The effects of the barrier are visible in the first quadrant of IV curves, where
the injection current is displayed. Therefore, for a barrier located at the back
contact, the barrier has to be an injection barrier for holes. In comparison
to the results in Chapter 5, a higher impact of the barrier on the photocur-
rent would be expected. In the IV T results here, only a small voltage loss,
also visible in Fig. 6.7 for VOC over T , is observed for temperatures of 230
K and lower. From the results of the CIGSe/MoSe2/Mo sample, a stronger
impact in the form of a kink2 would be expected to appear with decreas-
ing temperatures. Apparently, the results from the isolated back contact
do not completely represent the conditions of the back contact of the com-
plete solar cell under illumination. Several effects can lead to an effectively
lower barrier in the complete solar cell. (I) Under illumination, the effective
charge carrier concentration is likely to be increased, resulting in an effec-
tive reduction of a barrier. (II) If acceptor traps are present in the MoSe2

layer, they are likely to change their charge state under illumination and
would increase the charge density and decrease the effective current limita-
tion. A similar mechanism has been proposed for the CdS buffer layer and
the conduction band spike related to it in the literature [76, 77]. There, blue
light leads to photoconductivity of the CdS layer, negating the effect of the
barrier. As MoSe2 has a significantly lower bandgap (1.04 eV [12]) than CdS
(about 2.4 eV [78]), even longer wavelengths in the range of 1100-1170 nm,
which are present at the back contact in a higher intensity, could be suffi-
cient to cause photoconductivity. (III) The gold contact itself, though ohmic
at room temperature, may affect the IV behaviour at lower temperatures,
overlaying with the IV curve of the remaining CIGSe/MoSe/Mo sample.
Accordingly, the discussion of the character of the back contact in the fol-
lowing is primarily based on the experimental results of the complete solar
cell.

6.2.3 Simulation of a Back Contact Barrier

To get insight into the role of MoSe2 in the back contact and its relation to a
barrier, a simulation of the solar cell was built in cooperation with Michael
Richter, which qualitatively reproduces the experimental IV T behaviour.
As the limitations of the device at low temperatures is not restricted to the
back contact barrier, complete quantitative modelling of the data would be
beyond the scope of this thesis. The software Sentaurus TCAD, as intro-
duced in Section 3.2.3, was employed. The following experimentally found
parameters were used for setting up the model:

• CIGSe doping: 2·1015-2·1016 cm−3 in LS state and 5·1014-1·1015 cm−3

in DA state - from CV (Section 6.2.1)

• MoSe2 doping: 2·1014-2·1016 cm−3 assuming mobilities of 1-100 cm2/Vs
- from resistivity measurements (Section 4.3.2)

• MoSe2 thickness of 67-73 nm - from SEM cross sections (not shown)

Additionally, the following observations have to be incorporated into the
model: (I) No barrier was found for the MoSe2/Mo interface in Section 5.2,

2For an example of a photocurrent reduction due to a kink, see the simulated IV curves
in Fig. 6.9, where it appears for increasing n-doping of MoSe2.
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TABLE 6.2: Main simulation parameters: thickness d, bandgap EG, doping
density p/n in LS state, electron affinity χ or work function φ and defect density
ND. Due to a grading in Ga content in the CIGSe layer, EG and χ are given for

the front and back of the CIGSe layer.

Layer d [nm] EG [eV] NA/ND LS [cm−3] χ [eV] NT[cm−3]

Al-ZnO 870 3.3 ND = 1.0 · 1020 4.47 1.0 · 1015

i-ZnO 70 3.3 ND = 5.0 · 1017 4.47 1.0 · 1015

CdS 60 2.5 ND = 5.0 · 1017 4.27 8.0 · 1016

CIGSe 1920 1.18-1.3 NA = 1.0 · 1016 4.37-4.26 3.0 · 1014

which significantly reduces the complexity of the back contact problem.
(II) The barrier is mainly effective in LS state, shown by IV T (Section 6.2.2)
and (III) the barrier is a hole injection barrier, if located at the back contact,
which can be concluded from IV T measurements in Section 6.2.2. (IV) The
barrier induces a low or negligible current limitation for photocurrent ex-
traction at room temperature or higher, as can be seen from the electrical
characterization of the back contact as well as IV T measurements (see Sec-
tions 5.2 and 6.2.2). This leaves the MoSe2 doping type and MoSe2 electron
affinity to be adapted, to provide the best match with the experimental IV
behaviour. UPS results of χMoSe2 = 3.9±0.1 eV are considered, but it can be
reasonably assumed that they do not apply to the complete solar cell, due to
metal oxides present on the surfaces of the respective samples. A baseline
model previously established in our group by Maria S. Hammer, Michael
Richter and Jan Keller was employed for the remaining parts of the solar
cell. In the baseline model, only a Al-ZnO/i-ZnO/CdS/CIGSe/Mo layer
sequence was considered, and the back contact was set to flat bands at the
CIGSe/Mo interface. This was sufficient, as the model was intended to de-
scribe the data at room temperature.
An overview of the main parameters used in the simulation is given in Ta-
ble 6.2. The contact between MoSe2 and molybdenum was set to be ohmic
in accordance with the previous mentioned experimental results.

n-type MoSe2

At first glance, a back contact with n-type MoSe2 appears improbable: a
p-n junction at the back contact, opposing the main junction, should limit
the forward current (i.e. injection current in the first quadrant in IV plots)
over the main junction with its reverse saturation current. In this case, no
exponential increase of forward current with voltage bias should be ob-
served. Nevertheless, n-type doping is often attributed to MoSe2 [12, 64,
79], though a detailed discussion of its implementation at the back contact
is lacking in the literature. Therefore, possible configurations of the back
contact for n-type MoSe2 are explored in the following via simulation.
First, the case of light soaked CIGSe with NA,CIGSe = 1 · 1016 cm−3 is con-
sidered. For an electron affinity of χMoSe2 = 4.0 eV, which is in the range
of the UPS results, the injection current is blocked, and the photocurrent
extraction is inhibited by a significant kink. This holds true irrespective of
the MoSe2 doping density in a reasonable range. More consistent with the
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experimental IV T observations is a value of χMoSe2 = 4.5 − 4.7 eV, as will
be discussed in the following. In Fig. 6.8 the band diagram of the CIGSe

FIGURE 6.8: Left, a band diagram of the complete CIGSe solar cell at 140
K under illumination at 1.5 V bias is displayed with varied MoSe2 dop-
ing for χMoSe2 = 4.65 eV. The layers from left to right are Al-ZnO/i-
ZnO/CdS/CIGSe/MoSe2/Mo. Right side, a close-up of the band configura-

tion at the back contact is displayed.

solar cell at 140 K under illumination at 1.5 V bias3 is displayed with var-
ied MoSe2 doping for χMoSe2 = 4.65 eV. Moderate (5 · 1014 cm−3) p-doping
of MoSe2 is compared to low (1 · 1013 cm−3) n-doping and moderate n-
doping. As can be seen in the close-up on the right of Fig. 6.8, the position
of the hole-quasi Fermi level EF,p in the MoSe2 layer is very similar for low
n- and moderate p-doping. Also, the distance of EF,p to the valence band
EV is relatively small, indicating a similar hole concentration. For low n-
doping, the MoSe2 layer is depleted of electrons and flooded with holes.
This inversion causes it to function like a p-type layer, which does not act
as a barrier in this configuration. For a higher n-doping, MoSe2 is not in-
verted and a diode opposite to the main junction is formed, which blocks
hole injection.
Photo current can pass the back contact diode in forward direction4, though
with increasing n-doping of the MoSe2 layer, the voltage loss reduces the ef-
ficiency of the cell. In Fig. 6.9 the IV behaviour for varied doping of MoSe2

is displayed. As previously described, a low n-type doping of ND,MoSe2 = 1·
1013 cm−3 does inhibit neither the extraction of photocurrent nor the injec-
tion of holes at the back contact. With increasing doping density a blocking
behaviour appears, which is to be expected for a configuration of two op-
posed diodes.
The addition of interface defects to the back contact junction would in this
case increase the reverse saturation current of the back contact diode, and
allow for a higher current to pass. Nevertheless, the qualitative IV be-
haviour would stay the same and a moderate or higher n-doping of MoSe2

would result in a limitation of injection current (roll over effect).
Second, the junction is discussed for the case of dark annealed CIGSe with

3Positive bias in regards to the back contact.
4In forward direction, a diode opens up and current increases with voltage, in reverse the

current is blocked and ideally saturates at the reverse saturation current density J0. Here
the photocurrent passes the back contact diode in forward direction
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FIGURE 6.9: IV characteristics of the complete cell in LS state under illumina-
tion at 140 K for different MoSe2 doping. For a low n-doping of MoSe2, no

barrier is formed.

a doping density of NA,CIGSe = 2 · 1015 cm−3. Similar to the light soaked
case, an electron affinity of χMoSe2 = 4.0 eV causes a significant kink, which
is inconsistent with the IV T results. On the other hand, the injection cur-
rent is not necessary blocked for the range of χMoSe2 = 4.0 − 4.7 eV. This is
caused by the SCR of the back contact diode, formed by the p-n junction of
absorber and MoSe2, which extends further into the CIGSe absorber in DA
state. This is the result of the lower doping density in the absorber and can
be seen in Fig. 6.10, where the band diagram is displayed at 140 K, 1.5 V and
under illumination. Under illumination and voltage bias, the depletion of

FIGURE 6.10: Band diagram of the complete cell under illumation at 140 K for
different MoSe2 doping (χMoSe2 = 4.65 eV) and DA CIGSe. With increasing n-
doping of MoSe2, the depletion zone in the absorber is extended (back contact
side) and a stronger band bending is induced. This inhibits the extraction of

photocurrent.
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holes in the absorber enables significant electron conductivity. For positive
bias (i.e. forward for the main junction, reverse regarding the back contact
diode), electrons can easily be extracted from the back contact, as they can
pass the n-type MoSe2 without need for recombination. In other words,
the layer sequence is now n-conducting, in contrast to a p/n-configuration
which requires recombination current. This enables exponential injection
current increase with positive voltage in contrast to the previous blocking
behaviour, which is observed for higher p-doping of CIGSe in the LS state.
This can be seen in Fig. 6.11, in which the corresponding simulated IV be-
haviour is displayed for varied MoSe2 doping. For higher doping densities,

FIGURE 6.11: IV characteristics of the complete cell under illumation at 140 K
for different MoSe2 doping and DA CIGSe.

the photocurrent extraction is inhibited, as in the case of LS CIGSe, by the
higher built in voltage of the back contact diode.
To summarize the findings concerning n-type MoSe2, an electron affinity of
χMoSe2 = 4.50− 4.65 eV was found to be most consistent with experimental
IV T results. For low doping density, the MoSe2 layer is depleted and does
not act as a barrier for holes. Changing CIGSe doping density from DA to
LS state does not induce a barrier in this case.
MoSe2 with a higher doping density of ND,MoSe2 ≥ 5 · 1014 cm−3 only per-
mits a high injection current if the CIGSe absorber is depleted of holes,
which is only the case in the DA state. In the LS state, the injection cur-
rent is limited by the reverse saturation current of the back contact diode.
Additionally, photocurrent extraction is inhibited by high n-type doping of
MoSe2 due to the increased built in voltage at the back contact. Experimen-
tally, no barrier was found for the DA state, and a shift to higher voltages
for injection currents, indicating a barrier with a characteristic bump, was
observed in the LS state (see Fig. 6.6). In the simulation here, even though a
limitation of the injection current for ND,MoSe2 = 1 ·1014 cm−3 was observed
only for the LS state, none of the configurations discussed here display an
IV behaviour qualitatively matching the experimental one.
For devices which display in their IV behaviour either no barrier or the
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TABLE 6.3: Simulation: Doping for LS and DA

Layer NA,DA [cm−3] NA,LS [cm−3]

CIGSe 2.0 · 1015 1.0 · 1016

MoSe2 2.0 · 1016 4.5 · 1014

roll-over effect5, it is possible that a n-type MoSe2 layer is present at the
back contact.

p-type MoSe2

In contrast to the case of n-type MoSe2, a back contact with a p-type MoSe2

layer suggests itself to be probable for high efficiency CIGSe solar cells, as
an interface which does not include major barriers is easily imaginable. As
described in Section 2.1.3, a barrier for hole transport at isotype heterojunc-
tions depends on the alignment of work functions, which can induce steps
in the valence band.
In the case of a CIGSe/MoSe2 junction, for a MoSe2 doping of
NAMoSe2 = 1 · 1015 cm−3, no significant barrier is present for electron affini-
ties of χMoSe2 = 4.4−4.7 eV. A 0.2 eV higher or lower electron affinity causes
a barrier, though in both cases the injection current reduction is stronger,
than what was observed experimentally in IV T measurements. For an elec-
tron affinity of χMoSe2 = 4.65 eV, an introduction of donator type interface
defects with NT = 7.0 · 1011 cm−2 results in a barrier, which still allows for
exponential injection current increase, qualitatively matching experimental
behaviour. Jarzembowski et. al. [80] concluded a high density of traps at
the back contact to be responsible for an increased recombination velocity
in cells with reduced sodium supply, hence, a high density of defects at the
interface is not unreasonable. The effect of the interface defects in terms of
band alignment will be in more detail discussed later.
Lastly, the doping densities of CIGSe and MoSe2 were adapted to conform
with the metastable conditioning. As previously mentioned, the barrier
was experimentally observed in the LS state, i.e. for higher CIGSe doping.
But, according to the simulation, CIGSe doping only has a small impact on
the barrier height in the isotype case. Additionally, increased CIGSe dop-
ing tends to reduce the blocking behaviour. Therefore, the MoSe2 doping
density was set to be lower in the LS state compared to the DA state, as dis-
played in Table 6.3. A possible explanation is persistent n-type photo dop-
ing of the MoSe2 layer, which compensates the p-type doping and reduces
the overall charge carrier density after light soaking. In Fig. 6.12 the band
diagram in the LS state is displayed with and without interface defects. As
can be seen in the insets, for an applied voltage of 1.5 V an injection barrier
exists only, if interface defects are present. Additionally, the band configu-
ration presented also acts as a small barrier to the extraction of holes. For
comparison, the band diagram in the DA state is displayed in Fig. 6.13.
In the insets one can observe that the injection barrier for holes is much
less pronounced. Surprisingly, even though the band configuration at the

5Roll-over effect as a limitation of injection current by the reverse saturation current of a
back contact diode.
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FIGURE 6.12: Band diagram of the complete solar cell in the LS state, i.e.
with high doping density of 1.0 · 1016 cm−3, for applied voltages of 0 V
(left) and 1.5 V (right) at 140 K under illumination. The layers are Al-ZnO/i-
ZnO/CdS/CIGSe/MoSe2/Mo (left to right). In the insets, it is visible that the

interface defects cause an injection barrier for holes at the back contact.

FIGURE 6.13: Band diagram of the complete solar cell in the DA state, i.e. with
low doping density of 2.0 · 1015 cm−3, for applied voltages of 0 V (left) and 1.5
V (right) at 140 K under illumination. Compared to the LS state, the barrier at

the back contact is not high enough to distort the IV behaviour.

CIGSe/MoSe2 interface displayed only a small difference in regard to injec-
tion barrier height, it has a major impact on the IV behaviour. In Fig. 6.14
the simulated IV T results for DA and LS state with interface defects are
shown. As can be seen, an injection barrier for holes that solely occurs for
the light soaked state at lower temperatures was successfully established.
Regarding the question, why a relatively small difference in band alignment
impacts the IV characteristics to such a large extend, multiple factors have
to be considered. The barrier, as caused by the valence band offset between
CIGSe and MoSe2, is present in both DA and LS state. But in the DA state,
the charge carrier density of the MoSe2 is sufficient to not cause a limiting
behaviour. On the other hand, in the LS state, the injection of holes is inhib-
ited by both the barrier and transport limitations, due to low charge carrier
density in the MoSe2 layer. This is amplified by the defects introduced at
the interface. As they are donor type, they compensate the p-type doping
and reduce the charge carrier density further. Due to the combination of
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FIGURE 6.14: The IV T curves resulting from the simulation including inter-
face defects are displayed in the DA state (left) and LS state (right). In the LS

state, the effects of the barrier can be seen.

these effects, a small space charge region is created at the CIGSe/MoSe2

interface in the LS state. In the LS case, this region also extends into the
absorber at high voltage bias, as can be observed by the band bending close
to the interface. This region is depleted of charge carriers, contributing to
the barrier effect.
To summarize the discussion of a p-type MoSe2 layer, the goal of intro-
ducing an injection barrier for holes at lower temperatures, which addi-
tionally does not completely limit the current, was reached. Also a small
reduction in extraction current, i.e. a small extraction barrier, which was
observed experimentally, could be modelled. This was achieved by em-
ploying the values found experimentally, e.g. the doping densities of CIGSe
and MoSe2 and MoSe2 thickness, though for the electron affinity, a value of
χMoSe2 = 4.65 eV is most consistent with experimental IV T results.
A complete match with the characteristics of the experimental IV curves
was not achieved. For example, the barrier in the IV T experiment appears
at a slightly higher current range and the shape of the IV curve also differs
in some parts (see Fig. 6.6). This can at least partly be attributed to the fact
that potential barriers elsewhere in the cell, e.g. a conduction band spike at
the front contact, were not included in the model. As previously discussed,
the introduction of both a front contact barrier and a back contact barrier in
one simulation model would allow no clear conclusions for either of them
due to overlapping effects.

6.2.4 Discussion of Simulation Results

As a result of simulating the IV behaviour for a range of electron affinities
and doping densities of MoSe2, an electron affinity of χMoSe2 = 4.65 eV,
a p-type doping density of NA,MoSe2 = 4.5 · 1014 cm−3 (LS state), as well
as an interface defect density of NT = 7 · 1011 cm−2 (donator type) were
found to be the most reasonable material properties to qualitatively repro-
duce the experimentally observed IV behaviour. While the electron affin-
ity deviates from the one determined in Chapter 4 for MoNaSe samples, it
can be assumed that oxides present in the sample affected the UPS result.
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The CIGSe solar cells investigated here were prepared without any MoNa,
therefore no oxides should be present at the CIGSe/MoSe2 interface. To
negate the barrier effect in the DA state, an increased doping density of
MoSe2 in the DA state, due to defects susceptible to light soaking, is pro-
posed. While such an effect has not been reported yet, it would somewhat
explain the contradicting results regarding the MoSe2 doping type in the lit-
erature. Nevertheless, a more comprehensive approach with the inclusion
of a front contact barrier would be necessary, to achieve a complete match
with the experimental data, and to clearly distinguish effects of the back
contact barrier from those of the front contact. However, the increased set
of fitting parameters would increase the chance of fitting the IV -curves, but
would not lead to more clarity concerning the back contact, due to the in-
creased number in open parameters. A variation of the buffer layer would
provide the experimental data required to set up such a simulation model,
which includes a possible front contact barrier.
In the investigation of the back contact, also two configurations where no
barrier is induced were found. These may apply for the case of solar cells,
where no back contact barrier is observed:
(I) For very low n-type doping of ND,MoSe2 = 1 · 1013 cm−3 and electron
affinities of χMoSe2 = 4.50− 4.65 eV, the MoSe2 majority charge carrier type
is inverted due to holes originating from the absorber, and does not cause
a barrier. This scenario can be extended to the case of a thin, e.g. as here
in the range of 70 nm, MoSe2 layer without any doping. Holes originating
from the absorber would also provide the required conductivity. Never-
theless, such a very low doping density would be in contradiction to the
results regarding the low resistivity of MoSe2 in Chapter 4, which points to
a significant density of charge carriers. Therefore, it can be concluded that
n-type MoSe2 should only occur together with a significant roll-over effect
in the IV T behaviour.
(II) For p-type doping of MoSe2 of the order of NAMoSe2 = 1 · 1015 cm−3, no
significant barrier is present for electron affinities of χMoSe2 = 4.4 − 4.7 eV
and no interface defects. For CIGSe solar cells, where no back contact bar-
rier is observed, these MoSe2 properties are the most consistent.

6.3 Conclusion

In this chapter, the back contact barrier was investigated in the context of
a complete CIGSe solar cell. As CIGSe solar cells display metastable be-
haviour, the cell was examined in the light soaked (LS) and dark annealed
(DA) state. Only in the LS state, a distortion of injection current (first quad-
rant) was observed in IV T measurements for temperatures of 230 K and
lower. This indicates the presence of a barrier, whose height is a function
of the metastable state. In order to investigate, whether this barrier can be
described by a barrier located at the CIGSe/MoSe2 interface of the back
contact, as indicated experimentally in Chapter 5, a simulation model was
set up. The latter was based on the results regarding MoSe2 presented here,
and on a pre-existing baseline for CIGSe solar cells, where a simple ohmic
had been implemented for the back contact. As MoSe2 has been reported
both p- and n-type in the literature, both types where considered. In con-
clusion of simulating the IV behaviour for a range of electron affinities and
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doping densities of MoSe2, an electron affinity of χMoSe2 = 4.65 eV, a p-type
doping density of NA,MoSe2 = 4.5 · 1014 cm−3 (LS state), as well as an inter-
face defect density of NT = 7 · 1011 cm−2 (donator type) were found to be
the most reasonable material properties to qualitatively reproduce the ex-
perimentally observed IV behaviour. To negate the barrier effect in the DA
state, an increased doping density of MoSe2 in the DA state, due to defects
susceptible to light soaking, is proposed. In conclusion, a comprehensive
discussion of the characteristics of the back contact, including the MoSe2

layer, for different scenarios and on the basis of experimental results is pre-
sented here, which was previously lacking in the literature. A conclusive
simulation model is proposed to explain the experimental observations of
the complete solar cell regarding IV T and metastable conditions.
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Chapter 7

Thesis Conclusion

For state-of-the art CIGSe solar cells, the MoSe2 layer in the
CIGSe/MoSe2/Mo back contact structure is essential to provide a low resis-
tance contact. Nevertheless, a clear understanding of the underlying nature
of the back contact and the role of the intermediate MoSe2 layer was previ-
ously lacking in the literature.
Within this thesis, three approaches were followed to investigate the charge
transport and barrier properties of the CIGSe cell back contact: Determi-
nation of the effect of sodium on the MoSe2 layer, analysis of the contact
properties of the isolated back contact and investigation of the back contact
within the complete solar cell by means of temperature dependent mea-
surements consistently modelled with a simulation approach.
As the resistance of the back contact of CIGSe solar cells is reported to be
affected by the available sodium content, a series of MoSe2/Mo samples
was prepared. To vary the sodium content, sodium containing molybde-
num (Mo:Na) was used in the preparation of the molybdenum precursors.
Chemical characterization of the selenized samples with GDOES and XPS
revealed that the sodium mainly diffuses to the sample surface and inter-
faces. The change of the sodium concentration in the MoSe2 bulk was rela-
tively low, compared to the high amount of sodium (max. 10 at.%) that was
supplied by the Mo:Na precursors. In contrast to this, a clear inverse rela-
tion between the sodium supply and the thickness of the MoSe2 layer was
found, which ranges from 260 to 1630 nm, with increasing thickness for a
lower ratio of Mo:Na to Mo in the sample precursor before selenization.
Furthermore, electrical characterization showed that the sodium content
had hardly any impact on the resistivity of the MoSe2 layers, which was
in the range of 270-450 Ωcm (one sample at about 600 Ωcm). For a typical
CIGSe solar cell photocurrent density of 30 mA/cm2, the resistivity trans-
lates to an almost negligible voltage loss per µm MoSe2 layer thickness of
8.1 ·10−4−18.0 ·10−4 V/µm. XRD results show that the MoSe2 was oriented
almost exclusively with its c-axis parallel to the substrate, which is the pre-
ferred orientation for a high conductivity back contact in a CIGSe solar cell.
Additionally, the sodium supply is unlikely to cause a substantial variation
in effective charge carrier density in the MoSe2 layer.
A study of samples with the isolated back contact structures
CIGSe/MoSe2/Mo and MoSe2/Mo was conducted to explore, whether a
barrier is present at the back contact of CIGSe solar cells. By the appli-
cation of the thermionic emission model on IV T measurements, a bar-
rier of 0.21-0.24 eV was found to be present at the CIGSe/MoSe2 interface,
while the MoSe2/Mo interface was found to demonstrate ohmic behaviour.
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Even though the effects of the barrier are likely to be observed during mea-
surements at lower temperatures, e.g. with IV T or capacitive methods, it
should not inhibit solar cell operation under standard operating conditions,
due to the low resistance at operating conditions and room temperature.
In order to analyse the impact of the observed charge transport properties
and of the barrier, the back contact was investigated within the complete
solar cell. IV T measurements, in which an injection barrier for holes at
lower temperatures (of T<230 K) was observed in the light soaked state
of the cell, were used as reference to set up a simulation model, though
possible doping and electron affinity values were also proposed for so-
lar cells, where no back contact barrier is observed. Experimental results,
e.g. the position of the barrier at the CIGSe/MoSe2 interface, the thick-
ness of the MoSe2 layer and possible doping range for MoSe2, were consid-
ered. The electron affinity of χMoSe2 = 4.65 eV, a p-type doping density of
NA,MoSe2 = 4.5 · 1014 cm−3 (LS state), as well as an interface defect density
of NT = 7 · 1011 cm−2 (donator type), were found to be the most reasonable
material properties to qualitatively reproduce the experimentally observed
IV behaviour. As no barrier was observed in the dark annealed state (DA
state) of the cell, an increased doping density of MoSe2 in the DA state, due
to defects susceptible to light soaking, is proposed.
In conclusion, in this work charge transport and barrier effects of the back
contact were investigated. It could be shown that, while sodium supply
has an inverse relation with the MoSe2 layer thickness, the sodium content
has a low impact on the resistivity of MoSe2, which is essential to fully un-
derstand the effects of sodium on the complete solar cell. Subsequently, a
comprehensive understanding of the impact of a back contact barrier, lo-
cated at the CIGSe/MoSe2 interface, on the solar cell characteristics, as well
as an assessment of the role of MoSe2, is provided, based on simulation and
experimental results.
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Appendix A

Additional Experimental Data

FIGURE A.1: GDOES plots of Samples 3, 5, 6, 10.

FIGURE A.2: GDOES plots of Samples 8, 9, 11, 12. As Sample 7, Sample 12
has a much higher sodium content in the MoSe2 layer compared to the other

samples.
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Sample SiOxNy [s] Mo base [s] Mo:Na 1.3 wt% [s] Mo

Sample 1 3600 128 0 424
Sample 2 0 128 0 424
Sample 3 3600 128 25 399
Sample 4 3600 128 50 374
Sample 5 3600 128 100 324
Sample 6 3600 128 200 224
Sample 7 3600 128 424 0

Sample SiOxNy [s] Mo base [s] Mo:Na 2.6 wt% [s] Mo

Sample 8 3600 128 25 399
Sample 9 3600 128 50 374
Sample 10 3600 128 100 324
Sample 11 3600 128 200 224
Sample 12 3600 128 424 0

TABLE A.1: Sputter parameters for the molybdenum substrates. A SiOxNy

barrier layer is used to prevent sodium diffusion from the glass substrate. To
provide good adhesion, a Mo base layer is sputtered at 10−2 mbar, compared
to 10−3 mbar for the Mo:Na and Mo layers. The sodium supply is varied by

the Mo:Na to Mo ratio.

Sample 1 Standard Charge comp. -5 V Bias Bias, low int.

Cut off [eV] 5.54 5.55 11.84 11.96
Onset [eV] 17.98 20.62 27.47 27.61
VBM [eV] 8.78 6.19 5.59 5.57

Sample 3 Standard Charge comp. -10 V Bias Bias, low int.

Cut off [eV] 5.57 5.54 14.46 14.45
Onset [eV] 21.02 21.02 30.75 30.74
VBM [eV] 5.77 5.73 4.93 4.93

Sample 7 Standard Charge comp. -10 V Bias Bias, low int.

Cut off [eV] 5.55 5.55 14.42 14.42
Onset [eV] 21.16 21.13 30.89 30.91
VBM [eV] 5.61 5.73 4.95 4.93

Sample 12 Standard Charge comp. -10 V Bias Bias, low int.

Cut off [eV] 5.55 5.53 14.56 14.55
Onset [eV] 21.21 21.15 30.91 30.91
VBM [eV] 5.56 5.60 4.87 4.86

TABLE A.2: The full UPS results, with energies for the VBM given as difference
from the vacuum level.
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