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CHAPTER 1

Introduction

The reduction of greenhouse gases like CO2 is one of the main goals to avoid climate
changes and stop global warming. An important issue is the replacement of energy pro-
duction from fossil to renewable, CO2 neutral power generation. One promising route is
to use the sun as primary energy source, whether for heat generation or to convert directly
into electrical energy in a solar cell. The energy flux reaching the outer atmosphere, i.e.
the solar constant, amounts to 1366.1 W/m2. [1] After interaction with atmosphere the
solar energy flux is reduced and typical commercially available solar cells are calibrated
at 1000 W/m2 using a calibration spectrum called AM 1.5. [2] These photovoltaic devices
commonly consist of p- and n-doped silicon and the usable spectrum is determined by
the band gap EG. Photons with energies larger than EG produce losses in form of heat,
while photons with energies smaller than EG are transmitted. In their detailed balance
consideration Shockley and Queisser calculate the maximum efficiency of this type of
solar cells to be about 33%. [3]

In recent years many new concepts have been developed to overcome the limitations due
to the absorption and transmission losses or to be more cost-effective. [4–7] One example
to extend the usable range of the solar spectrum are multi-junction solar cells, which are
prepared from a combination of semiconductor materials with different band gaps. [4, 8]
In addition new materials came into the focus of research, e.g. tandem solar cells, which
consist of silicon and halide perovskites. [9–11] The latter materials offer the possibility
to tune the band gap via change of halide doping. Even though the efficiency is high, the
long term stability of these materials is unsatisfactory until now. [12, 13] Another strat-
egy based on the reduction of losses by avoiding thermalization of excited charges, i.e.
harvesting of "hot charge carriers" for the conversion process to electrical energy. [7, 14]
For such solar cells theoretical efficiencies up to 66 % are proposed. [15] But this concept
is still under debate. For example Kirk et al. postulate an intrinsic limitation due to the
wide energy distribution of photo-generated hot type charge carrier in semiconductor
materials like GaAs and the requirement of energy selective contacts. [16]

In addition, materials with strong interactions of the spin, charge and lattice degrees of
freedom came into the focus of research for a broad range of technical applications. [17–22]
Due to these cooperative interactions, a huge variety of electronic and magnetic ground
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6

states as well as ordered phases give rise to new concepts of control tactics on physical
properties. Correlated electron systems are evaluated for photovoltaic energy conversion
as well. After a primary excitation with light, new types of quasiparticles can be formed
due to the strong interactions of the different degrees of freedom in the system. [23] Here,
the description of the electronic structure with rigid bands is challenged. For example
Koshibae et al. investigate the photoinduced dynamics in solar cells composed of two
Mott insulators with strong electron-electron interaction in their theoretical work. [24] In
a Mott insulator, the dynamic of the electronic structure strongly dependents on these
interactions, e.g. a metal to insulator transition may be triggered via illumination. In this
case, charge carrier multiplication is proposed, that leads to efficient generation of excess
carriers. [24]

Furthermore the strong electron-phonon interaction is a potential candidate to build up
new routes in photvoltaic energy conversion. Here especially manganite perovskites with
polarons as charge carrier are evaluated because of high absorption in a broad range of the
solar spectrum. [25, 26] A polaron is a charge carrier composed of electrons or holes and
phonons. In contrast to metals with lifetimes of excited electron-hole pairs in the order
of fs (e.g. [27]), polaronic charge carriers may have quite different relaxation paths, which
give rise to new routes in photovoltaic energy conversion. Indeed, the observation of
long lifetimes of excited polaron states in perovskite oxides [28–30] is promising in order
to build up efficient charge separating junctions. The good rectifying behavior as well as
the photovoltaic activity of these types of junctions are already demonstrated, mostly in
heterostructures consisting of manganite and titanate perovskite oxides. [26, 31–34]

In this thesis, the mechanism of photovoltaic energy conversion in materials with strong
electron-phonon interaction is studied. Thin films of Pr1−xCaxMnO3, x=0.34, 0.95 (PCMO,
CMO) on commercially available single crystalline SrTi1−yNbyO3, y=0.002 (STNO) are
used as model systems. The charge carriers in PCMO are small polaron, i.e. the electron-
phonon coupling is very strong. This material is well suited to analyze the impact of this
strong coupling as well as the polaron ordering effects on the photovoltaic effect.

In order to investigate the transport in correlated heterojunctions, the preparation of well-
defined interfaces is required. Due to high doping levels the expected extensions of space
charge layers are in the order of a few nanometers for a PCMO/STNO heterojunction. [26]
Therefore, high quality epitaxial films were prepared. The epitaxial deposition of PCMO
films on single crystalline STNO by means of ion-beam sputtering is discussed in chapter
3. This chapter especially addresses how preparation induced defect generation can in-
fluence the perovskite phase formation, which is a necessary prerequisite to prepare high
quality epitaxial films.

Investigating the transport in the dark is a necessary step in order to understand the
photovoltaic effect in correlated heterostructures. In chapter 4 the current-voltage char-
acteristics of PCMO/STNO junctions in the dark are analyzed in the framework of the
semiconductor model for heterojunctions. Here an equivalent circuit model for a single
diode and parasitic losses is used. The polaronic nature of the charge carriers is clearly
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visible in the temperature dependence of the extracted parameters of the equivalent cir-
cuit analysis.

In case of illumination with polychromatic light sources, e.g. with a Xe arc lamp, differ-
ent transitions in PCMO and STNO can contribute to the photovoltaic effect. In order
to distinguish between these different contributions measurements with monochromatic
illumination were performed as well (chapter 5). Under polychromatic illumination
the photovoltaic effect mainly originates from excitation in the STNO. In the manganite
the charge transfer transition between O2p and empty Mn3d states contributes to the
photovoltaic effect. A significant contribution to VOC arise from PCMO below the charge-
ordering temperature TCO where the JT transition is getting relevant for the photovoltaic
effect. After primary exciation with light a long living hot polaron state is formed, that
is stabilized by the cooperative response of the dynamics of the surrounding MnO6 octa-
hedron. [28] This effect might be enhanced by the presence of ordering effects. Indeed a
crossover to volume diffusion of excess carrier is observed below the Neel temperature in
lightly doped CMO near the transition to the anti-ferromagnetic ordered phase, pointing
to a significant influence of different ordering phenomena. [31]





CHAPTER 2

Scientific background

2.1 Strain effects on solubility limit and precipitate formation in
thin film compounds

Perovkites have the general formula ABO3. In case of PCMO the A-site cations are Pr3+,
partially substituted by Ca2+ and the B-site cations are Mn with an average valence, which
depends on the Ca doping level and the oxygen content. Oxygen forms an octahedron
surrounding the Mn cations. The Goldschmidt tolerance factor tS can be used to predict
the crystal structure, which is related to the electronic and magnetic ground state of the
manganites. [35,36] For tS ≈ 1, a cubic crystal structure is expected, which can give rise to
a ferromagnetic metallic ground state at suitable doping levels. In contrast, for tolerance
factors tS < 1, rhombohedral and orthorhombic crystal structures are observed. In systems
with an orthorhombic crystal structure often charge ordering appears and the ground
state is antiferromagnetic insulating. For PCMO with x = 0.36, the Goldschmidt tolerance
factor is calculated to tS = 0.957 and using the Pbnm notation the lattice parameters from
neutron diffraction data determined by Jirak et al. are a = 5.418 Å, b = 5.457 Å and
c = 7.669 Å for the orthorhombic crystal structure. [37]

In the present thesis mainly charge-separating manganite/titanite heterostructures are
investigated, which are commonly prepared by thin film deposition of manganites on
Nb-doped single crystalline SrTiO3 (STO) substrates (e.g. [26, 31–34, 38]). STO is also a
perovskite oxide and is often used as substrate because the lattice constant aSTO = 3.905 Å
is similar to the pseudo cubic lattice parameter of the manganites and thus allows for
epitaxial growth of manganite thin films. [39] The band gap of STO is EG = 3.25 eV. [40]
Another benefit of using STO is that doping with different subsitution elements is possible,
e.g. Cr, Nb. Therefore, doped STO is evaluated in different fields of application, for
example as thermoelectric material or photocatalyst. [21, 41] For the analysis shown in
the present thesis, STNO with a doping level of 0.1 wt.-% was used. In this case, STNO
can be treated as a degenerated semiconductor, which shows a metallic-like temperature
dependence of the conductivity from RT down to 15 K. [42] For this doping range a
homogeneous distribution of the Niobium is reported. [43]
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c [%]
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Figure 2.1: Scheme of a pseudo-binary phase diagram showing the influence of strain on the phase
formation. In case of PCMO the Mn excess solubility of bulk material is about 5% and is reduced
to near 0% for highly strained films.

However, a prerequisite for such types of investigations are high quality interfaces and
therefore high quality/epitaxially thin films are required. For the preparation of the man-
ganite thin films ion beam sputtering deposition technique was used. Here an aligned
beam of noble gas ions is directed on a target material. Due to the bombardment with
high energetic ions, target atoms are ejected towards a heated substrate. The properties
of the films strongly depend on the preparation method and deposition parameter or
figuratively speaking "each deposition method leaves a fingerprint in the growing film".

In case of ion beam sputtering one has to take care especially on the chemical composi-
tion, preparation-induced defects and stress/strain state of the thin film. The chemical
composition of the film depends on the geometrical setup of sputtering source and target
with respect to the substrate. The direction of the material flux depends on the atomic
mass. For an alloy of heavy and light atoms the angular distribution of the material flux
is therefore different. In case of PCMO, the maximum of Ca and Mn deposition rate are
nearly at the same position, but the maximum for Pr is shifted to higher angles resulting
in a gradient of material composition on the substrate. [42]

An off-stoichiometric or more precisely a composition with Mn excess can lead to for-
mation of MnOz precipitates, which is a topic of chapter 3. For sintered bulk sample
of PCMO the solubility has been determined in the masters thesis of Thore Merens to
about 5 %. [44] The PMO solubility seems to be larger in the order of 10 %. [45] In con-
trast to bulk samples thin films are frequently highly strained. The stress/strain state
formed during preparation can influence the thermodynamic of the phase formation of
the desired material. [46] Indeed, this is already observed for the formation of a hydride
phase in palladium-hydrogen thin films. [47] The stress changes the chemical potential
and therefore, the phase formation of the hydride phase.
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The high stress (in the early growth state up to 4 GPa) always present in ion-beam de-
position of manganite thin films can strongly influence the phase formation of PCMO
(see chapter 3). It seems that the formation of MnOz is a strain relaxation path that also
influences the properties of the perovskite phase via chemical composition. In contrast to
bulk samples thin film samples with a Mn excess reveal almost no Mn excess solubility,
i.e. the formation of the near stoichiometric PCMO phase is observed (see figure 2.1).
This is important, e.g. in order to understand why Mn excess does not strongly affect
the photovoltaic properties, the long-range polaronic ordering and related effects like the
CMR of PCMO thin films.

2.2 Correlated electron systems for photovoltaic energy
conversion

Material systems with strong electron-electron and electron-phonon coupling may offer
new routes in photovoltaic energy conversion overcoming fundamental efficiency limits
like the maximum theoretical efficiency for pn junction solar cell of about 30 %, which was
estimated by Shockley and Queisser in their detailed balance consideration. [3] Theoreti-
cal studies of a model solar cell with strong electron-electron interaction are demonstrated
by Koshibae et al., proposing an effect called "charge carrier multiplication". [24] In their
studies two Mott insulators with an antiferromagnetic insulating ground state are com-
bined. One is the absorber for the incident light, which is combined with a selective
contact to form a charge separating junction. Here the connection between Mott system
1 and 2 is modeled via a tunnel junction. The energy gap in a Mott insulator results from
strong electron-electron repulsion in narrow bands. Mott insulator 1 is modeled as the
light absorbing material. One requirement for the carrier multiplication is an instable
or metastable phase in the first Mott insulator i.e., strong response of the photoinduced
dynamics of the band gap. Due to a photoinduced insulator to metal transition the band
gap of the illuminated mott insulator can collapse and charge carrier multiplication can
be observed. For an efficient separation of charge carriers the insulating phase should be
sufficiently stable in the second Mott insulator and a well-suited band alignment should
be realized. [24]

Material systems with pronounced electron-phonon coupling can be used for photo-
voltaic energy conversion. In this context, one class of well-studied material systems are
perovskite manganites. [17, 26, 33, 38] The interaction of different degrees of freedom of
orbital, lattice, charge and spin lead to a phase diagram with a huge variety of electronic
and magnetic ground states and the occurrence of different ordering phenomena. [17,23]
A main strategy in systems with strong electron-phonon coupling is the separation of the
generated excess carriers before they can thermalize, i.e. generation and separation of hot
polaronic excess carriers. Hot polaronic excited states are indeed observed by Raiser et
al. for the perovskite oxide PCMO. [28]

Rectifying behavior of junctions composed of correlated oxides is demonstrated for dif-
ferent manganites and doping level of STNO (e.g. [26, 31–34, 38]). In these publications
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the measured IV-characteristics are described and modeled in the framework of semicon-
ductor physics theory e.g., thermionic emission across a schottky contact or by using the
Shockley model of pn-junctions. Both qualitatively describes the experimental IV-curves
of manganite/titanate junctions (e.g. [26, 33, 48]). For example Sawa et al. analyze the
IV-characteristics of PCMO/STNO and LSMO/STNO junctions. Combining the observed
temperature dependence of the prefactor of the saturation current for a Shockley- and
Schottky-type junction with capacitance measurements they stated that PCMO/STNO
forms a pn-type heterojunction, while the LSMO/STNO should be treated as a Schottky
junction. [33] But the applicability of the semiconductor theory is challenged because of
the polaronic nature of charge carriers in the correlated heterostructures. Understanding
the transport across the interface between a PCMO thin film and a STNO substrate is
essential for the understanding of energy conversion in correlated heterostructures and
is still under investigation.

In addition, the doping level of the STNO affects the electronic structure at the inter-
face. Rana et al. investigate the influence of Niobium doping on Au/STNO Schottky
junctions. [49] For 0.01 wt.-% Nb the transport can be described via thermionic emission
theory, indicated by an ideality factor of nearly one. For higher doping levels a reduced
height of the band discontinuity, a narrower depletion region and higher ideality factor
is observed. This points to a transition to a different transport mechanism, e.g. tunneling
instead of thermionic emission process. Luo et al. investigate the transport across the
interface between PCMO with x=0.3 and highly doped STNO with 0.7 wt.-% Nb and
found a similar behavior, where the measured data show indications for thermally as-
sisted tunneling across the interface. [50]

An introduction into the Shockley model and its underlying physical preconditions is
presented in chapter 4, which was also planned as a tutorial publication on photovoltaics
in a thematically series in the Beilstein journal of nanotechnology. However, the Shockley
diode equation is a result of the balance between currents of majority and minority charge
carriers across the interface. In case of no illumination the equation is given by

I (V) = IS ·

(
exp

[ e · V
n · kB · T

]
− 1

)
, (2.1)

where n is the ideality factor and IS is the saturation current. In order to explore the
process of energy conversion in correlated heterostructures, it is necessary to analyze and
describe the IV-characteristics measured in the dark. Therefore it is possible to describe
them with the set of equations for semiconductor pn-junction with some modifications.
In addition, the microscopic interpretation of the parameters in the equivalence circuit
derived from the Shockley model has to take the polaronic nature of the charge carriers
into account. Here, the parameters deduced from measurements in the dark like the
saturation current density play an important rule. Therefore the IV-characteristics of
PCMO/STNO junctions are investigated without illumination (see chapter 4).

As a first step a typical equivalent circuit analysis of the measured data will be performed.
In the single diode model parasitic resistances will also be considered. Here, in the
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series resistance RS all material specific and interface resistances are included as well as
resistances, e.g. from supply cables. The shunt resistance RP is used to consider losses, e.g.
leakage currents. Taken this parameter into account the diode equation can be rewritten
to

I (V) = IS

(
exp

[
e (V − I · RS)

n · kB · T

]
− 1

)
+

V − I · RS

RP
. (2.2)

The equivalent circuit analysis is performed to determine the temperature dependence of
the saturation current, parasitic resistances and the ideality factor. Here, it is shown that
a fingerprint of polaronic charge carrier is visible in the saturation current density JS as
well as in the shunt resistance RP, which seems to be mainly dominated by the interfacial
resistance between PCMO and STNO. In contrast the series resistance RS is goverened by
the PCMO bulk resistance, showing the typical polaronic hopping activation energy.

Since the correlation effects are strong it is questionable if the electronic structure of a
correlated charge-separating heterostructure can be described in the framework of a rigid
band model commonly assumed for semiconductor solar cells. But the correlated elec-
tron systems offer the possibility to build up control tactics on the photovoltaic properties,
which is indeed observed in manganite/titanate junctions. Here characteristic parame-
ters like the open-circuit voltage and the short-circuit current density can be influenced
by external electrical and magnetic fields. [26, 38, 48] Saucke et al. observed a CER-like
behavior of the temperature dependence of RS, i.e. a sharp drop down at ≈ 125 K. Below
this critical temperature the drop in RS influences the short-circuit current density. [26]
Also magnetic fields can influence the properties of correlated interfaces. Sheng et al. in-
vestigate the photovoltaic properties of ferromagnetic metallic LSMO deposited on STNO
with different crystal orientation, resulting in different stress/strain states. A magnetic
field dependence of the short-circuit current density is observed only for (110) oriented
STNO. [38] This indicates that photovoltaic properties in correlated heterojunctions can
be modified by a large variety of external fields and intrinsic properties (e.g., doping,
crystal structure). The influence of ordering in PCMO/STNO and CMO/STNO junction
will be topic of chapter 5.

2.3 Electronic structure of PCMO

The valence state of the manganese ion in undoped PrMnO3 (PMO) is Mn3+ and the
electronic structure is mainly determined by the Mn 3d states hybridized with the oxygen
2p states. Considering an isolated manganese ion 4 electrons are in 5 degenerated 3d
states. In a perovskite crystal the degeneracy is partially lifted due to the octahedral
crystal field, which splits the d-orbitals into three t2g and two eg orbitals. The eg orbitals
form σ bonds with the oxygen ligand with a strong orbital overlap, while the t2g orbitals
form weakly overlapping π bonds. [52] Due to the larger overlap of the eg states with
the oxygen orbitals the states are shifted to higher energies. For PMO the 4 d electrons
are in a high spin configuration, i.e., one electron populates an eg state. The JT effect
causes an additional splitting of the t2g and eg states. The measured band gap in PMO
is the energy difference between these splitted eg states. Additionally the ordering of
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Figure 2.2: Structure model of PCMO with a Ca doping of x = 0.35: (a) charge disordered Pbnm
phase, (b) charge ordered P21mn phase and (c) ferromagnetic conducting P21mn phase (c). The
figure shows a [001] projection of the unit cells and the lattice constants a and b. Figure is taken
from [51].

Jahn-Teller distortions lead to an orbital ordered state, known as the static JT-effect. [53]
By substitution of Pr3+ via Ca2+ the occupation of the eg states is reduced resulting in a
weakening of the static Jahn-Teller effect.

The electronic and magnetic ground states of the manganites are strongly influenced by
the magnetic exchange interactions. For the manganites one important magnetic exchange
interaction is the super exchange. It represents the indirect exchange between two Mn
sites via an oxygen site and describes the hopping of an electron between the two Mn sites.
According to the Goodenough-Kanamori-Anderson rules [54–57] two magnetic orderings
are favored (for the exchange between single occupied orbitals): i) The exchange between
orbitals with an bonding angle of 180◦ is strong and the preferred magnetic ordering is
antiferromagnetic, ii) the 90◦ exchange is weak and ferromagnetic. Thus for the manganite
perovskites the super exchange is associated with an antiferromagnetic insulating ground
state. In contrast, the double exchange favors an ferromagnetic spin coupling. Here, the
electron can change the Mn site via the enclosed oxygen orbital, without extra cost of
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Figure 2.3: Calculated DOS for PCMO with a Ca doping of x = 0.35. Related to the DOS the
transition from the splitted eg states is shown. The strong absorption is due to a dipole allowed
transition from the lower non-bonding eg state to an anti-bonding eg state. Figure is a section from
figure 7 taken from [28].

Coulomb energy. A bonding angle of 180◦ results in the strongest coupling. The double
exchange is associated with a ferromagnetic metallic ground state. However this is an
oversimplified picture, because of the coupling of the different degrees of freedom of
spin, charge, orbital and lattice in the perovskite manganites. [23] For example electron-
phonon coupling strongly affects the electronic structure in these materials because of
polaron formation. [58]

The phase diagram of PCMO shows a variety of different ground states depending on
temperature and doping level of Ca. For x=0.34, PCMO reveals an orthorhombic Pbnm
crystal structure at room temperature with strong octahedral tilting and small orbital
overlap. The ground state of PCMO is paramagnetic insulating. Here the conductivity
is governed by the thermal activated hopping of small polarons. At lower temperatures
PCMO undergoes a first order transition to a charge and orbital-ordered phase. In this
phase the mobility of the charge carrier is dramatically reduced. Here two limiting
pictures concerning the character of the polaronic charge carrier are discussed:

(a) Jahn-Teller polaron (e.g., [54, 59, 60]): Assuming ionic character of the bonding the
doping with Ca2+ ions results in the coexistence of JT-distorted Mn3+ and undis-
torted Mn4+ sites. Here the polaron is located at the distorted Mn site; transport to
a Mn4+ site requires that the JT-distortion also shifts.

(b) Zener polaron (e.g., [61, 62]): Formation of a Mn-O-Mn dimer, with ferromagnetic
coupling of Mn sites and a delocalization of the charge carrier. Here the valence
states of the Mn site are nearly equal.
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Figure 2.4: Calculated energy surfaces, which show the relevant relaxation process of a JT dimer
after primary excitation from a lower non-bonding eg state to an anti-bonding eg state. (a) Consider
an isolated JT dimer, while (b) show the case of a cooperative response of the neighboring dimers.
The cooperative response shifted the minimum of the second surface and therefore the charge
carrier can reach this minimum, without crossing a conical intersection. Figure is a section from
figure 8 taken from [28].

In case of PCMO with x=0.34 experimental evidence for the formation of Zener polarons
is found. [62,63] The first order transition to the CO phase is accompanied by a structural
change from Pbnm to P21mn (see figure 2.2). The bond angle of 153◦ of Mn-O-Mn dimers
is equal in the Pbnm phase. In the CO phase bond angles are flattened at sites where the
hole polaron is localized and therefore, the double exchange is enhanced. The different
bonding angles (see figure 2.2(b)) favor "self trapping" of the charges and low mobility in
the CO phase. It is possible to convert the CO ordered phase by "melting". For example
strong magnetic fields leads to "metal-like" mobility of polarons (CMR: Colossal Magneto
Resistance). The higher mobility can be explained by an enhancement of the double
exchange, which results from an adjustment of the bonding angles due to the alignment
of spins (see figure 2.2(c)). [51]

In addition, Mildner et al. investigated temperature dependent absorption spectra of
PCMO thin films over a broad Ca doping range and found experimental evidence for the
presence of Zener polarons with additional JT dynamics. [25] The observed JT dynamics
and the strong hybridization seems to be the origin of the high absorption in the IR
polaron band (see appendix figure 8.1). In the UV range optical transitions are charge
transfer transitions from O2p to minority spin t2g and eg states, where, as in the VIS/NIR,
a polaron absorption band occurs which consist of an optically induced intersite hopping
process and the JT transition from the lower to the upper Mn eg state. [25,28] Commonly
d-d transitions are dipole forbidden because there is no change in parity. Reduction of
symmetry, e.g. by tilting of the MnO6 octahedron, can lead to an enhancement of the
absorption in the IR range. But this alone cannot explain the high absorption in the
IR polaron band. A combination of theoretical band structure calculation with optical
pump-probe measurements by Raiser et al. gives a more detailed picture of the DOS of
involved states for the JT-transition (figure 2.3). The degeneracy of the Mn orbitals is
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lifted due to the crystal field and the JT effect. [28] Because of the strong hybridization
non-bonding and anti-bonding states are formed. [28, 52] Strong absorption takes place
by transitions from non-bonding states in the lower eg band to anti-bonding states in
the upper eg band, which is dipole allowed. For this excitation a fast relaxation channel
exists to the complementary non-bonding eg states. Direct transitions from these states
to the ground state is dipole forbidden. Raiser et al. investigated the relaxation after an
excitation of the JT-transition and observed long living hot polaron states with a liftime
of the order of one nanosecond, which is explained by cooperative response of JT dimers
after an excitation. [28] Figure 2.4 shows the calculated energy surfaces of the JT transition
of JT-dimers for two cases:

(a) For an isolated dimer: After the primary excitation to the antibonding state the
charge carrier relaxes fast into the complementary non-bonding state. To reach the
minimum of the energy surface the charge carrier cross a conical intersection, where
it directly returns into the ground state.

(b) Cooperative response of the surrounding dimers, which is modeled by a restoring
force: Here the minimum of the energy surface of the nonbonding orbital is at a
different position. In this case the lower conical intersection is shifted to higher
energies compared to the case of the isolated dimer and the charge carrier can reach
the minimum without crossing the intersection.

Case (b) indicates that the cooperative response of the neighboring dimers seem to be a
prerequisite for the appearance of a pronounced photovoltaic effect in manganite based
heterostructures. In chapter 5 photovoltaic measurements of manganite/titanite heterjunc-
tions under monochromatic illumination are presented and compared to measurements
with broad-band Xe light illumination. This allows to separate the contributions from
the manganite and STNO to the generation and separation of minority charge carriers
and therefore to the photovoltaic effect. It is observed that the temperature dependence
of VOC for manganite excitations is different from the linear behavior under broad-band
illumination. Here, a crossover from an exponential to a linear temperature dependence
is observed below the charge ordering temperature TCO. For a Zener polaron ordered
phase, it is expected that the restoring force in the JT-dimer model is higher than in the dis-
ordered phase, i.e., it seems plausible that the effect of cooperative response to a primary
excitation is stronger in a polaron ordered phase leading to long living states with pro-
nounced diffusion length. In addition, a similar behavior can be observed in CMO/STNO
heterojunctions below the Neel temperature where a transition to an antiferromagnetic
phase take place indicating that also magnetic ordering in correlated heterojunction can
lead to a pronounced photovoltaic effect.
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The deposition of heteroepitaxial thin films on single crystalline substrates by means of physical deposition

methods is commonly accompanied by mechanical strain due to lattice mismatch and defect generation.

Here we present a detailed analysis of the influence of strain on the Mn solubility of Pr1−XCaXMnO3 thin

films prepared by ion-beam sputtering. Combining results from X-ray diffraction, transmission electron

microscopy and in situ hot-stage stress measurements, we give strong evidence that large tensile strain

during deposition limits the Mn solubility range of the Perovskite phase to near-stoichiometric composition.

Mn excess gives rise to MnOz precipitates and the precipitation seems to represent a stress relaxation path.

With respect to size and density of the precipitates, the relaxation process can be affected by the choice of

substrate and the deposition parameters, that is, the deposition temperature and the used sputter gas.

3.1 Introduction

Pr1−XCaXMnO3 (PCMO) belongs to the class of Perovskite-type oxides with the general
formula ABO3 which exhibit rich and fascinating electronic and magnetic properties.
These properties can be tailored via doping. In the case of the hole-doped PCMO, the
replacement of rare-earth element Pr on the A-sites by the alkaline-earth element Ca gives
rise to a series of different electronic and magnetic ground states. Above X = 0.3, charge
ordered phases are observed which show colossal resistance effects in external fields such
as the colossal magnetoresistance (CMR) [23].

These remarkable properties are sensitively related to the subtle balance between the in-
teractions of spin, lattice, charge, and orbital degrees of freedom which can dramatically
change due to defects and strain. Small changes in bonding angles or bonding lengths of
the octahedral tilt system can significantly alter the transfer integral [64] and therefore the
magnetic exchange interactions and charge carrier mobility [58]. Consequently, without
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Figure 1: SEM pictures of three PCMO samples with 𝑋 ≈ 0.3 and an A-to-B site ratio close to 1 (𝛿 ≈ 0) on different substrates: (a) STO
(sample F03 1a), (b) MgO (sample E03 1), and (c) epitaxially grown Pt film on MgO (sample B03 1). The main parameters of these samples
are summarized in Table 1.
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We show that a strain-induced precipitation of the
nonequilibrium MnO

𝑧
phases takes place in ion-beam

sputter (IBS) deposited PCMO thin films with near-
stoichiometric composition. In contrast to film deposition
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Figure 3.1: SEM pictures of three PCMO samples with X ≈ 0.3 and an A-to-B site ratio close
to 1 (δ ≈ 0) on different substrates: (a) STO (sample F03_1a), (b) MgO (sample E03_1), and (c)
epitaxially grown Pt film on MgO (sample B03_1). The main parameters of these samples are
summarized in Table 3.1.

taking into account lattice disorder and stress-strain state, the understanding of structure-
property relations of manganite thin films is hardly possible.

Strain appears in heteroepitaxially grown thin films due to the lattice mismatch (dif-
ference in lattice constants) and the thermal mismatch (difference in thermal expansion
coefficients) between the substrate and the film. The effect of strain on charge ordering
and the CMR in PCMO have been indeed observed in many studies [65–67].

In addition to lattice and thermal mismatch, the strain state of thin films is influenced
by preparation induced defects. Sputter deposition of oxide films is commonly accom-
panied by the formation and annihilation of point-like intrinsic defects (e.g., Schottky
defects) or nonstoichiometric defects (e.g., oxygen vacancies). Such defects can change
the global lattice constant and can induce local disorder in the octahedral tilt system.
Nonstoichiometric defects can also change the doping level. The role of electron-doping
oxygen vacancies and A-site as well as B-site cation deficiencies in transport and magnetic
properties has been, for example, studied in [68, 69].

In this contribution, we focus on a further important aspect of strain, that is, its effect
on the appearance of crystallographic phases and solubility ranges which can induce
pronounced differences to the equilibrium bulk phase diagram (e.g. [70]). Well-known
examples for the change of solubility ranges are the strong increase of the Hydrogen
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solubility in Niobium thin film samples [71] and stress-induced precipitations of a second
phase in semiconductors [72] and highly deformed metal alloys (e.g. [73]).

We show that a strain-induced precipitation of the nonequilibrium MnOz phases takes
place in ion-beam sputter (IBS) deposited PCMO thin films with near-stoichiometric
composition. In contrast to film deposition by pulsed-laser deposition, where the strain
strongly relaxes with increasing film thickness [65], films prepared by IBS remain in a
highly strained state up to thicknesses of the order of 500 nm.The precipitation in these
films takes place over the whole nominal hole-doping range from X = 0 to 0.5 and gives
rise to the generation of growth disturbances (Figure 3.1). In order to investigate the in-
fluence of lattice mismatch and defect formation on the precipitation, we have used three
different substrates (SrTiO3 (STO), MgO, and Pt-coated MgO) and two different working
gases (Xe and Ar). Although the nominal mismatch of PCMO to the used substrates
is tensile which would give rise to compressive out-of-plane strain, the experimentally
observed strain state at room temperature is quite different. Depending on the exact
deposition parameters, PCMO films commonly reveal out-of-plane strains in the range
from −0.3% to −1.2% on STO, from +0.3% to +1% on MgO, and from −0.5% to +0.4%
on Pt-coated MgO. The discrepancy between nominal lattice mismatch and strain state is
due to lattice expansion by preparation induced point defects and stress relaxation which
eventually poses strong bounds to the upper Mn solubility limit.

3.2 Materials and Methods

Figure 3.2(a) shows schematically the ion-beam sputter setup. The Kaufman source (2.5
cm beam diameter, Ion Tech Inc.) generates a noble gas (Ar or Xe) ion beam with a small
divergence which is directed onto the target. The outgoing ion beam is neutralized by an
electron emitting Ar plasma source, enabling sputtering of metallic as well as dielectric
compounds. In our experiments, the beam current density and the beam voltage were
fixed (4 mA/cm2/1000 V). During deposition, the background pressure of impurity gases
amounts to about 1 · 10−7 mbar. The partial pressures are pO2 = 3 · 10−4 mbar for neutral-
ization and sputtering with Ar ions with an additional Xe inlet of pXe = 1 · 10−4 mbar in
the case of Xe sputtering. In order to enable nearly stoichiometric oxygen content in the
films, an oxygen inlet corresponding to pO2 = 1.4 · 10−4 mbar is supplied. Unless other-
wise stated, the deposition temperatures TS (on top of the substrate) were TS = 750 ◦C or
TS = 800 ◦C.

The sputter targets were prepared by a repeating milling and calcination process starting
from mixture of Pr6O11, CaCO3, and Mn2O3 powders. According to Pr1−XCaXMnO3,
the composition of targets and films is characterized by the Ca content (Xtarget and X)
and the Mn excess (δtarget and δ), where X and δ are the determined values of the thin
films. We have used targets with Xtarget = 0, 0.28, 0.34, 0.5 and δtarget = 0 as well as one
off-stoichiometric target with Xtarget = 0.34 and δtarget = −0.02. The main parameters of
the film samples are summarized in Table 3.1. Single crystalline (100) SrTiO3 (STO) and
(100) MgO and almost single crystalline (100) Pt films on MgO (Pt-MgO) were used as
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Figure 2: (a) Scheme of an ion-beam sputtering device with Kaufman source, target, and substrate holder. (b) Variation of the Mn excess
(Pr, Ca)

1
Mn
1+𝛿

and Ca excess Δ𝑋 = 𝑋 − 𝑋target along the substrate holder (lateral position 𝑥

𝑠
). The nominal composition of the target

corresponds to 𝛿 = 0 and 𝑋target = 0.28. A 1.9𝜇m thick film was deposited at 𝑇
𝑠
= 800

∘C on MgO in order to measure the composition
by means of microprobe. (c) Variation of the Mn excess (Pr, Ca)

1
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and Ca content 𝑋 along the substrate holder for 300 nm thick films
prepared from the off-stoichiometric target with nominal composition 𝛿 = −0.02 and 𝑋target = 0.34. Solid symbols correspond to Xe and
open symbols correspond to Ar as sputter gas. The composition was measured by means of EDX including a thin film correction.

where𝑋 and 𝛿 are the determined values of the thin films.We
have used targets with 𝑋target = 0, 0.28, 0.34, 0.5 and 𝛿target =
0 as well as one off-stoichiometric target with 𝑋target = 0.34

and 𝛿target = −0.02. The main parameters of the film samples
are summarized in Table 1. Single crystalline (100) SrTiO

3

(STO) and (100) MgO and almost single crystalline (100) Pt
films on MgO (Pt-MgO) were used as substrates. The size of
the substrates is 5 × 10 × 1mm.The epitaxial 300 nm thick Pt
films were deposited via IBS at 𝑇

𝑠
= 750

∘C.
X-ray diffraction (XRD) studies of 𝜃-2𝜃 scans were

carried out with a Bruker D8 Discover system with Cu K
𝛼

radiation (𝜆 = 0.15418 nm). The film composition was
determined by means of Energy Dispersive X-Ray Analysis
(EDX, AN 10000, Link) incorporated in a Scanning Electron
Microscope (SEM, Stereoscan 360, Cambridge Instruments)

and by microprobe (JEOL 8900 RL electron probe microana-
lyzer). For surface topology investigations, we have used a FEI
Nova NanoSEM and a Nova Nano Lab 600 SEM. The latter
is equipped with a Focused Ion Beam (FIB) etching device,
allowing the preparation of electron-transparent lamellas
for cross-sectional transmission electron microscopy (TEM)
investigations. The TEM investigations were performed in a
Phillips CM12 and in a FEI Titan 300 keV equipped with an
Electron Energy Loss Spectrometer (EELS) Gatan Quantum
ER/965P. EDX measurement on TEM samples was done in
the CM12 with a Si drift detector fromOxford with an energy
resolution of 136 eV.

We have also measured the stress evolution of the PCMO
films during high-temperature deposition on STO and Pt-
coated MgO substrates by using a SIG-2000SP system from

Figure 3.2: Scheme of an ion-beam sputtering device with Kaufman source, target, and substrate
holder. (b) Variation of the Mn excess (Pr,Ca)1Mn1+δ and Ca excess ∆X = X − Xtarget along the
substrate holder (lateral position xS). The nominal composition of the target corresponds to δ = 0
and Xtarget = 0.28. A 1.9µm thick film was deposited at Ts = 800 ◦C on MgO in order to measure
the composition by means of microprobe. (c) Variation of the Mn excess (Pr,Ca)1Mn1+δ and Ca
content X along the substrate holder for 300 nm thick films prepared from the off-stoichiometric
target with nominal composition δ = −0.02 and Xtarget = 0.34. Solid symbols correspond to Xe and
open symbols correspond to Ar as sputter gas. The composition was measured by means of EDX
including a thin film correction.

substrates. The size of the substrates is 5 × 10 × 1 mm.The epitaxial 300 nm thick Pt films
were deposited via IBS at 750 ◦C.

X-ray diffraction (XRD) studies of θ−2θ scans were carried out with a Bruker D8 Discover
system with Cu Kα radiation (λ = 0.15418 nm). The film composition was determined
by means of Energy Dispersive X-Ray Analysis (EDX, AN 10000, Link) incorporated in
a Scanning Electron Microscope (SEM, Stereoscan 360, Cambridge Instruments) and by
microprobe (JEOL 8900 RL electron probe microanalyzer). For surface topology investi-
gations, we have used a FEI Nova NanoSEM and a Nova Nano Lab 600 SEM. The latter
is equipped with a Focused Ion Beam (FIB) etching device, allowing the preparation of
electron-transparent lamellas for cross-sectional transmission electron microscopy (TEM)
investigations. The TEM investigations were performed in a Phillips CM12 and in a FEI
Titan 300 keV equipped with an Electron Energy Loss Spectrometer (EELS) Gatan Quan-
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tum ER 965P. EDX measurement on TEM samples was done in the CM12 with a Si drift
detector from Oxford with an energy resolution of 136 eV.

We have also measured the stress evolution of the PCMO films during high-temperature
deposition on STO and Pt coated MgO substrates by using a SIG-2000SP system from
Sigma-Physik Messtechnik. Deposition of a stressed film on single-side clamped bar-
shaped substrates (3 mm x 15 mm x 0.1 mm) gives rise to a bending of the substrate with
increasing film thickness. This bending is monitored by the change of distance between
two laser spots being reflected from the substrate to the detector. The thickness dependent
stress can be then calculated from Stoney’s formula [74].

Sample X δ Substrate Sputter gas d f [nm] TS

A0_1 0 0 STO Xe 410 675
B03_1 0.3 0 Pt/MgO Xe 300 800
C03_1 0.35 0 STNO Xe 110 800

D03_1a 0.33 0 STO Ar 175 750
D03_1b 0.33 0 MgO Ar 175 750
E03_1 0.35 0 MgO Xe 300 800
F03_1a 0.36 0 STO Xe 130 750
F03_1b 0.36 0 MgO Xe 130 750
G03_1 0.35 -0.02 STO Xe 165 750
H05_1 0.5 0 Pt/MgO Xe 380 800

Table 3.1: Ca content X, Mn excess δ, substrate type, used sputter gas and thickness d f of the
different samples, and the deposition temperature TS. Samples with the same capital letter but
different numbers were prepared in the same deposition run. Small letters indicate that samples
were prepared at the same lateral position xS but at different vertical positions yS. Therefore,
composition and thickness of these samples are equal.

3.3 Results

Ion-beam sputtering takes place at a very low total pressure. Since the ejection angle of
the individual target-forming elements (Pr, Ca, and Mn) is different [76] and scattering in
the gas phase is almost negligible, the composition of the deposited film varies with the
position along the substrate holder xS. A typical example of this variation in composition
is shown in Figure 3.2(b). The measurement has been performed by microprobe on a
1.9µm thick film, where no thin film corrections are required. The Ca content X as well
as the Mn excess δ varies almost linearly with the position on the substrate holder, but
the film composition does not reach the target composition. It should be noted that the
concentration does not significantly vary perpendicular to the xS direction; that is, in the
vertical yS direction the homogeneity range amounts to about 15 mm. Therefore, it is
possible to prepare two films with the same composition in one run (see also caption of
Table 3.1).
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Figure 3: X-ray diffraction pattern of PCMO films. (a) Detailed scans in the vicinity of the (004)/(220) reflection of 400 nm thick PMO films
on STO prepared by Xe sputtering at different deposition temperatures. The vertical lines have been calculated from the bulk data in Table 2.
(b) Overview: PCMO (𝛿 = 0, 𝑋 = 0.36) on SrTiO

3
(top) and MgO (bottom) prepared by Xe sputtering in the same run (samples F03 1a

and F03 1b). The stars mark reflections which correspond to the respective substrate. This was confirmed by X-ray analysis of the noncoated
substrate backsides. (c) Detailed scans in the vicinity of the (004)/(220) reflection. In addition, samples prepared by Ar sputtering (𝛿 = 0 and
𝑋 = 0.33) are also shown (D03 1a, D03 1b): the straight lines correspond to the bulk plane spacing of 𝑑

220
(left) and 𝑑

004
(right) for𝑋 = 0.33

and 0.36. The plane spacings have been calculated from the bulk data in Table 2.

plane spacings 𝑑
004

and 𝑑

220
are very similar. It has been

pointed out that the preferable growth direction depends on
the Ca content; that is, [001] growth dominates for 𝑋 = 0.5

and [110] growth dominates for 𝑋 = 0.3 [16]. However, we
observe bymeans of TEM that films with𝑋 ≈ 0.3 reveal large
volume fraction (∼75%) of the [001] growth direction.

Films prepared on MgO show an additional pronounced
peak in XRD which corresponds to [200] or [112] growth
direction. Since the structure factors of [112]/[200] are much
larger than the structure factors of [220]/[004] (see Table 2),
the volume fraction of this misorientation amounts only to a
few volumepercent for𝑋 ≈ 0.3.This is also observed for films
on Pt/MgO. In contrast, PCMO films with 𝑋 = 0.5 on MgO
reveal large volume fraction of the [112] orientation, which
has been also reported in [6].

Regardless of the details of composition and deposition,
films prepared by ion-beam sputtering are highly strained
and the strain depends on the substrate type and the used
sputter gas. Figure 3(c) shows detailed scans in the vicinity of
the [220]/[004] reflection for samples prepared on STO and
MgOusingAr andXe as sputter gases.Themain observations
are as follows:

(i) Deposition on STO results in a decrease of the lattice
spacing perpendicular to the substrate (out-of-plane)
with respect to bulk lattice spacing. This implies a
tensile in-plane strain state. In contrast, deposition on
MgO causes a compressive in-plane strain state.

(ii) The asymmetry of the four reflections may indicate
that the [220] volume fraction is higher on MgO

Figure 3.3: X-ray diffraction pattern of PCMO films. (a) Detailed scans in the vicinity of the
(004)/(220) reflection of 400 nm thick PMO films on STO prepared by Xe sputtering at different
deposition temperatures. The vertical lines have been calculated from the bulk data in Table
3.2. (b) Overview: PCMO (δ = 0, X = 0.36) on SrTiO3 (top) and MgO (bottom) prepared by
Xe sputtering in the same run (samples F03_1a and F03_1b). The stars mark reflections which
correspond to the respective substrate. This was confirmed by X-ray analysis of the noncoated
substrate backsides. (c) Detailed scans in the vicinity of the (004)/(220) reflection. In addition,
samples prepared by Ar sputtering (δ = 0 and X = 0.33) are also shown (D03_1a, D03_1b): the
straight lines correspond to the bulk plane spacing of d220 (left) and d004 (right) for X = 0.33 and
0.36. The plane spacings have been calculated from the bulk data in Table 3.2.

Figure 3.2(c) shows that the Ca content and the A-to-B site ratio depends on the used
sputter gas, that is, Xe or Ar. The film compositions across the sample holder were mea-
sured by EDX on about 300 nm thick film sample. We have also performed a comparison
between EDX and microprobe analysis. Within the scattering of the data, the slope of
the concentration profiles (Ca content, Mn excess) is equal for both methods. However,
most probably due to the limited energy resolution, EDX measurement reveals a slightly
lower Mn content and a higher Ca content than microprobe analysis. In the following,
we use the EDX results. Therefore, we may underestimate δ by an amount of 0.02 and
overestimate X by 0.028.



3.3 Results 25
6 Journal of Nanomaterials

Protective Pt layers

Pt substrate

(a)

600nm 600nm

600nm600nm

O K𝛼1 Ca K𝛼1

Mn K𝛼1 Pr L𝛼1

(b)

Protective
Pt layers

STNO substrate

100nm

(c)

Protective Pt layers

PMO

100nm

(d)

Figure 4: Cross-sectional TEM analysis of PCMO thin films (𝛿 ≈ 0). (a) PCMO (𝑋 = 0.5) film on Pt-coated MgO (H05 1), bright-field
image of an area with two twin domains (left) and a pronounced growth disturbance (right). (b) EDX element mapping of the same area. (c)
Growth disturbance in an 110 nm thick PCMO film (𝑋 = 0.35) on Nb-doped (0.1 wt.%) STO substrate (C03 1). (d) Surface precipitate on top
of a 410 nm thick PMO (𝑋 = 0) film on STO (A0 1). The sample was postannealed for 20 h at 900∘C in air.

substrates but not strongly affected by the choice
of the sputter gas. Large volume fractions of this
orientation have been also observed for 𝑋 = 0.5 by
means of TEM.

(iii) The in-plane strain seems to be higher in case of
Ar sputtering, presumably due to higher Ar incor-
poration. The small difference in the Ca content
(𝑋 = 0.33 for Ar sputtering and 𝑋 = 0.36 for Xe
sputtering) cannot explain the large difference in
lattice parameters.

In ion-beam sputtering, the emitted target atoms and,
especially, the target-reflected noble gas atoms give rise
to pronounced defect and strain generation [17]. This is
partly compensated by defect annihilation due to the rather
high deposition temperatures. The impact of reflected Ar
atoms can be directly measured because of Ar-incorporation.
Energy Dispersive X-Ray Analysis (EDX) of PCMO samples
prepared by Ar as working gas reveals an Ar content of
about 1 at.%. It is interesting to note that the usage of Ar
instead of Xe increases the compressive strain on MgO and
the tensile strain on STO. This excludes that a simple atomic
volume argument related to Ar-incorporation can explain the
strain state. We rather assume that point defect generation by
impinging Ar atoms is additionally influencing the substrate
induced strain states.

In contrast, the Xe atoms with large atomic radius are
hardly implemented. Xe reflection at the target only con-
tributes to defect formation at the surface of the growing
film. The full-width-half-maximums (FWHM) of the XRD
reflections are larger for films prepared by means of Xe
sputtering. This points to a higher degree of lattice disorder.

Independently from the Ca content and the used sub-
strate type, PCMO films with near-stoichiometric composi-
tion (𝛿 ≈ 0) contain precipitates of a MnO

𝑧
phase which

give rise to pronounced growth disturbances as shown in
Figure 1. Figures 4(a) and 4(b) reveal a cross-sectional TEM
bright-field image and the corresponding EDX mapping of
the different elements for a PCMO film with 𝑋 = 0.5 on
Pt/MgO. A precipitate nucleated at the interface between
Pt and PCMO provokes a pronounced outgrowing PCMO
misorientation.Within the resolution of the EDX systemonly
manganese and oxygen are detected in the precipitate. The
low Pr and Ca signal in the grain boundary between the
PCMOoutgrowth and the surrounding PCMOmatrix points
to a pronounced grain boundary wetting with MnO

𝑧
.

Precipitation can take place at the interface to the sub-
strate as well as in the interior (Figure 4(c)) and at the surface
of PCMO (Figure 4(d)). We have no reliable statistic with
respect to preferred nucleation sites, but it seems that all
three nucleation types are present in PCMO films with 𝑋 =

0.3 and 0.5. In contrast, PMO films seem to only reveal

Figure 3.4: Cross-sectional TEM analysis of PCMO thin films (δ ≈ 0). (a) PCMO (X = 0.5) film
on Pt-coated MgO (H05_1), bright-field image of an area with two twin domains (left) and a
pronounced growth disturbance (right). (b) EDX element mapping of the same area. (c) Growth
disturbance in an 110 nm thick PCMO film (X = 0.35) on Nb-doped (0.1 wt.%) STO substrate
(C03_1). (d) Surface precipitate on top of a 410 nm thick PMO (X = 0) film on STO (A0_1). The
sample was postannealed for 20 h at 900 ◦C in air.

PCMO films prepared by ion-beam sputtering reveal the commonly observed epitaxial
relations between the deposited films and all three underlying cubic substrates. Using
the Pbnm notation for PCMO, two different growth directions are observed:

[001] // PCMO [001] and [001] // PCMO [110]

In-plane, the a and b directions of (001)-grown PCMO are aligned along the 〈110〉directions
of the substrate while the c-direction of (110)-grown domains is aligned along the 〈100〉
and 〈010〉 directions. Additional exchange of a and b directions gives rise to all in all six
different twin domains. As a reference for samples with different Ca contents, we are
using the Pbnm bulk lattice parameters determined by Jirak et al. [37]. These parameters
and the most relevant reflection intensities are summarized in Table 3.2.

The Ca content, the substrate choice, and the exact deposition conditions only influence
the volume fractions of the misorientations and the twin domains. PMO films (X = 0) on
STO reveal no misorientations and the dominating growth direction is 〈110〉 for samples
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Figure 5: Detailed analysis of surface precipitates in PMO (sample shown in Figure 4(d)). The underlying PMO reveal two different twin
domains with common [110] growth directions. (a) High-resolution image of a surface precipitates and top area of PMO. (b) FFT image of
the surface precipitate. The selection for the FFT is marked in (a). (c) EELS spectrum of the oxygen K edge of a surface precipitate, which
reveals the typical features of MnO [18]. (d) SEM image of the PMO surface showing very regular and well-orientated surface precipitates.
The precipitate edges are parallel to the ⟨110⟩ directions of the STO substrate.

surface precipitates, even in thick films. For example, the
PMO film presented in Figure 4(d) is about 400 nm thick.
Therefore, precipitation can induce differentmicrostructures,
such as embedded precipitates, surface precipitates, and
near substrate precipitates leading to PCMOmisorientations
which protrude from the film surface.

Manganese can form different oxides, for example, MnO,
Mn
2
O
3
, Mn
3
O
4
, and MnO

2
. In order to identify the crystal

structure of the MnO
𝑧
precipitates, we have analyzed the

precipitates in more detail. Figure 5 shows a high-resolution
image (a) and the local Fast Fourier Transformation (FFT)
image of the surface precipitate (b). By taking into account
the lattice parameters (see Table 3) of the different MnO

𝑧

phases, the FFT of the surface precipitate with an in-plane
lattice parameter of 𝑎in = 0.41 nm and an out-of-plane
parameter of 𝑎oop = 0.48 nm is only compatible with a
highly distorted MnO or MnO

2
phase. Mn

2
O
3
and Mn

3
O
4

can be excluded because the lattice parameters are too large.

Table 3: Space group and lattice parameters 𝑎, 𝑏, and 𝑐 of the
different manganese oxides.

Space group 𝑎 [nm] 𝑏 [nm] 𝑐 [nm] Ref.
MnO Fm3m 0.445 0.445 0.445 [31]
MnO

2
Pbnm 0.452 0.927 0.286 [32]

Mn
2
O
3

Pcab 0.941 0.942 0.940 [33]
Mn
3
O
4

I41/amd 0.575 0.575 0.942 [34]

Comparing the EELS spectra at the oxygen K edge of the
precipitates (Figure 5(c)) with reference data of the various
manganese oxides [18] here points to the MnO phase.

The sample shown in Figure 5 was additionally postan-
nealed for 20 h at 900∘C. From the viewpoint of the equilib-
rium phase diagram [19], a transition from the MnO phase
which is only stable at low oxygen partial pressures to the
Mn
2
O
3
phase is expected but not observed. Consequently,

Figure 3.5: Detailed analysis of surface precipitates in PMO (sample shown in Figure 3.4(d)). The
underlying PMO reveal two different twin domains with common [110] growth directions. (a)
High-resolution image of a surface precipitates and top area of PMO. (b) FFT image of the surface
precipitate. The selection for the FFT is marked in (a). (c) EELS spectrum of the oxygen K edge of
a surface precipitate, which reveals the typical features of MnO [75]. (d) SEM image of the PMO
surface showing very regular and well-orientated surface precipitates. The precipitate edges are
parallel to the 〈110〉 direction of the STO substrate.

deposited at TS ≥ 750 ◦C. A preferred [001] growth direction is only observed for lower
deposition temperatures (Figure 3.3(a)).

Figure 3.3(b) shows an overview of XRD scans for two samples with a Ca content of
X = 0.36 and Mn excess of δ ≈ 0 prepared both on STO (top) and on MgO (bottom)
in the same deposition run. In contrast to PMO, the two growth directions are almost
indistinguishable in XRD because the plane spacings d004 and d220 are very similar. It
has been pointed out that the preferable growth direction depends on the Ca content;
that is, [001] growth dominates for X = 0.5 and [110] growth dominates for X = 0.3 [77].
However, we observe by means of TEM that films with X ≈ 0.3 reveal large volume
fraction (∼ 75%) of the [001] growth direction.
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Figure 6: Outgrowth density and the influence of Mn excess for samples with 𝑋 ≈ 0.3. (a) SEM picture of a PCMO film (G03 1) with a
small Mn deficit (𝛿 = −0.02) on STO. (b) Surface density of outgrowths in dependence on the Mn excess. The Mn excess 𝛿 was deduced
from EDXmeasurements using linear fits of the concentration profile (see also Figure 2(c)).The error bar represents the uncertainness in the
concentration measurement. Same symbols belong to samples prepared in the same deposition run. The respective stoichiometric samples
(𝛿 = 0) are B03 1 (black squares, substrate Pt/MgO, and sputter gas Xe), F03 1a (red circles, STO, and Xe), and D03 1a (blue diamonds, STO,
and Ar). (c) SEM picture of a PCMO film on MgO (F03 1b). The film has the same composition (𝑋 = 0.36, 𝛿 = 0) and was prepared in the
same run as the sample F03 1a on STO shown in Figure 1(a). (d) XRD patterns of two PCMO films (𝑋 = 0.36, 𝛿 = 0) on MgO prepared in
different runs. The sample marked by solid symbols reveals outgrowths; the second film (F03 1b, solid line) is free of outgrowths.

the MnO phase seems to be stabilized by coherent or
semicoherent growth on the underlying PMO film. Since the
MnO lattice constant is larger than the PMO lattice con-
stant, such growth should give rise to compressive in-plane
strain within the precipitate, that is, to the experimentally
observed relation 𝑎in < 𝑎oop. The preferred orientation of
the precipitate edges parallel to the [110] directions of STO
also points to an epitaxial relation between MnO and PMO
(Figure 5(d)).However, since quantitative EDX investigations
on precipitates in different samples point to MnO

2
and

precipitation might be different in PMO and PCMO because

of different misfits, we currently only would like to conclude
the formation of MnO

𝑧
phases.

The TEM results imply a correlation between growth
disturbances visible at the PCMO surface (Figure 1) and
the presence of MnO

𝑧
precipitates. The link becomes also

apparent by comparing samples prepared with different Mn
contents. Figure 1(a) (𝛿 = 0) and Figure 6(a) (𝛿 = −0.02)
show that the surface number density of outgrowths 𝑛

decreases by orders ofmagnitude inMn-deficit films. Plotting
𝑛 versus the Mn excess 𝛿 (Figure 6(b)) reveals the same
trend for samples on STO and Pt-coated MgO substrates

Figure 3.6: Outgrowth density and the influence of Mn excess for samples with X ≈ 0.3. (a)
SEM picture of a PCMO film (G03_1) with a small Mn deficit (δ = −0.02) on STO. (b) Surface
density of outgrowths in dependence on the Mn excess. The Mn excess δ was deduced from EDX
measurements using linear fits of the concentration profile (see also Figure 3.2 (c)). The error bar
represents the uncertainness in the concentration measurement. Same symbols belong to samples
prepared in the same deposition run. The respective stoichiometric samples (δ = 0) are B03_1
(black squares, substrate Pt/MgO, and sputter gas Xe), F03_1a (red circles, STO, and Xe), and
D03_1a (blue diamonds, STO, and Ar). (c) SEM picture of a PCMO film on MgO (F03_1b). The
film has the same composition (X = 0.36, δ = 0) and was prepared in the same run as the sample
F03_1a on STO shown in Figure 3.1 (a). (d) XRD patterns of two PCMO films (X = 0.36, δ = 0)
on MgO prepared in different runs. The sample marked by solid symbols reveals outgrowths; the
second film (F03_1b, solid line) is free of outgrowths.

Films prepared on MgO show an additional pronounced peak in XRD which corresponds
to [200] or [112] growth direction. Since the structure factors of [112]/[200] are much
larger than the structure factors of [220]/[004] (see Table 3.2), the volume fraction of this
misorientation amounts only to a few volume percent for X ≈ 0.3.This is also observed
for films on Pt/MgO. In contrast, PCMO films with X = 0.5 on MgO reveal large volume
fraction of the [112] orientation, which has been also reported in [67].
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X a [nm] b [nm] c [nm] 〈a〉pc [nm] ∆STO [%] ∆Pt [%] ∆MgO [%]

0.0 0.5445 0.5809 0.7585 0.3917 0.30 -0.16 -7.03
0.2 0.5442 0.5552 0.7657 0.3867 -0.96 -1.42 -8.20
0.3 0.5426 0.5478 0.7679 0.3850 -1.41 -1.86 -8.62
0.4 0.5415 0.5438 0.7664 0.3835 -1.78 -2.23 -8.96
0.5 0.5395 0.5430 0.7612 0.3814 -2.34 -2.78 -9.48

(a)

(hkl) dhkl [nm] I [%]

(112) 0.2720 100.0
(200) 0.2713 44.9
(220) 0.1928 13.7
(004) 0.1920 13.4

(b)

Table 3.2: Lattice parameters a, b, and c for Pr1−XCaXMnO3 (a) according to [37]. 〈apc〉 is defined
as the mean value of the pseudocubic lattice constant, that is, the mean value of a/

√
2, b/

√
2 and

c/2.The lattice mismatch to STO, Pt, and MgO deduced from the pseudocubic lattice constant is
also included using aSTO = 0.3905 nm, aPt = 0.3923 nm, and aMgO = 0.4213 nm. We have also used
the atom positions in the unit cell from [37] to calculate the intensity ratios by means of the CaRIne
software (b).

Regardless of the details of composition and deposition, films prepared by ion-beam
sputtering are highly strained and the strain depends on the substrate type and the used
sputter gas. Figure 3.3(c) shows detailed scans in the vicinity of the [220]/[004] reflection
for samples prepared on STO and MgO using Ar and Xe as sputter gases. The main
observations are as follows:

(i) Deposition on STO results in a decrease of the lattice spacing perpendicular to the
substrate (out-of-plane) with respect to bulk lattice spacing. This implies a tensile
in-plane strain state. In contrast, deposition on MgO causes a compressive in-plane
strain state.

(ii) The asymmetry of the four reflections may indicate that the [220] volume fraction is
higher on MgO substrates but not strongly affected by the choice of the sputter gas.
Large volume fractions of this orientation have been also observed for X = 0.5 by
means of TEM.

(iii) The in-plane strain seems to be higher in case of Ar sputtering, presumably due to
higher Ar incorporation. The small difference in the Ca content (X = 0.33 for Ar
sputtering and X = 0.36 for Xe sputtering) cannot explain the large difference in
lattice parameters.

In ion-beam sputtering, the emitted target atoms and, especially, the target-reflected no-
ble gas atoms give rise to pronounced defect and strain generation [78]. This is partly
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compensated by defect annihilation due to the rather high deposition temperatures. The
impact of reflected Ar atoms can be directly measured because of Ar-incorporation. En-
ergy Dispersive X-Ray Analysis (EDX) of PCMO samples prepared by Ar as working
gas reveals an Ar content of about 1 at.%. It is interesting to note that the usage of Ar
instead of Xe increases the compressive strain on MgO and the tensile strain on STO. This
excludes that a simple atomic volume argument related to Ar-incorporation can explain
the strain state. We rather assume that point defect generation by impinging Ar atoms is
additionally influencing the substrate induced strain states.

In contrast, the Xe atoms with large atomic radius are hardly implemented. Xe reflection
at the target only contributes to defect formation at the surface of the growing film. The
full-width-half-maximums (FWHM) of the XRD reflections are larger for films prepared
by means of Xe sputtering. This points to a higher degree of lattice disorder.

Independently from the Ca content and the used substrate type, PCMO films with near-
stoichiometric composition (δ ≈ 0) contain precipitates of a MnOz phase which give rise
to pronounced growth disturbances as shown in Figure 3.1. Figures 3.4(a) and 3.4(b)
reveal a cross-sectional TEM bright-field image and the corresponding EDX mapping of
the different elements for a PCMO film with X = 0.5 on Pt/MgO. A precipitate nucle-
ated at the interface between Pt and PCMO provokes a pronounced outgrowing PCMO
misorientation. Within the resolution of the EDX system only manganese and oxygen
are detected in the precipitate. The low Pr and Ca signal in the grain boundary between
the PCMO outgrowth and the surrounding PCMO matrix points to a pronounced grain
boundary wetting with MnOz.

Precipitation can take place at the interface to the substrate as well as in the interior (Fig-
ure 3.4(c)) and at the surface of PCMO (Figure 3.4(d)). We have no reliable statistic with
respect to preferred nucleation sites, but it seems that all three nucleation types are present
in PCMO films with X = 0.3 and 0.5. In contrast, PMO films seem to only reveal PMO
film presented in Figure 3.4(d) is about 400 nm thick. Therefore, precipitation can induce
different microstructures, such as embedded precipitates, surface precipitates, and near
substrate precipitates leading to PCMO misorientations which protrude from the film
surface.

Manganese can form different oxides, for example, MnO, Mn2O3, Mn3O4, and MnO2.
In order to identify the crystal structure of the MnOz precipitates, we have analyzed the
precipitates in more detail. Figure 3.5 shows a high-resolution image (a) and the local
Fast Fourier Transformation (FFT) image of the surface precipitate (b). By taking into
account the lattice parameters (see Table 3.3) of the different MnOz phases, the FFT of the
surface precipitate with an in-plane lattice parameter of ain = 0.41 nm and an out-of-plane
parameter of aoop = 0.48 nm is only compatible with a highly distorted MnO or MnO2

phase. Mn2O3 and Mn3O4 can be excluded because the lattice parameters are too large.
Comparing the EELS spectra at the oxygen K edge of the precipitates (Figure 3.5(c)) with
reference data of the various manganese oxides [75] here points to the MnO phase.

The sample shown in Figure 3.5 was additionally postannealed for 20 h at 900 ◦C. From
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Space group a [nm] b [nm] c [nm] Ref.

MnO Fm3m 0.445 0.445 0.445 [79]
MnO2 Pbnm 0.452 0.927 0.286 [80]
Mn2O3 Pcab 0.941 0.942 0.940 [81]
Mn3O4 I41/amd 0.575 0.575 0.942 [82]

Table 3.3: Space group and lattice parameters a, b, and c of the different manganese oxides.

the viewpoint of the equilibrium phase diagram [83], a transition from the MnO phase
which is only stable at low oxygen partial pressures to the Mn2O3 phase is expected but
not observed. Consequently, the MnO phase seems to be stabilized by coherent or semi-
coherent growth on the underlying PMO film. Since the MnO lattice constant is larger
than the PMO lattice constant, such growth should give rise to compressive in-plane
strain within the precipitate, that is, to the experimentally observed relation ain < aoop.
The preferred orientation of the precipitate edges parallel to the [110] directions of STO
also points to an epitaxial relation between MnO and PMO (Figure 3.5(d)). However,
since quantitative EDX investigations on precipitates in different samples point to MnO2

and precipitation might be different in PMO and PCMO because of different misfits, we
currently only would like to conclude the formation of MnOz phases.

The TEM results imply a correlation between growth disturbances visible at the PCMO
surface (Figure 3.1) and the presence of MnOz precipitates. The link becomes also appar-
ent by comparing samples prepared with different Mn contents. Figure 3.1(a) (δ = 0) and
Figure 3.6(a) (δ = −0.02) show that the surface number density of outgrowths n decreases
by orders of magnitude in Mn-deficit films. Plotting n versus the Mn excess δ (Figure
3.6(b)) reveals the same trend for samples on STO and Pt-coated MgO substrates and for
different sputter gases: the outgrowths vanish if the films become Mn deficient. Since δ
was deduced from EDX measurements, we may slightly underestimate the Mn content by
about 2%. Therefore, we only state that the outgrowth vanishes close to the stoichiometric
composition δ ≈ 0.

Depending on small change in the detailed deposition conditions, films prepared on MgO
can reveal no MnOz precipitates for near-stoichiometric compositions δ ± 0.02. The sam-
ple on MgO shown in Figure 3.6(c) is outgrowthfree and also cross section TEM analysis
shows no MnOz precipitates in the volume of the thin films. In contrast, the film on STO
(Figure 3.1(a)) prepared in the same run and with the same composition (at the same
position xS but at different positions yS) reveals a high density of growth disturbances.
However, the precipitation is not only controlled by the substrate choice, for example,
by interfacial energies or lattice mismatch. Sometimes, PCMO films on MgO substrates
grown under the same deposition conditions show the formation of precipitates (cf., e.g.,
Figures 3.6(c) and 3.1(b)). It is interesting to compare samples with and without precipi-
tates with respect to their strain state. The X-ray diffraction pattern in Figure 3.6(d) shows
that the out-of-plane strain in precipitate-free samples is significantly higher. Therefore,
the precipitation is related to both the Mn content and the strain.



3.4 Discussion 31
10 Journal of Nanomaterials

0 20 40 60 80 100 120
0

1

2

3

4

df (nm)

𝜎
(G

Pa
)

STO ∘C
Pt-MgO 700∘C

Ts =

Ts =

800

Figure 7: In situ determination of the thickness dependent stress
during deposition of PCMO (𝑋 = 0.33, 𝛿 = 0) on STO and Pt-
coated MgO substrates. The actual film thicknesses were calculated
from deposition rate times time and the final thickness amounts to
about 100 nm for both samples. In the case of the deposition on STO,
the reflected laser beams moved out of the detection window above
𝑑

𝑓
≈ 65 nm. Using the linear part of the plot, we estimate the stress

at 100 nm to be about 1 GPa. During cooling, the reflected beams
moved back and the stress evolution could be measured.

almost linear decrease is not very different for samples
on STO and Pt-coated MgO.

(iii) Cooling down the samples from deposition tempera-
ture to room temperature stronglymodifies the stress.
For the 100 nm thick films, the stress decreases from
about 1 GPa to 490MPa on STO and from 250MPa
to −260MPa in the case of Pt-coated MgO. Postmea-
surement values in XRD at room temperature show
that the PCMO film on STO (Pt-coatedMgO) reveals
an out-of-plane strain of 𝜀oop = −0.5% (+0.4%) which
implies a tensile (compressive) in-plane strain.

It is worthwhile to note that this strong change of the
stress during cooling cannot be attributed to the thermal
strain induced due the difference in thermal expansion coeffi-
cient between film and substrate. Assuming for simplicity an
isotropic biaxial strain state with a reasonable Poisson ratio
for PCMO of ] ≈ 0.35, the stress change due to cooling from
𝑇

𝑠
down to room temperature 𝑇

0
is given by

Δ𝜎

𝜎 (𝑇

0
)

=
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Table 4: Linear thermal expansion coefficient of PCMO and
substrate materials.The thermal strain Δ𝜀 generated in PCMO films
on the different substrates during cooling von 800∘C down to room
temperature is also mentioned.

𝛼 [10−6/K] Δ𝜀 [%]
Pr
0.7
Ca
0.3
MnO

3
11.9 [35]

SrTIO
3

9 0.23
Pt 8.8 0.24
MgO 8 0.3

where 𝛼

𝑆
and 𝛼ip are the almost constant linear thermal

expansion coefficients of the substrate and the PCMO film in
the high-temperature range, respectively. Since 𝛼ip is larger
than 𝛼

𝑆
, only small additional tensile strain contributions

are expected (see Table 4) in contrast to the experimental
findings. For PCMO on STO, for example, the observed
stress change Δ𝜎/𝜎 ≈ 1 corresponds to the generation of an
additional compressive in-plane strainwhich is of the order of
the room temperature out-of-plane strainΔ𝜀 ≈ −𝜀oop = 0.5%.

The defect structure of the PCMO thin films strongly
affects the correlation physics of the PCMO thin films.
Hoffmann et al. [23] show a systematic study of the influence
of preparation induced octahedral disorder on the CMR in
thin film PCMO samples with 𝑋 = 0.32–0.34 prepared
by means of PLD and IBS deposition on STO and MgO.
Independent of the deposition method, the CMR only can be
observed if the deposition temperature is high enough (about
750∘C). Postannealing at temperatures above the deposition
temperature increases the CMR transition temperature due
to defect annihilation.

In addition to octahedral disorder, point like defects
have a strong effect on the correlated electron properties.
Oxygen vacancies which are formed by resistive switching
can suppress the CMR effect in Pt-PCMO-Pt sandwich
structures [28] and can even give rise to vacancy induced
metal-insulator transitions [29]. However, the influence of
point defects on the correlation properties is rather complex
due to specific features of defect chemistry inmanganites. For
example, oxygen vacancy formation can significantly affect
the A/B cation site ratio [30] with drastic effects on the
ferromagnetic properties.

In the IBS PCMO films presented in this paper, Mn
excess has only a minor influence, because the high stress
state results in MnO

𝑧
precipitation and therefore drives the

formation of a near-stoichiometric PCMO phase. Our results
show that the evolving strain state and its influence on the
correlation effect, for example, the CMR, are rather complex.
Beside the lattice mismatch, the generation of most likely
point-like defects due to the high-energy impact and the
annihilation due to the high deposition temperatures has
to be taken into account. In general, the flexibility of the
octahedral tilt system allows for accommodation of themisfit
in very thin films, which has been indeed observed for PLD
films [4]. For IBS films, we observe only a moderate decrease
of stress with increasing film thickness. This implies that
the net defect generation rate during deposition significantly

Figure 3.7: In situ determination of the thickness dependent stress during deposition of PCMO
(X = 0.33, δ = 0) on STO and Pt-coated MgO substrates. The actual film thicknesses were
calculated from deposition rate times time and the final thickness amounts to about 100 nm for
both samples. In the case of the deposition on STO, the reflected laser beams moved out of the
detection window above d f ≈ 65 nm. Using the linear part of the plot, we estimate the stress at 100
nm to be about 1 GPa. During cooling, the reflected beams moved back and the stress evolution
could be measured.

3.4 Discussion

As far as we know, no phase diagram of Ca-doped PMO has been published which takes
Mn excess into account. The Mn solubility in the Perovskite phases of LaMnO3 and
PrMnO3 corresponds to δ ≈ 0.1. Ca-doping of LaMnO3 seems to increase the solubility
[45, 84, 85]. Such large solubilities are not observed in our PCMO thin film samples
(Figure 3.6(b)). By taking into account the uncertainness in concentration measurement,
the maximum solubility seems to be smaller than δ ≈ 0.02. Low deposition temperatures
TS prohibit the formation of outgrowths. However, such films commonly reveal no
CMR [51] and are of minor interest. Because of the limited statistic of TEM investigations
and the uncertainness in concentration determination, we cannot quantitatively relate
Mn excess, outgrowth density, and typical size of precipitates. However, assuming that
precipitation takes place if δ > 0, one may write (A represents A-site cations Pr and Ca)

A + (1 + δ) Mn +
3 + 2δ

2
O2 −→ AMnO3 + δMnO2 (3.1)

Since there is a clear correlation between MnOz formation and outgrowth density n, we
assume that each precipitate gives rise to a visible growth disturbance. Consequently, the
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volume fraction of precipitates for a small excess δ is expressed as

VMnO2

VMnO2 + VPCMO
≈ δ ·

Vm
MnO2

Vm
MnO2

≈
n · νMnO2

d f
(3.2)

where Vm are the mole volumes, νMnO2 is the mean volume of the precipitates, and d f is
the film thickness. Using the ratio of mole volumes of about 0.46, Mn excess of 2%, and
small (large) precipitates with a volume νp ≈ 2.4 · 105 nm3 (2.0 · 107 nm3) should result in a
surface density of outgrowths of n ≈ 4.2/µm2 (0.14/µm2). This coarse estimations support
the main trends shown in Figure 3.6(b): the formation of a high density of small precipi-
tates on STO and a lower density of large precipitates with pronounced grain boundary
wetting on Pt-coated MgO (see also Figure 3.4(b)).

The most probable origin of the limited solubility is the strain accompanying heteroepi-
taxial growth. Incorporation of Mn excess in the Perovskite phase is compensated by
the formation of A-site vacancies which gives rise to a reduced unit cell volume (e.g., for
LaMnO3 [84] and for PrMnO3 [86]). It has been shown by means of DFT calculations that
compressive in-plane strain favors the formation of cation vacancies [87]. Although the
change of the lattice constants is rather small (of the order of -0.06% for PrMnO3 with
δ = 0.01 [86]), a tensile lattice mismatch to the substrate may favor the formation of the
stoichiometric Perovskite phase with its larger unit cell and therefore drive the precipita-
tion of MnOz.

However, the different strain states on different substrates at room temperature cannot be
directly compared without taking into account the pronounced influence of phase forma-
tion which depends on the deposition parameters. PCMO undergoes a phase transition
from cubic to orthorhombic in a temperature range of 1100–1200 K [88] which is very
close to the typical deposition temperature of about 1073 K. The strain generated by this
transition relaxes partly by twinning.

In addition to the twinning induced strain relaxation during film growth, the precipitation
of MnOz is affected by the mobility of cations. MnOz formation requires a sufficiently
high surface mobility of adatoms. Because of the pronounced wetting (Figure 3.4(b)),
grain boundary diffusion also seems to play a significant role. It is therefore important to
determine the strain evolution during deposition and cooling down to room temperature.

In order to determine the stress state during film deposition and cooling, we have per-
formed in situ stress measurements with the hot stage. The thickness dependent stress for
deposition on STO (at TS = 800 ◦C) and Pt-coated MgO (at TS = 700 ◦C) is shown in Figure
3.7. It is out of the frame of this contribution to discuss all details of these measurements,
we will therefore mainly focus on the main observations:

(i) The stress in the early growth state of PCMO on STO is tensile and rather large (up
to 4 GPa). Due to the large lattice mismatch ∆S =

(〈
apc

〉
− aS

)
/aS between PCMO

and STO of ∆STO = −1.6% (see Table 3.1), the growth mode is most probably 3D
growth and the island coalescence may give rise to the pronounced stress maximum
at a film thickness of about 10 nm [90]. Although the misfit to Pt (∆Pt = −2.0%) is
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α [10−6/K] ∆ε [%]

Pr0.7Ca0.3MnO3 11.9 [89]
SrTiO3 9 0.23

Pt 8.8 0.24
MgO 8 0.3

Table 3.4: Linear thermal expansion coefficient of PCMO and substrate materials. The thermal
strain ∆ε generated in PCMO films on the different substrates during cooling von 800 ◦C down to
room temperature is also mentioned.

larger, the tensile stress is lower on Pt-coated MgO substrates because the elastically
softer Pt film partly accommodates the misfit. Nevertheless, the stress in the early
growth state is also of the order of GPa.

(ii) After the early growth stage, the stress decreases with increasing thickness but still
stress remains high. The almost linear decrease is not very different for samples on
STO and Pt-coated MgO.

(iii) Cooling down the samples from deposition temperature to room temperature
strongly modifies the stress. For the 100 nm thick films, the stress decreases from
about 1 GPa to 490 MPa on STO and from 250 MPa to -260 MPa in the case of Pt-coated
MgO. Postmeasurement values in XRD at room temperature show that the PCMO
film on STO (Pt-coated MgO) reveals an out-of-plane strain of εoop = −0.5%(+0.4%)
which implies a tensile (compressive) in-plane strain.

It is worthwhile to note that this strong change of the stress during cooling cannot be
attributed to the thermal strain induced due the difference in thermal expansion coefficient
between film and substrate. Assuming for simplicity an isotropic biaxial strain state with
a reasonable Poisson ratio for PCMO of ν ≈ 0.35, the stress change due to cooling from TS

down to room temperature T0 is given by

∆σ
σ (T0)

=
σ (TS) − σ (T0)

σ (T0)
=

∆ε
εip (T0)

= −
2 · ν
1 − ν

·

(
αS − αip

)
·

(T0 − TS)
εoop (T0)

� −
(
αS − αip

)
·

(T0 − TS)
εoop (T0)

(3.3)

where αS and αip are the almost constant linear thermal expansion coefficients of the
substrate and the PCMO film in the high-temperature range, respectively. Since αip

is larger than αS, only small additional tensile strain contributions are expected (see
Table 3.4) in contrast to the experimental findings. For PCMO on STO, for example,
the observed stress change ∆σ/σ ≈ 1 corresponds to the generation of an additional
compressive in-plane strain which is of the order of the room temperature out-of-plane
strain ∆ε ≈ −εoop = 0.5%.
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The defect structure of the PCMO thin films strongly affects the correlation physics of
the PCMO thin films. Hoffmann et al. [51] show a systematic study of the influence of
preparation induced octahedral disorder on the CMR in thin film PCMO samples with
X = 0.32 − 0.34 prepared by means of PLD and IBS deposition on STO and MgO. In-
dependent of the deposition method, the CMR only can be observed if the deposition
temperature is high enough (about 750 ◦C). Post annealing at temperatures above the
deposition temperature increases the CMR transition temperature due to defect annihila-
tion.

In addition to octahedral disorder, point like defects have a strong effect on the correlated
electron properties. Oxygen vacancies which are formed by resistive switching can sup-
press the CMR effect in Pt-PCMO-Pt sandwich structures [91] and can even give rise to
vacancy induced metal-insulator transitions [92]. However, the influence of point defects
on the correlation properties is rather complex due to specific features of defect chemistry
in manganites. For example, oxygen vacancy formation can significantly affect the A/B
cation site ratio [93] with drastic effects on the ferromagnetic properties.

In the IBS PCMO films presented in this paper, Mn excess has only a minor influence,
because the high stress state results in MnOz precipitation and therefore drives the for-
mation of a near-stoichiometric PCMO phase. Our results show that the evolving strain
state and its influence on the correlation effect, for example, the CMR, are rather complex.
Beside the lattice mismatch, the generation of most likely point-like defects due to the
high-energy impact and the annihilation due to the high deposition temperatures has to
be taken into account. In general, the flexibility of the octahedral tilt system allows for
accommodation of the misfit in very thin films, which has been indeed observed for PLD
films [65]. For IBS films, we observe only a moderate decrease of stress with increasing
film thickness. This implies that the net defect generation rate during deposition signif-
icantly contributes to the stress state. This contribution does not strongly depend on the
substrate choice. Defect annihilation might be the origin of the pronounced compressive
stress contribution, which appears during the slow cooling down to room temperature
after the deposition.

The formation of MnOz precipitates also seems to be an important pathway of stress re-
laxation, because the room temperature strain of precipitate-free samples is significantly
higher. Large tensile stress during deposition seems to favor the precipitation. We have
not measured the stress during deposition for MgO substrates. Although the nominal
lattice mismatch between PCMO and MgO is highly tensile, the room temperature strain
state is compressive. We therefore expect that the misfit stress contribution to the stress-
strain state of PCMO on MgO during deposition is not so high due to the presence of a
coincidence lattice. Conclusively, the observed compressive stress must evolve because of
the defect relaxation processes including twins and point defects, which are not strongly
affected by the substrate choice.

Deposition at temperatures close to the cubic-orthorhombic phase transition and pro-
nounced stress relaxation during deposition and cooling seems to be the reason for the
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rather broad ranges of possible strain states at room temperature on the same type of
substrate. However, the appearance of precipitation is not only controlled by the lattice
mismatch. Using Ar instead of Xe changes the number density of precipitates at the same
Mn excess (Figure 3.6(b)). We suggest that the precipitation as stress relaxation takes
place if the stress during deposition exceeds a critical threshold. This might explain why
deposition with Xe with its high defect generation rate can result in a room temperature
state with a low strain (Figure 3.3(b)).

3.5 Conclusions

The deposition of Pr1−XCaXMnO3 with X ranging from 0 to 0.5 by means of ion-beam
sputtering is accompanied by high density of point defects which is determined by the
balance of generation and annihilation rates. After termination of the film deposition,
defect generation is stopped and some of the strain may be relaxed via point defect
relaxation channels. However, we conclude that the formation of MnOz precipitates
represents another important relaxation path if a stress threshold is overcome. The high
tensile strain during the early growth stage on STO seems to favor the formation of a high
density of precipitates due to the reduction of misfit. Even if the stress is lower for the
Pt-coated MgO, the remaining stress is in the order of GPa and seems to be high enough
to result in the formation of precipitates. We do not expect large tensile strain on MgO.
Therefore, precipitation only takes place if the stress caused by defect formation exceeds
the critical stress.
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After a general introduction into the Shockley theory of current voltage (J − V) characteristics of inorganic

and organic semiconductor junctions of different bandwidth, we apply the Shockley theory-based, one

diode model to a new type of perovskite junctions with polaronic charge carriers. In particular, we studied

manganite-titanate p-n heterojunctions made of n-doped SrTi1−yNbyO3, y = 0.002 and p-doped Pr1−xCaxMnO3,

x = 0.34 having a strongly correlated electron system. The diffusion length of the polaron carriers was ana-

lyzed by electron beam-induced current (EBIC) in a thin cross plane lamella of the junction. In the (J − V)

characteristics, the polaronic nature of the charge carriers is exhibited mainly by the temperature depen-

dence of the microscopic parameters, such as the hopping mobility of the series resistance and a colossal

electro-resistance (CER) effect in the parallel resistance. We conclude that a modification of the Shockley equa-

tion incorporating voltage-dependent microscopic polaron parameters is required. Specifically, the voltage

dependence of the reverse saturation current density is analyzed and interpreted as a voltage-dependent

electron-polaron hole-polaron pair generation and separation at the interface.

4.1 Introduction

At present, photovoltaic devices are mainly based on high purity elemental or compound
inorganic semiconducting materials with large electronic bandwidths. The doping of
such semiconductors allows for the variation in the electrical conductivity and character
of the charge carriers. In this way, junctions based on p- or n-doped materials can be
tailored. In these materials, the charge carriers are quasi-free, that is, the effective mass
is relatively small, the mobility is large and the diffusion length of excited electron-hole
pairs can be in the 100µm range for indirect semiconductors [94].

The examination of photovoltaic materials with properties deviating from conventional
solar cells can lead to new strategies for a wide variety of solar cells. In recent years,
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organic and other narrow bandwidth semiconductors came into the focus of research
efforts [32, 95–99]. They often result in new types of quasiparticles such as polarons (i.e.,
bound states of charge and lattice distortions). Polarons are present in organic semicon-
ductors such as conjugated polymers [100] as well as some perovskite oxides [101–103].
Perovskites have the general formula ABX3, where the A cation in a cuboctahedral site
coordinates with 12 anions, and the B cation in an octahedral site coordinates with 6 an-
ions. New perovskite materials under evaluation for photovoltaic systems reveal vastly
different properties ranging from narrow band gap manganite oxides perovskites with
hopping transport to broad band gap lead halide perovskites [9–11, 101]. For the lead
halide perovskites the constituents are: A = CH3NH+

3 , B = Pb, and X = I, Br, Cl, mixed
halides. The constituents for manganite oxide are: A = rare earth, alkali metal, mixed
composition, B = Mn, and X = O.

The organic/inorganic halide perovskites exhibit good optical absorption and favorable
electrical properties, thus offering the possibility for use in high efficiency solar cells [9–11].
Even though the junctions made of halide perovskites exhibit high open-circuit voltages,
VOC = 0.9-1.15 V [104, 105], and a large carrier diffusion length, L > 1µm, for the mixed
halide, CH3NH3Pb3−xClx [106, 107], these junctions seem not to be stable in the long
term [12, 13].

On the other hand, the manganite oxide perovskites are strongly correlated electron sys-
tems that exhibit a strong electron-phonon interaction. This leads to the formation of
small polarons [29]. The polaron-like character of the quasi-particles in perovskite ox-
ides provides at least two exciting issues related to photovoltaic energy conversion [26]:
the possibility of light absorption by intraband excitations of charge carriers and the
harvesting hot carriers due to the rather long-lived excited states [29, 30]. Hence, such
materials are suitable to study the pathways of photovoltaic energy conversion beyond
the Shockley-Queiser limit [3] by reducing fundamental losses due to long wavelength
transparency and thermalization of excess carriers generated by the short wavelength
part of the solar spectrum.

For this study, junctions of p-doped Pr1−xCaxMnO3 (PCMO) with x = 0.34 and n-doped
SrTi1−yNbyO3 (STNO) with y = 0.002 were prepared. In PCMO, the charge carriers are
small polarons and doping with Ca leads to a variety of different electronic and magnetic
ground states. For a certain doping range, Ca doping leads to field-induced electronic
phase transitions such as the colossal magneto-resistance (CMR) and the colossal electro-
resistance (CER). For the perovskite heterojunction La0.32Pr0.33Ca0.33MnO3 with 0.5 wt
% Nb-doped SrTiO3, the influence of a magnetic field on the temperature-dependent
photovoltaic effect was reported [32]. In contrast, STNO has a band gap of around
Eg = 3.2 eV [108] and the reported type of charge carriers in STO varies from large to
small polarons [109, 110] or a mixture of both [111].

To gain more insight into the underlying mechanism of the photovoltaic effect in
perovskite-based materials, it is important to analyze the properties at the interface.
The electronic interface structure of conventional semiconductor p-n junctions is well-
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described in terms of electrochemical equilibrium of quasi-free electrons [112]. Charge
carriers are transferred across the interface until a specific Fermi level of the carriers on
both sides of the interface is established. Consequently, an electrostatic potential is gen-
erated, which modifies the band structure at the interface. The modified interfacial band
structure is successfully described by band bending of more or less rigid electron bands.
In heterojunctions, materials with different bandgaps meet at the interface. In addition
to band bending, this leads to sharp discontinuities of the band structure at the interface
and is modelled in the framework of a sharp junction [113].

In many perovskite oxides, the band structure is determined to a large degree by the cor-
relation interactions [23]. Since these correlations strongly depend on the charge density
and the material structure, the concept of bending rigid electronic bands at an interface
can break down because of the emergence of new types of quasiparticles and order [22].
The nature of polaron quasiparticles may change during their interfacial transfer because
of the variation of the electron–phonon interaction across the interface. Under a large elec-
tric field, the polaron may even dissociate as indicated by polaron simulations of polymer
junctions [114]. On the other hand, the concept of the electrochemical equilibrium at the
interface naturally takes into account the spatial variation of the correlation interactions
and is quite successfully applied to the near-equilibrium interfacial band structure of ox-
ide junctions [26] (see Figure 4.4 later in this article).

An additional important difference compared to conventional semiconductors is the small
electronic bandwidth of the conduction bands in transition metal perovskite oxides. Be-
cause of the small electronic overlap between transition metal 3d and oxygen 2p states,
the width of the unnormalized conduction band in the manganite Pr1−xCaxMnO3 is of the
order 1 eV [25], in contrast to Si with a bandwidth of ≈ 20 eV. The renormalization of the
bandwidth by the electron–phonon interaction further reduces the bandwidth to a few
meV [51]. This small bandwidth has strong impact on the matching of electronic states
at the interface. Even after establishment of electrochemical equilibrium (which may be
hindered by small charge transfer rates), the electronic overlap of narrow bands can be
very small. In other words, the orbital mismatch of the electronic states on both sides of
the interface may strongly affect the charge transfer process.

The width of the space charge region (SCR) at the junctions of conventional semicon-
ductors can be well estimated in the framework of rigid band concepts, taking Debye
or Thomas-Fermi screening into account. For the studied PCMO/ STNO junction, the
extensions of the SCR at room temperature calculated from the sharp junction model are
dPCMO = 0.2 nm and dSTNO = 10 nm, respectively [26]. Since the width of the SCR is on
the order of one unit cell or even less, the rigid band model is not applied. Nevertheless,
the calculated values roughly agree with the band bending region deduced from electron
energy loss spectroscopy [26].

The strength of the electron lattice coupling also strongly affects the mobility of the elec-
trons or holes. Compared to Si, where the mobility strongly depends on the doping level
(µe ≈ 675 cm2/V · s and µh ≈ 331 cm2/V · s for a doping level of 1017 cm−3 [115]), the mobil-
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ity in polaronic materials is several orders of magnitude smaller (≈ 1 cm2/V · s in STNO,
10−2 cm2/V · s in PCMO down to 5 × 10−7 cm2/V · s in hole-doped polymers) depending
on the polaron effective mass. In addition to recombination rates, the mobility influences
the diffusion length of electron-hole-type excitations. In polymer-fullerene solar cells, the
diffusion length is significantly reduced down to the 10 nm range, which consequently
reduces a typical device thickness [95]. For perovskite oxides, no direct measurement of
the diffusion length has been reported so far.

From the experimental viewpoint, one of the main tools to study photovoltaic devices
is the temperature-dependent analysis of current-voltage (J − V) curves measured across
the charge separating junction. Typical diode-like characteristics are observed in the dark
and under illumination. This provides a wealth of information related to the underlying
microscopic processes such as excess carrier generation and recombination as well as
transport properties in the bulk and across junction interfaces.

However, the insight that the J−V curves provide into microscopic processes is intimately
linked to the applied analysis. It is quite remarkable that for the limiting cases of quasi-free
electrons and small polarons, the analysis of J−V curves is performed in the framework of
the classical Shockley theory [116]. This theory was originally developed for generation
and recombination currents of quasi-free electrons. In more recent works, a Shockley-like
equation describing a diode-like rectifying behavior has been derived from rate equations
for generation, dissociation and recombination of polaron pairs at the interface [117,118].
Such a scenario is typical for photovoltaic energy conversion in polymer systems with
small polaron charges. Hence, a more general description using Shockley’s equations for
different p-n junctions having a different charge carrier nature is needed. A simple equiv-
alent circuit can be set up, where in addition to the diode, a parallel resistance, RP, and
a series resistance, RS, is added. The temperature dependence of the diode parameters
and the resistance contributions in the dark reflect the different underlying microscopic
mechanisms and the nature of the charge carriers. RP and RS may reveal the typical
small polaron fingerprints, the thermally activated hopping mobility [119], the nonlinear
current-voltage dependence and the appearance of colossal resistance effects.

This article is organized as follows: First the key features of a Shockley-type model for
homo- and hetero-junctions with large bandwidths and quasi-free electrons are intro-
duced. Then we summarize the Shockley-type model for small bandwidth organic junc-
tions with strongly localized charge carriers. The one diode-based equivalent circuit is
then applied to the analysis of data sets collected from PCMO/STNO p-n heterojunctions.
Despite the absence of a band gap above the charge ordering temperature of TCO ≈ 240 K,
photocarrier lifetimes in PCMO are of the order of ns [120]. The diffusion length of
electron-hole-type excitations at room temperature is determined by EBIC. Finally, the
Discussion section represents our analysis of the microscopic parameters obtained by fit-
ting the J−V curves with and without illumination by using the Shockley-based one diode
model. The previously reported presence of a band discontinuity at the interface [26] is
confirmed in the dark and under illumination, exemplifying the self-consistency of the
Shockley-based analysis. Furthermore, the temperature dependence of the characteristic
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Figure 4.1: Schematic overview of electrochemical equilibrium (a) in large bandwidth inorganic
semiconductors and (b) in low bandwidth organic solar cells. In both cases a recombination and
generation current can be defined. In the forward direction, the recombination current is always
the dominant contribution to the total current, whereas for the reverse direction, the generation
current is the dominant contribution.

parameters of the equivalent circuit provides insight into the transport mechanism in the
junction and across the interface. The observed differences between simulated and mea-
sured J −V curves and the presence of a CER effect in the shunt resistance show the need
to modify the Shockley equation with the introduction of bias-dependent microscopic
parameters.

4.1.1 Shockley equation for quasi-free electrons

Let us first consider a p-n homojunction made of a semiconducting material with quasi-
free charge carriers (e.g., doped silicon). Bringing n- and p-type Si in contact leads to
currents that compensate for the different concentration of electrons and holes in both
materials (see Figure 4.1(a)). Thus, the electrons diffuse from the n-type material to
the p-type material (and holes from the p-type to the n-type material), leaving a SCR
formed by immobile, ionized acceptors and donors on the p- and n-side of the junction,
respectively. This current is called the recombination current density, JRec. Thermally
generated electron-hole pairs can diffuse into the space charge region where they are
attracted by the electric field, resulting in electrons moving from the p- towards the n-
region and holes moving in the opposite direction. This current is called the generation
current density, JGen. Thus the origin of JGen and JRec are related to the differences in the
chemical and electrical potentials, respectively. In electrochemical equilibrium, there is a
balance of these two currents and no net charge current, JC, flows:

JC =
σe

e
grad ηe −

σh

e
grad ηh = 0. (4.1)

Here σe/h is the contribution of electrons and holes to the electrical conductivity, ηe/h is
the electrochemical potential and e the elementary charge. As a result, a voltage drop
between the n- and p-type materials, Vbi, occurs. This is known as the built-in voltage or
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diffusion voltage.

Under bias, the electrochemical equilibrium is modified and a net charge current flows.
The assumptions underlying the Shockley model of the J−V curve of a junction are [116]:
(a) the voltage completely drops across the SCR; (b) a weak injection condition; and (c)
no recombination occurs in the SCR.

In the ideal case, the generation current is nearly independent of the applied voltage, V,
since the voltage has no effect on the rate of thermally generated electron-hole pairs. On
the other hand, the recombination current is strongly affected by the applied voltage and
is proportional to the built-in potential. For example, for the electrons from the n-region:

Jn,Rec ∝ exp
[
−e (Vbi − V)

kBT

]
. (4.2)

Here, kBT is the thermal energy. If the diode is biased in the forward direction, the
barrier for the recombination current decreases and the current rises exponentially. For
the reverse direction, the recombination current decreases, whereas the generation current
is not influenced by the external electric field. The obtained J − V characteristic for an
ideal p-n homojunction can then be described within the Shockley theory [116]:

J (V) = JS

(
exp

[ eV
kBT

]
− 1

)
, (4.3)

where the saturation current density, JS, can be written as

JS = Jn,Gen + Jp,Gen = e · n2
i ·

(
Dp

nDLp
+

Dn

nALn

)
. (4.4)

Here Dn,p is the diffusion coefficient and Ln,p is the diffusion length for electrons and holes.
Far from the junction, the density of charge carriers for completely ionized donors and
acceptors in the conduction or valence band is given by nD and nA, respectively. Since the
temperature dependence of the intrinsic charge carrier density, ni, is given by

n2
i = NCNV · exp

[
−

Eg

kBT

]
, (4.5)

the saturation current is also temperature dependent

JS = eNCNV ·

(
Dp

nDLp
+

Dn

nALn

)
· exp

[
−

Eg

kBT

]
= J0 · exp

[
−

Eg

kBT

]
, (4.6)

where NC and NV are the effective densities of states of the conduction and valence band,
respectively, and J0 is nearly independent of the temperature.
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4.1.2 Heterojunction

If two different semiconducting materials are used, for example, a junction made of Ge
and GaAs, the device is called a p-n heterostructure. One of the main differences is the
presence of discontinuities in the conduction and valence bands, so-called band offsets,
which can be calculated by the difference in the electron affinities, χn,p as

∆EC = χp − χn

∆EV = ∆Eg − ∆EC.
(4.7)

Because the materials have different band gaps and Fermi energies, the total built-in
potential, Vbi, is the sum of the partial built-in potentials of the semiconductor 1 and 2,
named Vbi,1 and Vbi,2

Vbi = Vbi,1 + Vbi,2. (4.8)

A model for the electronic structure of the interface has been developed by Anderson et
al., assuming a sharp junction with band discontinuities [113]. For the derivation of the
J − V curve, it is assumed that the transport mechanism is governed by injection over
the barriers in the conduction and valence band. Furthermore, there are no influences of
interface states taken into account that might give rise to additional space charges and
barriers. If we consider a narrow band gap, p-type semiconductor 1, and a wide gap,
n-type semiconductor 2, the J − V characteristics can be written as

J (V) = A · exp
[
−

eVbi,2

kBT

] [
exp

[ eV2

kBT

]
− exp

[
−

eV1

kBT

]]
. (4.9)

Here the partial voltage decrease over semiconductor 1 and 2 is given by V1 and V2. If we
consider a p-n heterojunction, where Vbi,1 > ∆EC, there is no barrier for the charge carriers
in semiconductor 1 to reach the semiconductor 2 and the equation can be reformulated as

J (V) = A0 · exp
[
−

e · (Vbi − ∆EC)
KBT

]
·

[
exp

[ eV
kBT

]
− 1

]
. (4.10)

with

A0 = XaeNV,2

(
Dp

τp

)1/2

. (4.11)

Here the assumption is made that the current is limited by the rate at which holes can
diffuse in the narrow band gap material. X is the fraction of those carriers having sufficient
energy to cross the barrier, a is the junction area and NV,2 is the effective density of states
of the valence band for the semiconductor 2. This leads to a J − V curve of similar form
to the ideal Shockley equation curve.
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Up to this point, no other transport mechanisms such as tunneling through the inter-
face barrier, recombination at the interface, or a voltage-dependent barrier height have
been taken into account. If these processes are relevant for the J − V characteristics, the
temperature-dependent JS (the exponential prefactor in Equation 4.10) can be written as:

JS = J0 · exp
[
−

EB

n · kB · T

]
, (4.12)

where EB is the effective energy barrier for the transport across the interface and n is the
ideality factor described below.

4.1.3 Photovoltaic effect

Under illumination, additional charge carriers are generated and are separated in the
electric field of the SCR, resulting in a photocurrent. The typical parameters character-
izing the photovoltaic effect in solar cells are the short-circuit current density, JSC, and
the open circuit voltage, VOC. The analysis of the temperature dependence of these pa-
rameters gives additional information about the electronic structure of the p-n interface
and the transport mechanism across the interface. In inorganic junctions, the temperature
dependence of the open circuit voltage is given by

eVOC = Eg − kBT · ln
(

1
ISC
· eNVNC ·

(
Dp

nDLp
+

Dn

nALn

))
, (4.13)

for JS << JSC. For a heterojunction, the low temperature limit of VOC is given by the smaller
bandgap, that is, Eg is replaced by min

(
Eg1,Eg2

)
. In the presence of a band discontinuity,

the energy barrier/spike EB which is generated at the heterointerface determines the upper
limit of VOC for T = 0K [121].

4.1.4 Equivalent circuit

A real photovoltaic device is often described by an equivalent circuit. The simplest
one is shown in Figure 4.2 and consists of one diode, which represents the ideal J − V
characteristics in terms of the Shockley equation, an external power supply, a current
source for the photocurrent and two ohmic resistors. These parasitic resistances describe
losses, which reduce the efficiency of a solar cell. The series resistor, RS, consists of all
bulk, interface and cable resistances and the parallel resistor, RP, represents losses, for
example, leakage currents across the junction due to imperfections. Another important
variable is the ideality factor, n. For an ideal diode this is n = 1. Evaluating the equivalent
circuit yields the J − V characteristics in an implicit form,

J (V) = JS

(
exp

[
e (V − JRS)

nkBT

]
− 1

)
+

V − JRS

RP
− JSC. (4.14)

The analysis of data presented in this paper was performed using the one diode model.
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Figure 4.2: Equivalent circuit for the one diode model. The diode, D, describes the part of the
circuit that represents the ideal diode equation with an ideality factor n = 1. RS and RP represent
the parasitic resistances taking ohmic losses into account. JSC represents the short circuit current
density.

4.1.5 Organic solar cells: ideal diode equation for localized charge carriers,
polarons

The J−V characteristics of organic solar cells formed by junctions of conjugated polymers
and fullerenes are commonly described in the framework of the Shockley model [122] in
combination with either one or two diode electrical circuits [123].

Since the nature of the charge carriers is fundamentally different, the applicability of a
Shockley-like equation is far from obvious. In contrast to inorganic p-n junctions, where
the current across the junction is due to drift diffusion and/or recombination within the
SCR, the current in organic heterojunctions is carried by hole and electron-type polarons.
These are formed after injection at the electrodes and can form polaron pairs at the
interface.

In contrast to Si, having a large mobility, the mobility in the organic compounds is several
orders of magnitude smaller. Typical values at T = 300 K are µe = 2.0 × 10−3 cm2/V · s
in the electron-doped fullerene C61-butyric acid methyl ester (PCBM) and µh = 5.0 ×
10−7 cm2/V · s in the hole-doped polymer poly(2- methoxy-5-(3’,7’-dimethyloctyloxy)-p-
phenylenevinylene) (MDMO–PPV) [95].

Absorption of photons leads to formation of tightly bound excitons that have a very
low probability of dissociation. The exciton binding energy can be high due to the low
dielectric constant of the organic semiconductors and can exceed 1 eV. Charge separation
is typically hindered by a high exciton binding energy, however, it can be facilitated at a
heterojunction due to formation of a more loosely bound exciton-polaron pair, which can
dissociate or recombine at the interface [124].

The theoretical foundation of the Shockley equation in such systems was given by Giebink
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et al. [117, 118], who showed that for a trap-free heterojunction under stationary state
conditions, the Shockley equation is

J (V) = JS

(
exp

[ eV
kBT

]
− r

)
, (4.15)

where r = kppd/kppd,eq and kppd and kppd,eq denote the polaron pair dissociation rate under
transport and equilibrium conditions, respectively. The polaron dissociation mainly af-
fects the reverse direction of the junction V < 0, where the increased electric field at the
interface facilitates the polaron dissociation and kppd exceeds kppd,eq. This can typically be
observed in organic junctions as an increasing reverse saturation current with increasing
reverse bias. More generally, r > 1 can evolve due to any bias dependence of the gen-
eration current. Such an effect is disregarded in the Shockley model. However, in the
forward direction, kppd approaches kppd,eq and Equation 4.15 reduces to the conventional
Shockley equation with ideality factor n = 1.

Disorder and polycrystalline structure have a strong impact on the electrical transport in
organic junctions, since the polarons can be trapped at defects. Consequently, the absolute
value and the temperature dependence of RS strongly depend on disorder.

Since either the electron- or the hole-type polaron can be trapped, the resulting two differ-
ent bimolecular recombination processes can be modeled as two different currents, which
thus gives rise to an effective two diode Shockley equation with two reverse saturation
currents and two ideality factors [117, 118]. The contributions of both currents depend
on the balance of the voltage drop across the junction as well as their characteristic trap
temperatures.

The origin of the open circuit voltage, VOC, has been controversially discussed for many
years. Indeed, it shows a linear increase with decreasing temperature [122, 125]. Cur-
rently, there seems to be an agreement that the energy difference between the HOMO
of the donor and the LUMO of the acceptor modified by the polaron binding energy
controls the low temperature limit [126]. The resulting open circuit voltage is described
by [117, 118]

eVOC = EDA − kBT · ln
[(

kppr

kppd

)
kReceNHOMONLUMO

ISC

]
, (4.16)

where EDA is the energy difference between the HOMO of the donor and the LUMO of the
acceptor modified by the polaron binding energy. The short circuit current density, JSC,
increases with increasing temperature, reflecting the thermally activated hopping con-
ductivity of small polarons. It should be noted, however, that this trend can be overlaid
by temperature dependent changes the in morphology of the active layer [123].

The dominating loss mechanisms of organic solar cells are still under debate [127]. There
seems to be some evidence that genuine (intramolecular) recombination can be disre-
garded compared to bimolecular recombination. The latter is due to recombination of
mobile electrons and holes at the interface. The question of whether bimolecular recom-
bination is typically affected by localized states in the band gap (similar to Shockley-
Read-Hall recombination at deep traps in inorganic semiconductors) or if it involves the
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recombination of free carriers is highly debated (see, e.g., [124]).

Kirchartz et al. [128] introduced a voltage-dependent ideality factor (for both with and
without illumination), in order to study recombination mechanisms in polymer-fullerene
solar cells. They concluded that in their devices, the recombination is a trap-assisted
recombination at lower voltages and surface recombination at higher voltages. However,
intramolecular recombination of excitons at traps within single-blend compounds de-
pends strongly on the exciton binding energy. Theoretical estimates show that increasing
the binding energy, EB, from values of ≈ kBT to 0.2 eV will increase the recombination
rate by two orders of magnitude [95]. Typically, an experimental value for EB in polymer
solar cells is in the range of 0.2-0.4 eV.

4.1.6 Modeling diffusion length determination by EBIC

The charge carrier diffusion length, L, is an important parameter to determine the
recombination-limited charge transport processes in electronic devices [129]. It is con-
nected to the charge carrier lifetime, τ, and mobility, µ, by the Einstein relation:

L =
√

Dτ =

√
kBT

e
µτ. (4.17)

While the lifetime is determined by recombination and relaxation processes, the mobility is
inherent to the material system. From the simple Einstein relation, the diffusion coefficient
is proportional to the mobility. This leads to typical diffusion lengths in the µm and nm
range for inorganic and organic semiconductors, respectively. This large difference is due
to the fact that the typical mobility in organic and inorganic semiconductors differs by
several orders of magnitude. Given that the mobility in the PCMO-STNO system is larger
than that of organic semiconductors, a diffusion length on the order of that of organic
semiconductors is expected. However, the situation may be different for excited charge
carriers in a correlated material system as the applicability of the simple Einstein relation
is questionable: Here, the assumption of a non-degenerate system in thermal equilibrium
may not hold (see, e.g., [130]). As a consequence, it is necessary to directly determine the
diffusion length in a PCMO-STNO p-n junction.

An established technique to measure the charge carrier diffusion length in devices with
p-n junctions is by mapping the electron beam-induced current (EBIC) across the sample
without any applied voltage (see, e.g., the review by Leamy [131]). Injected high-energy
electrons excite electron-hole pairs, which are subject to diffusion in the sample. In
the limit of weak injection, diffusion is limited by minority charge carriers. A typical
experimental method for measuring the minority charge carrier diffusion length, L, is to
vary the beam acceleration voltage, moving the excitation maximum perpendicular to
the p-n interface, or by preparing a wedge-shaped layer to vary the depth of the interface
in the sample. For a point-like source generating electron-hole pairs with a rate, G, at a
distance, W, from the p-n interface, the resulting EBIC current is [129]

IEBIC = eG exp
[
−

W
L

]
. (4.18)
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If W and L are of similar size, varying W allows the L of the minority charge carriers to be
determined.

A more realistic diffusion model for charge carriers in solids incorporates the extension
of the generation volume produced by a penetrating electron beam. This is especially
important if the extension of the generation volume is of the order of the diffusion length.
As the penetrating electrons suffer multiple scattering events with ions and electrons
constituting the solid, they gradually lose their initial energy, frequently resulting in a
pear-shaped generation volume [132]. This shape mainly depends on the initial electron
energy, which is determined by the beam acceleration voltage and the density of the
solid. It can be described by an analytical function [132] or simulated by a Monte Carlo
method [133].

In this work, we measure an EBIC linescan from a p-doped to an n-doped region as a
cross-section in order to extract the diffusion length. This eliminates the influence of
the sample surface structure and layer thickness in addition to reducing the generation
volume. In order to take the generation volume into account, the measured linescan must
be compared to a simulation. For this, we convolute a simulated generation volume with
a function describing the fraction of generated charge carriers contributing to the EBIC
signal. For the case without diffusion processes, this function is given as

fSCR =

1,−dp < x < dn

x, otherwise
(4.19)

where dp and dn are the width of the space charge region on the p- (negative x) and n-side
(positive x), respectively. This is equivalent to the assumption that all charge carriers
generated in the range of the strong electric field within the space charge region are
charge separated and contribute to the EBIC signal. For the case of the diffusion lengths
Lp and Ln, excited charge carriers in a certain area around the space charge region will
also contribute to the EBIC signal. Thus, the distance from the space charge region can be
exponentially weighted:

fSCR+D =


exp

[(
dp + x

)
/Lp

]
, x < −dp

1, x ≥ 0

exp [(dn + x) /Ln] , x > dn

(4.20)

Assuming a uniform generation function in both regions, and using the convolution
functions fSCR and fSCR+D, an integrated EBIC linescan,

∑
IEBIC, can be described for both

cases. By dividing these two factors, the integrated generation volume is canceled out
and leaves only: ∑

IEBIC,SCR+D∑
IEBIC,SCR

= 1 +
Lp + Ln

dp + dn
(4.21)

which can be used as a robust estimate for Lp + Ln if the width of the SCR is known.
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Figure 4.3: (a) Cross section of a simulated electron beam generation volume directly at the PCMO-
STNO interface for electron beam acceleration voltages of 2 kV (yellow, bright) and 10 kV (red,
dark). (b) Measured EBIC signal for a 2 kV line scan across the PCMO-STNO interface and
corresponding simulation (see text), normalized to their maximum.

4.2 Results

4.2.1 EBIC measurements

The measurements were performed at an electron beam acceleration voltage of 2 kV, as the
generation volume is smallest there (see Figure 4.3(a)). Thus, it represents the situation
closest to the ideal case of a point-like electron-hole pair generation source. Using even
smaller acceleration voltages did not result in measureable EBIC in our setup. A cross-
section lamella of the sample was prepared by means of a focused ion beam microscope.
An EBIC scan across the p-n interface is shown in Figure 4.3(b), together with a simulated
EBIC linescan, taking into account only the generation volume and the space charge
region.

The electron beam generation volume was calculated using the CASINO implementation
of a Monte Carlo simulation developed by Drouin et al. [134]. In the simulation, we use
the SCR width dPCMO = 0.2-2.5 nm (Figure 4.3(b) for dPCMO = 2.5 nm) and dSTNO = 27 nm,
as suggested by Saucke et al. for junctions of the same materials [26]. As illustrated in
Figure 4.3(a), the differences in the generation volume on both sides of the junction are
negligible. Therefore, we assume the same generation volume for PCMO and STNO.

Comparing the two linescans clearly shows the experimental curve to be broader than
the simulated one, which manifests the contributions of excess carriers generated outside
the space charge region (i.e., the finite diffusion lengths in STNO and PCMO). We then
integrated both linescans and applied Equation 4.21 using the simulated, IEBIC−S, and the
experimental, IEBIC,S+L. This leads to a combined diffusion length, LPCMO +LSTNO = 21.4(2)
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Figure 4.4: Temperature dependence of the J − V characteristics for the PCMO-STNO junction:
(a) in a linear and (b) in a semi-logarithmic illustration. Over the whole measured temperature
range the J−V curves show rectifying behavior. (c) Comparison of J−V curves with and without
illumination. (d) The open circuit voltage increases for decreasing temperature and the short
circuit current breaks down at a temperature around 180 K.

nm. The noticeable asymmetry in the experimental EBIC linescan indicates that a larger
part of the combined diffusion length can be attributed to LSTNO.

4.2.2 Current-voltage characteristics without illumination

The measured current-voltage characteristics of the analyzed manganite-titanate junction
are summarized in Figure 4.4, where J is the current density. For all measurements at
different temperatures, the rectifying characteristic of the junction can be recognized. By
decreasing the temperature, a plateau evolves for the reverse direction as well as for the
forward direction for |V| ≤ 0.2 V. Furthermore, the exponential increase of the current is
shifted to higher voltages in the forward direction.

In Figure 4.4(c) the J − V curves with and without illumination are compared. A clear
photovoltaic effect is visible for all measured temperatures. Even at 300 K, without a
band gap in the PCMO, the photovoltaic effect is visible. The open circuit voltage, VOC,
increases with decreasing temperature, while the short circuit current density, JSC, is con-
stant until the temperature reaches values below T = 140 K. Below this temperature, JSC

breaks down and decreases exponentially (see Figure 4.4(d)). In this work, the collected
data sets are analyzed within the one diode model by two methods. Only the forward
branch of the J − V curve is used to determine the four parameters, JS, n, RS and RP and
the resistance is treated as ohmic.
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Figure 4.5: (a) Illustration of the manual parameter identification method, (b) Comparison of the
measured data and the two different analysis methods for 300 K, 220 K and 140 K (open black
symbols). The red line shows the result of the manual parameter identification, while the blue
line is the result of the least squares fit.

(i) Manual parameter identification: Here the equivalent circuit is used, which is de-
scribed in Figure 4.2, and the analysis is illustrated in Figure 4.5(a). The assumption is
made that the influence of the four parameters becomes dominant in different regimes
in the forward direction. For small values of the voltage, the voltage mainly drops over
the parallel resistance, RP. The parallel resistance can be determined by fitting the J − V
curve linearly in a small region around V = 0. Since the influence of RS is neglected, this
value describes the lower limit of RP. In the intermediate voltage range, the current is
governed by the influence of the diode and thus the ideality factor as well as the saturation
current density can be extracted in this region. Therefore, the J − V curves are plotted
semi-logarithmically and fitted linearly at the point with highest local slope in the forward
branch. The ideality factor can be calculated from the slope and the saturation current is
given by the ordinate intercept. For high values of the applied voltage, the current is lim-
ited by the series resistance, RS. To determine the series resistance, the difference between
the linear extrapolated curve from the linear fit and the measured curve is calculated by
RS = ∆V/Imax.
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Figure 4.6: Overview of the temperature dependence of the extracted diode parameters for the two
analysis methods. The black squares show the manual parameter identification results and the
red triangles show the least squares fit results. (a) Saturation current, JS, (b) ideality factor, n, (c)
series resistance, RS, (d) parallel resistance, RP. While JS decreases with decreasing tem-perature,
n as well as RS increases. RS shows the characteristic behavior of thermally acti-vated transport
and seems to be dominated by the PCMO resistance. RP increases with decreasing temperature
and shows two different regimes of exponential increase with a different slope.

(ii) Parameter identification with least squares fit: The second way to analyze the J − V
curves is by performing a least squares fit of the implicit Equation 4.14 for JSC = 0 using
a fitting routine. Here the trust region, reflective algorithm implemented in the program
MATLAB was used. The four unknown parameters were limited to physically conceiv-
able lower and upper limits. To find the best result within these bounds, the fit was
performed by using uniformly distributed starting points within the bounds and the best
parameter set was evaluated. Since the slope of the J − V curve is very different for low
and high voltages, the sensitivity of the fit routine was adjusted accordingly.

Figure 4.5(b) shows typical results for both analysis methods for measurement tempera-
tures of 300 K, 220 K and 140 K. Both methods correctly reconstruct the measured J − V
curve in the forward direction for 300 K and 220 K. At a measurement temperature of 140
K, the manual parameter identification only fits to the linear part of the J−V curve, where
the influence of the diode is dominant and overestimates the current in the low voltage
regime. In contrast to this, results from the least squares fit are in good agreement with the
whole forward branch. Both methods do not include any breakdown mechanism in the
reverse direction. Thus, the reverse direction cannot be described well in the framework
of the one diode model without any modification.
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The results for JS, n, RS and RP are plotted in Figure 4.6 for both methods. With decreas-
ing temperature, the saturation current, JS, decreases exponentially over several orders
of magnitude. This is in good agreement with the theoretically predicted temperature
dependence (see Equation 4.12). For a wide temperature range, the ideality factor, n,
increases slowly for values below 2 and strongly rises above n = 2 below T ≈ 80 K.
This may indicate tunneling enhanced recombination at the interface or in the SCR [135].
The resistance, RS, shows the typical temperature dependence of a thermally activated
transport process, where the resistance increases for lower temperatures and therefore is
mainly dominated by the PCMO bulk resistance. In contrast to this, the parallel resis-
tance shows two different regimes of exponential increase with a different slope in the
semi-logarithmic plot. This is similar to the resistance drop caused by the CER effect in
PCMO [101].

4.3 Discussion

In the following, we discuss the temperature dependence of the determined parameters
of the one diode model, in order to gain insight into the interfacial charge transfer and
separation processes of polarons. The polaronic nature of the charge carriers is visible
in the thermally activated hopping transport in the series and the CER-like resistance
drop in the parallel resistance. Furthermore, the voltage dependence of the saturation
current is discussed. We compare our results to those obtained from thin film electric
transport measurements in lateral geometry from the literature. For the analysis, we use
the parameters determined by the method of manual parameter identification. While the
fit was found to describe the whole J −V curve in the framework of the one diode model,
the manual method is more sensitive to the evaluation of the different parameters in a
certain region of the J−V curve, and is thus expected to lead to more accurate parameters.

4.3.1 Applicability of the Shockley-based one diode model

The temperature dependence of the reverse saturation current is given by Equation 4.12
and its energy barrier can be determined by

n · ln (JS) = −
EB

kB
T−1 + n · ln (J0) . (4.22)

In Figure 4.7(a) the product of n · ln(JS) is plotted versus the inverse temperature. From
this, an energy barrier of EB = 597.4(1) meV was calculated. According to Saucke et
al. [26] this energy barrier is interpreted in the model for a heterojunction as evidence
for the presence of an energy spike (band offset) in the conduction band. The theoretical
value of the band offset can be approximately calculated by the difference of the work
functions of the p- and n-doped material. For the materials used, these are W = 4.9 eV for
PCMO [136] and W = 4.13 eV for STNO [137]. Therefore, the expected barrier height is
∆W = 770 meV. The slightly smaller value of the experimentally determined EB compared
to ∆W can be explained by a slight interdiffusion of B-cations at the p-n hetero-interface
on the order of less than 1 nm [26], which may induce new states.
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Figure 4.7: Determination of the energy barrier EB: (a) from the diode parameter analysis of the
J − V characteristics without illumination EB = 597.4(1) meV, (b) from the linear extrapolation
(towards T = 0 K) of the open circuit voltage EB = 559.6(56) meV. The calculated energy barrier
determined by the J − V curves with and without illumination has nearly the same value.

The energy barrier can also be determined from J − V curves under illumination if the
temperature dependence of the open circuit voltage is taken into account, as shown in
Equation 4.13 and Equation 4.16. Both equations are linear in temperature and the slope
is mainly influenced by the properties of the materials. For example, one parameter in
Equation 4.16 is the dissociation rate of exciton polaron pairs. In this work, we focus only
on the intercepts of Equation 4.13 or Equation 4.16, which represent an energy barrier
in both cases. By fitting in the linear region of VOC and extrapolating towards T = 0 K
(see Figure 4.7(b)), we obtain an energy barrier of EB = 559.6(56) meV, which can be
interpreted as the same barrier calculated from J − V curves in the dark. The result that
the same value for the energy barrier is obtained from analysis of transport properties in
the dark and under illumination (Equation 4.22 and Equation 4.16, respectively) confirms
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the consistency of the analysis and applicability of the Shockley-based model as a first
step.

Conventionally, in large bandwidth inorganic semiconductors, an ideality factor with a
value between 1 < n < 2 is seen as evidence for a contribution of Shockley-Read-Hall
recombination. Therefore, in many cases, an improved fit of the J − V curves of p-n
junctions can be obtained by using a second additional diode with an ideality factor of
n = 2. If the ideality factor reaches values of n > 2, this could be an indication of tunneling
enhanced recombination at the interface or in the SCR occurs [135]. Since these models
and parameters are derived for quasifree electrons, they cannot be easily transferred to
solar cells made of oxides with strongly correlated electrons.

Another reason to introduce a second diode is given by Giebink et al. [117, 118]. They
introduce a second diode in organic systems in order to take the voltage dependence of
different charge carrier recombination mechanisms into account. Here, hole or electron-
type polarons can change their character from trapped to mobile, respectively. In our
model system, the last effect is not taken into account, since the mobile carriers in the
STNO are always electrons for all voltage ranges.

Even if values for the ideality factor are between 1 < n < 2 for higher temperatures, for
our results, it is reasonable to consider only one diode because the dominating part of the
current originates from the SCR. At low temperatures, the ideality factor is n > 2, which
suggests the transition from thermionic emission to tunneling across the interface [135].
Indeed, due to the lower thermal population of phonon states, small polaron mobility at
low temperatures generally exhibits an increasing tunneling fingerprint [138]. In order to
improve the fit of the J − V curves for polaronic systems, it seems to be more reasonable
to take the voltage dependence of the microscopic parameters into account, such as a
parallel resistance, RP(V), rather than introducing a second diode.

4.3.2 Thermally activated transport of small polarons and correlation effects

In Figure 4.8 the Arrhenius plot of RS/T is shown. At temperatures below half of the Debye
temperature, ΘD/2 ≈ 160 K, the probability of polaron tunneling between neighboring
sites increases. Therefore, the measured resistance is below the expected value in the
model of thermally activated hopping in that case [119]. Consequently, we only use the
slope from the temperature range T > ΘD/2 to determine the activation energy of the
thermally activated hopping of small polarons. According to Bogomolov et al. [119], in
the adiabatic limit, the resistivity can be written as

R (T) = R0 · T · exp
( EA

kBT

)
, (4.23)

with a prefactor, R0. For the measured J −V curves, the activation energy is calculated to
be EA,RS = 126.1(1) meV. This value is in agreement with results found for PCMO in the
literature, EA,Lit = 132 meV [101]. Thus, the bulk resistance of the PCMO seems to be the
dominating contribution to the series resistance, RS. The experimental value is slightly
smaller because of the large electric field on the order of E = 107 V/m in a cross-plane
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Figure 4.8: Determination of the activation energy, EA,RS, for thermally activated hopping transport
from the series resistance, RS. At lower temperatures the resistance is below the values expected in
the thermally activated hopping theory. Here the probability of polarons tunneling to neighboring
sites is enhanced.

measurement geometry. This value considerably exceeds that in lateral measurement
geometries. A strong electric field leads to a reduction of the activation energy, EA [101].

In Figure 4.9 the Arrhenius plot of RP/T is shown. For high temperatures, the obtained
activation energy of EA,RP = 392.6(1) meV for RP is on the order of the polaron formation
energy in PCMO. The presence of two branches in the Arrhenius plot in Figure 4.9, hints
at the influence of the colossal electro-resistance (CER) [19,101], which is caused by corre-
lation effects of polarons in manganite oxides. The reduced EA,RP at lower temperatures is
due to an electric field-induced transition to driven polaron states and a related reduction
of the activation energy for polaron transport [101]. A similar effect has been observed
in PCMO-STNO junctions for the series resistance, RS [26]. In addition, current-induced
melting of charge-ordered domains is observed [62]. Since the CER in bulk PCMO sam-
ples is visible in the temperature range, where the charge ordered and disordered phase
coexist and the formation of percolation paths depends on the structure as well as on the
electrical pre-history, the determination of a critical electrical field is hardly possible. We
assume that in our devices, the observed CER in RP(T) stems from such polaronic pro-
cesses at the interface. This is additionally evidenced by the observation of an interfacial
colossal magneto-resistance (CMR) effect at metal-PCMO interfaces [91]. In contrast to
the observation of a CER in RS(T) by Saucke et al. [26], in the junctions studied here, the
dominating contribution of RP could originate from a higher interface resistance.
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Figure 4.9: Determination of the activation energy, EA,RP, of the thermally activated hopping
transport for the parallel resistance, RP. At high temperatures, the activation energy is on the
order of the polaron formation energy. The second regime can be modified by the influence of a
strong electric field and can be seen as an effective EA,RP.

4.3.3 Bias dependence of the reverse saturation current

A strong voltage dependence effect is visible in the reverse saturation current. This
can be discussed according to Figure 4.10, where the expected simplified band diagram
of the manganite-titanate junction is shown for electro-chemical equilibrium and with
applied voltage in both forward and reverse directions. We disregard here all changes
of the electronic structure of the PCMO near the interface due to local variations of
the correlation interactions and the small screening length and assume that the main
voltage drop happens in the STNO. If the diode is biased in the forward direction, the
barrier for the recombination current is decreased, whereas it is increased for the reverse
direction. Therefore, the generation current should be the dominating contribution to
the total current measured in the reverse direction. The energy barrier calculated from
the Arrhenius plot of n · ln(JS) has been interpreted as the presence of a band offset
in the conduction band. For this reason, the transport in the reverse direction of the
solar cells is governed by thermally generated charge carriers in the PCMO, which must
overcome the barrier to diffuse into the STNO. If the applied voltage in the reverse
direction is high enough, the barrier could be reduced or become narrower. In this way,
thermally activated as well as tunneling induced charge transfer is facilitated, leading to
an increasing saturation current.

Since the results from the least squares fit method describe the influence of the saturation
current on the whole J−V characteristic more accurately, it is used to compare the reverse
saturation current calculated on the basis of the one diode model with the measured J−V
curves.



58 4.3 Discussion

Figure 4.10: Schematic band structure of a PCMO-STNO heterojunction (a) at zero bias, (b) in the
forward direction and (c) in the reverse direction.

In Figure 4.11(a) this comparison is shown for a temperature of 220 K. For the reverse
direction, a significant difference between the expected J (based on the determined RP) and
the measured J is observed. Therefore, an additional voltage dependence of the reverse
saturation current exists that cannot be described in the framework of the Shockley model.
The differences between the measured curve and the least squares fit data can be expressed
as the rate, r, in Equation 4.15 given by

r =

(
Jmeasure − J f it

)
JS

=
∆J
JS

(4.24)

In Figure 4.11(b) the rate, r, is plotted against the voltage, V. At a temperature below
240 K and a voltage |V| > 0.7 V in the reverse direction, the rate is clearly higher than
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Figure 4.11: (a) Comparison of J − V curves from the least squares fit and exemplarily data at
a temperature of 220 K, (b) extracted generation rate r as a function of the applied voltage for
temperatures 40 K < T < 240 K, (c) determination of the energy barrier, EB, for an applied voltage
of V = −1 V.
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one. For higher temperatures or smaller voltages, this effect is too small. The presence of
a finite RP clearly cannot describe the full bias dependence of J in the reverse direction,
since it determines only the small voltage regime of the solid curve given by the one
diode model. In the forward branch of the curve for high voltages, the series resistance
RS limits the current density and a voltage-dependent RP cannot be extracted. Thus,
the influence of a voltage-dependent parallel resistance should be only visible in the
large voltage regime of the reverse saturation current. Since the forward direction of the
J − V curve is not strongly affected by the voltage dependence of RP, we assume that
the dominant contribution to the current in the reverse direction stems from a voltage
dependence of JS, where breakdown mechanisms can be excluded. The measurements are
performed during the cooling down and heating of the solar cell and deliver reproducible
data (the data from heating process is not shown here). In contrast to this observation,
an electrical breakdown would irreversibly change the junction. In comparison to the
process introduced by Giebink et al. [117, 118], here, the rate r may not represent a pure
polaron pair dissociation rate. This is because the strong electric field at the interface may
increase the polaron mobility, and thus also may influence the barrier height of the band
discontinuity at the interface. Since a finite current density in the reverse direction can
only be due to electron-hole polaron pair generation at the interface, we interpret the rate
r as being limited by the generation rate of polaron pairs, which are separated in the SCR.
The voltage dependence of the polaron pair generation as well as the bias dependent
drop of EB can both give rise to a rate r > 1. For PCMO, exciton binding energies can be
neglected because of the high dielectric constant of ε = 30 [139].

By lowering the temperature the rates increase until a temperature of 80 K is reached. For
80 K and 60 K, a constant rate is visible. At a temperature of 40 K, the rate drops by several
orders of magnitudes. The constant value of r at a low temperature and the reduction
below 60 K can indicate the transition from thermally induced separation at the interface
to tunneling through the barrier. This is supported by the large n values. We assume that
the determined barrier height, EB = 283.5 meV (see Figure 4.11(c)), in the reverse direction
is strongly decreased due to the buildup of a large electric field at the junction interface.

Previous studies of a PCMO-STNO junction show the rectifying character of the J − V
curve can predict a p-n diode-type band diagram for this type of junction [33]. In contrast
to our study, a lower doping level of Nb (y = 0.0002) was used, which leads to a more
extended space charge region in the STNO. The rectifying J − V characteristic shows no
noticeable breakdown in the reverse direction up to very high voltages and an ideality
factor of n = 1.05 − 1.10 indicates thermally induced separation processes across the
junction.

In our study, a clear contribution of the series resistance in the forward direction at higher
voltages is attributed to the bulk resistance of the PCMO thin film. Furthermore, the
higher Nb doping reduces the resistance contribution of the STNO bulk. In addition,
the space charge region in the STNO is much smaller and therefore the probability for
tunneling processes across the interface at lower temperatures is increased. Both effects
are an important prerequisite for the analysis of the polaronic carriers on the energy
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conversion in a correlated oxide solar cell.

4.3.4 Evaluation of the measured diffusion length

The sum of the diffusion lengths in PCMO and STNO LPCMO + LSTNO = 21 nm measured
by EBIC is closer to the values found in polymer-fullerene solar cells than the ones typical
for inorganic semiconductors. In our simulation, we neglect any surface recombination
processes, which could reduce the exponential decay width in the measured EBIC linescan,
leading to apparently smaller diffusion lengths. Consequently, we interpret the result
found here as a lower limit to the real diffusion lengths.

The asymmetry in the measured EBIC signal suggests LPCMO is smaller than LSTNO,
coinciding with much smaller charge carrier mobility in PCMO than in STNO. The small
diffusion length substantiates the importance of the polaron carrier model for this material
class. Furthermore, it suggests that a substantial part of the current stems from excitations
in the SCR. This emphasizes the importance of conduction processes in or near the SCR
in manganite-titanate junctions.

4.4 Conclusion

In this contribution we have analyzed the current-voltage characteristics of a PCMO-
STNO junction in the framework of the one diode model based on Shockley theory.
The model seems to be applicable for these types of junctions given the consistency
of the determined parameters and their reasonable temperature behavior. However,
modifications must be taken into account. The microscopic interpretation of each of
these parameters must include the strong correlation effects of the involved materials
and their local change at the interface. Our EBIC measurements show a relatively small
diffusion length comparable to that of organic semiconductors with low mobilities. The
series resistance, RS, reflects the thermally activated hopping mobility of small polarons
in PCMO. In addition, the CER-like behavior of the parallel resistance, RP, also points to
strong correlation effects. In addition, the absence of the CER-like behavior in RS is an
indication that the main contribution of RP originates from the interface. The very strong
voltage dependence of the reverse saturation current can be explained by the generation
and separation of electron and hole polaron pairs at the interface with a voltage-dependent
generation rate, r. The dominate contribution to the current in the reverse direction is the
generation current in the SCR of PCMO and this current is both limited by the electron-
hole polaron pair generation and their separation due to the interfacial energy spike of
the conduction band. More work must be performed in the future in order to develop
a microscopic understanding of the origin of the interfacial energy spike, which may
involve the effects of band offset, orbital mismatch between states of different symmetry
as well as local correlation effects.



62 4.5 Experimental

Figure 4.12: (a) Sketch of the sample geometry for the electrical measurements in the cryostat,
and (b) sketch of the sample geometry for the cross-section EBIC measurement. The lamella
thickness along the beam direction was estimated from SEM measurements to be about 330 nm at
the PCMO-STNO interface.

4.5 Experimental

An epitaxial thin film of p-doped Pr1−xCaxMnO3 (PCMO, x = 0.34) was deposited on sin-
gle crystalline n-doped SrTi1−yNbyO3 (STNO, y = 0.002) to fabricate p-n heterojunctions.
The thin film was deposited via reactive ion beam sputtering from a stoichiometric target
with a film thickness of t ≈ 100 nm. During the deposition, the process temperatures
was Tdep = 750 ◦C, the pressure of the Xe sputtering gas was pXe = 1 × 10−4 mbar and the
pressure of the oxygen background gas was pO2 = 1.4 × 10−4 mbar. Ohmic contacts were
provided by sputtered Ti contacts with a Au protection coating on the STNO substrate
and Au contacts on the PCMO. Here the area of the contacts was 1×4 mm2 and they were
structured by the use of a shadow mask at a process temperature of Tdep = 200 ◦C. After
deposition, the quality of the films was checked by XRD techniques.

For electrical characterization, the sample was connected in a two point geometry, where
the resistances of the supply cables were excluded in a cryostat with a Suprasil entry win-
dow. The geometry is shown in Figure 4.12(a). During the measurement, the maximum
current density flow through the junction was set to J = 2500 A/m2 and the voltage range
was between V = ±1 V. For every measurement, the positive pole was connected to the
contact on the PCMO. To illuminate the sample, a Xe arc lamp with a power density of
pph ≈ 155 mW/cm2 was used.
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The effect of correlation effects on photovoltaic energy conversion at manganite/titanite heterojunctions is

investigated. As a model system we choose a heterostructure consisting of the small polaron absorber

Pr0.66Ca0.34MnO3 (PCMO) epitaxially grown on single-crystalline Nb-doped SrTi0.998Nb0.002O3 (STNO) sub-

strates. The high structural and chemical quality of the interfaces is proved by detailed characterization

using high-resolution transmission electron microscopy (TEM) and electron energy loss spectroscopy (EELS)

studies. Spectrally resolved and temperature-dependent photovoltaic measurements show pronounced con-

tributions of both the Jahn-Teller (JT) excitations and the charge transfer (CT) transitions to the photovoltaic

effect at different photon energies. A linear temperature dependence of the open-circuit voltage for an exci-

tation in the PCMO manganite is only observed below the charge-ordering temperature, indicating that the

diffusion length of the photocarrier exceeds the size of the space charge region. The photovoltaic response is

compared to that of a heterojunction of lightly doped Pr0.05Ca0.95MnO3 (CMO)/STNO, where the JT transition

is absent. Here, significant contributions of the CT transition to the photovoltaic effect set in below the Neel

temperature. We conclude that polaronic correlations and ordering effects are essentials for photovoltaic

energy conversion in manganites.

5.1 Introduction

Manganite perovskites with pronounced interactions between the spin, charge, orbital,
and lattice degrees of freedom have attracted considerable interest because these corre-
lations lead to a rich phase diagram [23, 140]. Dependent on temperature and carrier
doping, various exotic phases emerge, including orbital [141], charge [54], and magnet-
ically ordered ones [37]. The optical excitations of such phases include polaronic and
charge transfer excitations [25, 142–144], as well as cooperative excited states which may
even lead to optically induced phase transitions at high photon fluences [145, 146]. Rec-
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Figure 5.1: Schematic manganite density of states (DOS): (a) PCMO and (b) CMO.

tifying electrical behavior and photovoltaic responses to photon illumination have been
widely demonstrated in manganite heterojunctions based on manganite films on n-type
SrTiO3 [26, 33, 147–149]. Such junctions thus offer opportunities to study new strategies
for light harvesting, i.e. using polaronic excitations with long lifetimes [29, 30] or tun-
ing the junction properties by external electric or magnetic fields [38, 48]. However, the
understanding of the photovoltaic response of such heterojunctions is still very limited,
since neither the involved optical transitions nor the mechanism of charge separation are
clearly understood.

We have investigated manganite/titanite junctions, where epitaxial manganite films of
two different doping levels (Pr0.66Ca0.34MnO3 (PCMO) and Pr0.05Ca0.95MnO3 (CMO))
have been prepared by ion beam sputter deposition on electron-doped SrTi0.998Nb0.002O3

(STNO) single crystals. STNO can essentially be considered as a degenerated semicon-
ductor with weak electron-phonon coupling giving rise to a ’metal-like’ temperature
dependence of resistivity. In contrast, the mobility in the manganite is governed by a
thermally activated transport of small polarons [150, 151].

Since the band gap of the STNO is EG,STNO = 3.2 eV, spectrally resolved measurements at
photon energies below 3.2 eV allow for investigations of the manganite contribution to the
photovoltaic effect of manganite/titanite heterojunctions (see also the spectrally resolved
absorptance measurements; figure S1 is available at stacks.iop.org/NJP/19/063046/mmedia
in supplemental material section A, Figure 8.1 in section 8.1 in the present thesis). In
PCMO, the optical transition in the visible range up to 2 eV is governed by a dipole-
allowed transition of polaronic nature from occupied lower Mn3d eg states to antibonding
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σ type O2p-Mn3d eg states that are split due to the Jahn-Teller (JT) effect [25, 52]. In the
following, we name this transition a JT transition. For photon energies above 2.5 eV,
charge transfer (CT) transitions from O2p to minority spin Mn3d t2g and eg states set in
(see figure 5.1).

PCMO exhibits a first-order charge-ordering (CO) transition at about TCO ≈ 240 K and
antiferromagnetic order below the Neel temperature TN ≈ 160 K. The CO transition in
PCMO evolves via a two-phase regime of ordered and unordered domains over a broad
temperature range [62,152,153], which is influenced by strain, twinning, and preparation-
induced point defect disorder. As a consequence, the long-range polaron ordering in the
CO phase can be considerably improved by additional post-growth annealing steps [51].
Based on temperature-dependent and spectrally resolved investigations of the photo-
voltaic parameters, i.e. the open-circuit voltage VOC and the short-circuit current den-
sity JSC, we conclude that both transitions contribute to the photovoltaic effect in the
PCMO/STNO heterojunction. The results are compared to those of CMO/STNO junctions,
where the JT splitting and the related 3d type polaronic excitations are entirely absent.
Here, the optical excitations have a pure charge transfer character, presumably slightly
modified by weak electron-phonon coupling. Furthermore, charge and orbital ordering
is absent in CMO, but antiferromagnetic ordering below TN = 120 K is present [154]. In
those junctions, the contribution of manganite photoexcitations to the photovoltaic effect
is strongly reduced.

5.2 Experimental Details

Figure 5.2: Sketch of the sample geometry for photovoltaic characterization. The (1 × 4 mm2) Pt
top contacts and the (4 × 9 mm2) Ti/Au backside contact were prepared by using shadow masks.
The illuminated area next to the top contact has a size of about 3 × 4 mm2 (Xe-illumination) and
2 × 4 mm2 (monochromator). All current densities mentioned in the text refer to the top electrode
area. Illumination powers were fixed to 175 mW (Xe-illumination) and 200µW (monochromator),
respectively. The voltage polarity was set with respect to the top electrode, i.e. a positive current
corresponds to a current from top to bottom.



68 5.2 Experimental Details

PCMO and CMO thin films were prepared by ion beam sputtering of the respective targets
in a high-vacuum chamber (p0 < 10−6 mbar). During deposition, the partial pressures
were fixed to pAr = 3 · 10−4 mbar (beam neutralization), pXe = 1 · 10−4 mbar (sputtering)
and pO2 = 1.4 · 10−4 mbar (film oxidation). For both types of samples, the deposition
temperature was Tdep = 750 ◦C and the sputter power on the target was fixed to 4 W cm−2.

Commercially available STNO substrates from Crystec served as a template for epitaxial
growth and as the n-type part of the heterojunctions. Here we compare three different het-
erojunctions: A CMO/STNO junction and two PCMO/STNO junctions, as-prepared (a.p.)
and after a post-growth annealing step in a furnace (p.a.) at 900 ◦C for 20 h in air. Such
annealing steps cause partial annihilation of preparation-induced disorder defects, which
significantly affect long-range ordering in PCMO. Since the alkaline earth-rich manganites
are thermodynamically less stable and tend to chemical phase decomposition, we have
not performed additional post-growth annealing steps of the CMO-based junctions.

The crystal quality of the manganite layers was checked by x-ray diffraction (XRD) stud-
ies, which confirmed epitaxial growth without misorientations besides the commonly
observed (001/220) twinning of PCMO films. Structural properties and the chemical
composition of the near-interfacial regions were investigated by transmission electron
microscopy (TEM) and electron energy loss spectroscopy (EELS). Both CMO/STNO and
PCMO/STNO interfaces are almost dislocation free and the degree of intermixing is small
(< 2.5 nm). They mainly differ in the appearance of anti-phase boundaries (APBs) in the
CMO, which extend toward the CMO/STNO interface and may represent recombination
active defects. Further details of these investigations are shown in the supplemental ma-
terial section B (section 8.2 in the present thesis).

The sample geometry for electric characterization is shown in figure 5.2. The man-
ganite layers with a thickness of about 75-100 nm were deposited at a temperature of
Tdep = 750 ◦C. In order to avoid pronounced Schottky barriers, a Ti layer (200 nm) with a
protective Au layer (100 nm) was previously deposited on the rear side of the STNO sub-
strates. The deposition temperature was Tdep = 200 ◦C. Subsequently, Pt top layers (200
nm) were deposited at Tdep = 200 ◦C ensuring an ohmic electric contact to the manganite
layers. The electric characterization was performed in a cryostat with a Suprasil entry
window at temperatures between room temperature and 75 K. In order to measure the
current-voltage dependence of the heterojunctions in the dark and under illumination,
the top and rear side contacts were connected to a Keithley 2430, which served as voltage
source and ammeter. The voltage drop between top and bottom electrodes was measured
using a Keithley 2182A Nanovoltmeter with the convention of positive voltages corre-
sponding to a positive top electrode potential.

Two different types of illumination were used: (1) Broad-band illumination (polychro-
matic) with a LOT (150 W) Xe-UV xenon lamp with Suprasil glass housing, and (2)
spectrally resolved illumination with a 300 W Xe lamp equipped with a LOT Omni 300
monochromator. The latter allows for an energy resolution of about 20 meV at a wave-
length of about 500 nm. For the polychromatic illumination condition, a Laserpoint
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thermopile sensor was used to adjust the input power to 175 mW. In case of monochro-
matic illumination, the input power was adjusted to 200µW using a calibrated Laserpoint
Silicon diode. Note that the spectral fluxes of incident beams are comparable in order of
magnitude, i.e. of the order of 29 mW eV−1 (polychromatic) and 10 mW eV−1 (monochro-
matic). In the following, all current densities are normalized to the small-sized top contact
area (1 × 4 mm2). The illuminated area beside the contact is about a factor of 2-3 larger
than the top contact size.

5.3 Current-voltage (J −V) characteristics of manganite/titanite
heterojunctions under polychromatic illumination

Figure 5.3: Current-voltage dependence of the different heterojunctions under Xe lamp illumina-
tion at 300 K. All junctions show a rectifying behavior and a photovoltaic effect in the analyzed
temperature region.

All junctions reveal rectifying behavior (see also figure S3 in supplemental material section
C, section 8.3 in the present thesis), i.e. an almost exponential increase of current in the
forward direction and a small, only weakly voltage-dependent current in the reverse
direction (negative voltages). Polychromatic illumination causes a clear photovoltaic
effect (figure 5.3) appearing as pronounced open-circuit voltages VOC(J = 0) and short-
circuit current densities JSC(V = 0). Figure 5.4(a) shows that the open-circuit voltage of the
different junctions increases linearly with decreasing temperature with small deviations
from the linear behavior occurring at rather low temperatures (T < 150 K). Interestingly,
the slopes dVOC/dT are very similar for all junctions but they differ in the intercept at
T = 0. Post-growth annealing of PCMO/STNO junctions is accompanied by a significant
increase of the extrapolation VOC(T → 0) from about 541(4) meV to 694(11) meV. For the
CMO/STNO junction, the intercept amounts to 1175(6) meV.
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Figure 5.4: Temperature dependence of the characteristic photovoltaic properties: (a) the open-
circuit voltage VOC and (b) the short-circuit current density JSC of the different heterojunctions
under polychromatic illumination. The parameters were extracted from J − V curves under
illumination with a Xe lamp at a constant temperature. In (a), the bold lines represent linear fits
to the data. In (b), lines are guides for the eyes.

The PCMO/STNO and CMO/STNO junctions exhibit pronounced differences in the
temperature dependence of the short-circuit current densities (figure 5.4(b)). While
CMO/STNO junctions reveal an almost temperature-independent JSC, PCMO/STNO junc-
tions show significantly higher short-circuit currents at high temperature, which steeply
decrease with temperatures below 220 K, i.e. approximately below the charge-ordering
temperature of PCMO films. Again, post-annealing is accompanied by improved pho-
tovoltaic properties, i.e. an increase of JSC over the whole temperature range. The slope
and intercept of the linear VOC temperature dependence and short-circuit current density
at room temperature are summarized in table 5.1.
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Heterojunction dVOC/dT(mVK−1) e · VOC(T→ 0)(meV) JSC(300 K)(µAcm−2)

PCMO/STNO (a.p.) −1.72 ± 0.02 541 ± 4 581 ± 1 · 10−3

PCMO/STNO (p.a.) −1.72 ± 0.05 694 ± 11 872 ± 0.2
CMO/STNO −1.90 ± 0.03 1175 ± 6 438 ± 8 · 10−3

Table 5.1: Photovoltaic properties under polychromatic illumination. Slope and intercept of the
linear part of the temperature-dependent open-circuit voltage VOC and short-circuit current density
JSC near room temperature.

5.4 Spectrally resolved photovoltaic characterization of
manganite/titanite heterojunctions

In order to investigate the photovoltaic contributions of manganite and titanite transi-
tions, spectrally resolved measurements of J−V characteristics were performed. We used
different cut-off filters for studies with limited spectral ranges but with fixed illuminating
power (figure 5.5). Reduction of the maximum photon excitation energy establishes the
crossover from excitation in the manganite and the titanite to selective excitation of the
manganite. This significantly affects the temperature dependence of the open-circuit volt-
age from linear to non-linear (figure 5.5(a)). However, the extrapolated zero-temperature
values of VOC are very similar. VOC(T → 0) is thus rather independent of the spectral
excitation range. Figure 5.5(b) shows the temperature dependence of the short-circuit
current density JSC. The current densities are normalized to JSC under polychromatic
illumination. Excluding excitations in STNO (Eph <= 2.8 eV) current density yields about
20% of the full-xenon illumination current density at temperatures above 170 K and about
40% at low temperatures (T = 70 K). Successive reduction of the maximum excitation
energies to the near-infrared range (NIR) drastically reduces the JSC.

Figure 5.5(c) compares the temperature dependence of VOC of the post-annealed
PCMO/STNO junction under polychromatic and monochromatic illumination at Eph =

1.55 eV. It is measured during continuous cooling under open-circuit conditions, i.e. by
connecting the Keithley 2182A Nanovoltmeter with an internal resistance of > 10 GΩ

to the devices. Under polychromatic illumination the temperature dependence is lin-
ear and nicely matches VOC deduced from J − V curves at fixed temperatures. Under
monochromatic illumination, three different temperature regimes are observed in the
VOC(T) curves. VOC is very small near room temperature. It increases exponentially with
decreasing temperature, i.e. VOC ∝ exp(EB/kT) seems to be suppressed by a thermally
activated process with an activation energy EB. At lower temperatures, VOC(T) shows
a nearly linear increase. It deviates from the linear increase at very low temperatures.
The activation barrier EB in the exponential regime as well as the slope dVOC/dT and the
intercept VOC(T→ 0) of the linear regime are summarized in table 5.2.

For the PCMO/STNO junctions, the crossover temperature from exponential to linear be-
havior of VOC(T) is at about TCR = 200 K (figure 5.6(a)). Post-annealing does not strongly
influence EB in the exponential regime, but a broadening of the crossover region is visible
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Figure 5.5: Temperature dependence of the spectral contributions to the open-circuit voltage VOC

and the short-circuit current density JSC in PCMO/STNO junctions. J − V curves were measured
after limiting the spectrum of the Xe lamp by different cut-off filters and keeping the illumination
power constant. (a) Temperature dependence of VOC for different cut-off filters of an a.p. sample.
(b) Temperature dependence of JSC normalized to the short-circuit current density JSC,Xe (T) under
Xe lamp illumination for different cut-off filters of an a.p. sample. (c) Comparison of VOC (T)
measured under Xe lamp illumination and monochromatic illumination with EPh = 1.55 eV during
continuous cooling (solid lines) and deduced from J − V curves at constant temperatures (open
symbols) of a post-annealed sample. The measurements in (a) and (b) are performed on an a.p.
sample with a slightly different sample geometry, which is described in [155].
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Figure 5.6: Temperature dependence of VOC in manganite/titanite junction under monochromatic
illumination. (a) VOC (T) measured at Eph = 1.55 eV for an a.p. PCMO/STNO junction. A crossover
from exponential to a linear temperature dependence is visible at T = 200 K. (b) Apparent acti-
vation energies for a.p. and post-annealed PCMO/STNO junctions derived from the logarithmic
derivative of VOC (T). (c) Temperature dependence of the open-circuit voltage for the different
junctions under monochromatic illumination. Lines are linear fits to the data.

in the calculated apparent activation energies (figure 5.6(b)). Remarkably, the activation
barrier EB and the intercept VOC(T → 0) are nearly the same and are only slightly below
the values of VOC(T→ 0) for polychromatic illumination.



74
5.4 Spectrally resolved photovoltaic characterization of manganite/titanite

heterojunctions

Figure 5.7: Spectrally resolved photovoltaic properties at T = 200 K for a.p. and post-annealed
PCMO/STNO (squares and triangles) and CMO/STNO (circles) junctions. The low-energy end
points essentially represent the vanishing of the photovoltaic effect due to the vanishing of JSC, i.e.
JSC becomes smaller than the noise level of the device, which is about 10 nA cm−2. (a) Open-circuit
voltage VOC versus photon energy Eph. (b) Short-circuit current density versus photon energy Eph.
Left axis corresponds to PCMO/STNO, right axis to CMO/STNO. Lines are guides for the eyes.

CMO/STNO junctions under monochromatic illumination (Eph = 2.0 eV) reveal a sim-
ilar behavior, i.e. a crossover from exponential to linear temperature dependence (fig-
ure 5.6(c)) and an activation barrier EB close to VOC(T → 0) (table 5.2). However, the
crossover temperature TCR = 125 K is lower and close to the Neel temperature of CMO
and VOC(T→ 0) is much smaller than when under polychromatic illumination.

The spectrally resolved contributions of manganite excitations, i.e. excitations with pho-
ton energies below the STNO band gap (EG,STNO = 3.2 eV) are shown in figure 5.7. In a.p.
PCMO/STNO junctions, the open-circuit voltage (figure 5.7(a)) and short-circuit current
density (figure 5.7(b)) are almost constant in the spectral range from about 2.5 to 3 eV.
Below 2.5 eV both quantities decrease, but a clear contribution remains from low-energy
excitations down to 1.3 eV. The change in shape at about 1.8 eV indicates that two tran-
sitions are involved. Post-growth annealing does not change the overall dependence but
significantly enhances VOC, which is accompanied by a pronounced reduction of JSC, pre-
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sumably due to improved charge-order and the resulting reduced carrier mobility. In the
post-annealed junction, the vanishing of JSC below 1.8 eV limits the photovoltaic effect,
i.e. VOC is below the resolution limit of our measurement setup. The spectrally resolved
behavior of the CMO/STNO junction is similar, i.e. VOC and JSC are almost constant above
2.6 eV, decrease simultaneously below 2.6 eV, and vanish at about 1.8 to 1.9 eV. These re-
sults clearly show that excitations in the manganites contribute to the photovoltaic effect.

Heterojunction dVOC/dT(mVK−1) e · VOC(T→ 0)(meV) EB (meV)

PCMO/STNO (a.p.) Eph = 1.55 eV −2.60 ± 0.01 518 ± 2 508 ± 11
PCMO/STNO (p.a.) Eph = 1.55 eV −2.70 ± 0.14 494 ± 18 492 ± 29

CMO/STNO Eph = 2.0 eV −2.19 ± 0.01 310 ± 1 255 ± 15

Table 5.2: Temperature dependence of the open-circuit voltage under monochromatic illumination.
Slope and intercept of the linear part at low temperatures (columns 2, 3) and activation barrier EB

of the Arrhenius-like part at high temperatures (column 4).

5.5 Discussion

From the viewpoint of Shockley’s theory, the J − V characteristic of a single diode p-n
homojunction under illumination is given by [3, 116]:

J (V) = JS ·

(
exp

[ e · V
n · k · T

]
− 1

)
− JSC, (5.1)

where n is the ideality factor, k is the Boltzmann constant, JS is the dark saturation current
density of the junction, and JSC the short-circuit current density. The open-circuit voltage
VOC is the potential required to balance the generation current by the thermally activated
recombination current, and equation (5.1) implies

e · VOC = n · k · T · ln
(

JSC

JS
+ 1

)
. (5.2)

Assuming that charge separation in the p-n heterojunctions is governed by a single dom-
inant contribution to the thermally activated recombination current represented by an
activation barrier EB and a sufficiently large short-circuit current density JSC >> JS, equa-
tion (5.2) can be rewritten as

e · VOC = EB − n · k · T · ln
(

J0

JSC

)
, (5.3)

where J0 is the temperature-independent prefactor of an Arrhenius-type temperature
dependence of JS, which depends on intrinsic material properties. In the case of homo-
junctions, EB is determined by the band gap; meanwhile, in heterojunctions, EB can be
limited by the band offsets [155,156]. VOC should linearly scale with temperature and the
logarithm of the short-circuit current density, and the relevant activation barrier can be
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Figure 5.8: Open-circuit voltage VOC versus ln(JSC): (a) Analysis for the PCMO/STNO junction
using the dataset from figures 5(a) and (b) for an a.p. PCMO/STNO junction: Cut-off filter for
Eph < 1.6, 1.9, 2.8, 3.5 eV and xenon illumination, from left to right. The same symbols correspond
to one temperature. The colors indicate the different regimes. Black symbols: Excess carrier
generation at the interface. Red symbols: Excess carrier diffusion from volume. Blue symbols:
Low mobility of polarons. Red lines represent linear fits to the data, whereas the blue and black
lines are guides for the eyes. (b) Comparison of VOC versus ln(JSC) for PCMO/STNO (a.p.) and
CMO/STNO junctions derived from the spectral measurement of VOC and JSC at T = 200 K in
figure 5.7.

deduced from the intercept EB = VOC(T → 0). Equation (5.3) is valid only if the diffusion
length of the excess carriers is larger than the extension of the space charge region, thus
reflecting a charge separation mechanism, where the photocurrent of minority charge
carriers, i.e. the excess carrier diffusion from the bulk of the thin film absorber, is not the
limiting factor.

Under polychromatic illumination, the linear temperature dependence of VOC in the entire
temperature range and the similar values of the slopes in PCMO/STNO and CMO/STNO
junctions (figure 5.4(a)) point to a dominant contribution to the photovoltaic effect, which
originates from excess carriers generated in the STNO. This is in accordance with recently
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published low-energy scanning transmission electron beam-induced current observations
for PCMO/STNO junctions [157]. In addition, a strong increase of the short-circuit current
due to STNO excitations was observed in [38]. The activation barrier EB of PCMO/STNO
junctions is increased for post-annealed samples from EB ≈ 540 meV to EB ≈ 695 meV.
Post-growth annealing may affect EB due to small cation intermixing at the interface [26]
by charged defects like oxygen vacancies at the PCMO/STNO interface [48], or by a shift
of the valence band in PCMO, e.g. change in Coulomb repulsion [52]. The latter may be
induced by a vacancy-induced change of doping.

Under illumination conditions, where excitations in the STNO are excluded, the tem-
perature dependence of VOC of PCMO/STNO junctions reveals three regimes (see figure
5.6(c)). These regimes are also visible in the relation between VOC and ln(JSC) (figure
5.8(a)), as deduced from the data in figure 5.5 (variation of the illumination spectrum at
different temperatures):

(i) The low-temperature regime, which reveals non-linear relations between VOC and
ln(JSC) as well as T < 140 K, resembling a saturation behavior. In PCMO, charge
mobility is controlled by thermally activated hopping processes of small polarons,
which give rise to a high series resistance contribution at low temperatures. This
seems to be the main origin of the strong decrease of the short-circuit current of
PCMO/STNO junctions at temperatures below 200 K (figure 5.4(b)). Low mobility
of localized charge carriers is also expected to cause saturation or reduction of VOC

at low temperatures, e.g. in organic solar cells [158].

(ii) The medium-temperature regime, where TCO > T > 140 K. The photovoltaic effect is
governed by excess carrier diffusion to the interface. The relation between VOC and
T as well as ln(JSC) is linear, which points to a diffusion length of the excess carriers
larger than the extension of the space charge region. This is in accordance with the
assumptions for a Shockley-like model.

(iii) The high-temperature regime, where T > TCO ≈ 200 K revealing non-linear
VOC − ln(JSC) characteristics with opposite curvature compared to the low-
temperature regime: VOC depends exponentially on T with an activation energy,
which roughly equals the zero-temperature open-circuit voltage under monochro-
matic illumination.

In the high-temperature regime, the photocurrent from the PCMO to the STNO seems
to be the limiting factor because the saturation current JS is not much smaller than the
short-circuit current JSC. Assuming JS >> JSC, equation (5.2) leads to an exponential
temperature dependence of VOC. For such low photocurrents, mainly photoexcitations at
the interface might lead to the excess carrier generation, and thus the charge separation
rate might be influenced by interfacial dipoles. We suggest that a VOC ∝ exp(EB/kT)
characteristic emerges, because the charge separation is governed by the competition
between the photocurrent due to the photo-induced interface dipole forward transition
and the thermally activated recombination current. An optical transition of the interface
dipole is a dipole-allowed transition due to the different parity of the involved manganite
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eg-O2p and titanite t2g states. The activation energy in this scenario is still EB.

The spectral dependence of the photovoltaic properties in figure 5.7 suggests that two
photovoltaic relevant excitations in PCMO contribute to the VOC, i.e. the JT transition from
Mn3d eg to O2p-eg states and the CT transition between O2p states and t2g states (figure
5.1). In figure 5.8(b) VOC is plotted versus ln(JSC) for the dataset of figure 5.7 (spectrally
resolved measurements at T = 200 K). With increasing energy of the incident light, PCMO-
STNO junctions reveal a crossover between two linear regimes with different slopes.
According to equation (5.3), the two regimes correspond to two different transitions, i.e.
the JT transition at lower energies and the CT transition at higher energies. CMO/STNO
junctions mainly reveal a linear regime with a slope very similar to the slope of the CT
transition in PCMO. However, the short-circuit current densities in CMO/STNO junctions
are much lower. In contrast to PCMO based junctions, the short-circuit current seems
not to be limited by serial resistance contributions at low temperatures, resulting in a
temperature-independent short-circuit current density (figure 5.4(b)). The reduction is
most probably due to enhanced electron-hole recombination at APBs (see supplement
section B, section 8.2 in the present thesis).

The minimum excitation energy of about 1.3 eV, which gives rise to a photovoltaic effect in
PCMO (figure 5.7), is larger than the band gap of PCMO in the CO phase (EG,PCMO = 0.37
eV) [25]. Transitions between Mn3d eg states are commonly dipole forbidden. Taking
into account the hybridiziation of O2p states in a molecular orbital picture, the minimum
excitation energies can be attributed to the dipole-allowed transition from non-bonding
Mn3d eg to antibonding σ type O2p-eg states that set in at the absorption maximum of the
polaron transition ferromagnetically coupled JT polarons at 1 .6 eV [28] (see also figure S1
supplement section A, figure 8.1 section 8.1 in the present thesis). In CMO, the JT splitting
is absent and we therefore expect that the only photovoltaic relevant excitation in CMO is
the CT transition between O2p states and eg states, i.e. excitations above the CMO band
gap (see supplement section A, section 8.1 in the present thesis).

The most remarkable difference between transitions in the STNO and the manganites
is the crossover to a Shockley-like bulk generation of photocarriers in the manganite
in the medium-temperature regime. For PCMO/STNO junctions, the role of charge-
ordering is evident in the temperature dependence of VOC and JSC (figures 5.5, 5.6(c)).
Photoexcitations in PCMO give rise to an exponentially small open-circuit voltage at
high temperatures and a linear increase at low temperatures. The key to explain this
behavior is the recently observed long lifetime of polaronic excitations [158]. Combining
optical pump-probe experiments and first principle calculations, the authors conclude
that cooperative behavior of polarons in highly doped manganites, e.g. the appearance
of short- or long-range charge-order, is an essential prerequisite for long-living excited
polaron states in PCMO. This is consistent with our analysis that below TCO, excess
carrier diffusion from outside the space charge region to the interface gives rise to the
photovoltaic effect. Post-growth annealing facilitates the formation of the long-range
charge-ordered phase, which in the framework of our model is reflected in an increase
of VOC (figure 5.7(a)). Indeed, in the charge-ordered state this seems to enable not only
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long lifetimes of photo-excited polarons in the JT transition (energies between 1.3 and 2
eV) but also for transitions into the minority spin t2g states, which are populated above
2.4 eV as indicated by the increase of the photocurrent for Eph < 1.9 to Eph < 2.8 eV in
figure 5.7(b). The charge transfer transition in CMO also gives rise to a crossover from
exponential to linear temperature dependence of VOC (figure 5.6), which takes place near
the Neel temperature TN = 120 K of anti-ferromagnetic ordering. This might indicate that
lifetimes of charge transfer type excitations depend on the magnetic long-range order in
CMO.

5.6 Summary

Spectrally resolved and temperature-dependent analysis of photovoltaic properties pro-
vide insights into the contribution of three optical transitions to photovoltaic energy
conversion in manganite/titanite junctions. Under polychromatic illumination including
optical excitations in the titanite, the photovoltaic effect is mainly governed by generation
of excess carriers in the STNO. If the photocurrent is dominated by the generation of
electron-hole pairs in STNO, the Shockley model is applicable in the entire temperature
range. The similarity of PCMO/STNO and CMO/STNO junctions is mainly visible in the
agreement of the slope of VOC(T), which reflects the density of states and lifetime of the
STNO excitations.

In contrast, if the photocurrent is generated by photoexcitations in the manganites, a
more sophisticated model of the underlying photovoltaic mechanisms is required. Here
VOC(T → 0) does not depend strongly on the involved manganite transitions, in contrast
to the short-circuit current density JSC. This indicates that the barrier for charge sepa-
ration and photovoltage generation does not depend on the type of transition, and both
the JT and CT transition contribute to the photovoltaic effect in PCMO/STNO junctions.
Three different regimes are observed: (i) an interface-dominated transition above TCO,
(ii) a Shockley-like behavior below TCO, and (iii) a freeze-in regime, where the small
polaron mobility at T < 140 K limits charge separation. JT and CT transitions lead to
distinguishable diode properties in a Shockley-type analysis of the VOC − ln(JSC) relation
under monochromatic illumination.

The onset of a linear VOC(T) dependence below TCO in PCMO and TN in CMO suggests
that sufficiently long lifetimes of photocarriers for diffusion from outside the space charge
region to the interface are only present for long-range ordering of charge and spins in the
manganites. However, the effect of charge-ordering on the photovoltaic performance is
counteracting the ability to generate large photocurrents. In CMO/STNO junctions, due
to the absence of CO, the photocurrents should be much higher but are most probably
limited by the recombination at extended defects.
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CHAPTER 6

Summary and general discussion

In the present thesis correlated, charge separating heterostructures composed of mangan-
ite and titanite were analyzed with respect to the influence of correlation effects as well
as the influence of ordering phenomena. Therefore, the high-quality growth of the thin
manganite films and electrical properties as well as the photovoltaic activity were inves-
tigated. As a central investigation tool, the electrical characterization of the composed
heterostructures were performed and carefully analyzed. Here necessary information
were collected using different illumination conditions, i.e. dark, broad band Xe and
monochromatic illumination. Especially the latter allow for investigating the different
contributions from the manganite and the titanate to the photovolatic effect separately.

A topic of chapter 3 is the growth of thin PCMO films with different Ca doping on differ-
ent substrates. As substrate STO, MgO and thin Pt films deposited on MgO were used.
Due to the different lattice and elastical constants as well as different thermal expansion
of each substrate the resulting stress/strain state varies. In addition, preparation induced
defects stronlgy contribute to the evolution of the stress/strain state as a result of defect
generation due to high kinetic energies of the particles involved in the sputtering process.
These defects are partly annihilated because of high deposition temperatures and slow
cooling after deposition. The resulting strain can be tensile as well as comprehensive,
which was determined by means of XRD-measurements.

Different relaxation mechanism provide strain relaxation in the deposited thin films. The
deposition temperature is near the transition temperature of the cubic to orthorombic
phase transition of PCMO. This transition is accompanied by the formation of six possi-
ble twins, which lead to strain relaxation. The high deposition temperature additionally
reduces the density of preparation-induced defects. A further relaxation mechanism is
proposed in chapter 3. The formation of MnOz precipitates can change stress-strain states.
This can be directly observed by comparing the stress measured by means of XRD for thin
films with and without MnOz precipitates. Relaxation via precipitation can give rise to
different stress/strain states sensitively depending on the exact deposition conditions. In
contrast, precipitate free films reveal higher strain but the strain state is well-reproducible
(see appendix figure 8.5(b)).

Even if the formation of precipitates can be observed for all types of substrates, precip-
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itation of MnOz is different on each type of substrate. On STO/STNO precipitates are
observed each time in case of Mn excess, while on MgO and Pt/MgO precipitate free
samples can be prepared as well. For STO high tensile strain is measured in-situ during
the deposition occurring especially in the first tens of nanometers. Compared to STO the
in-situ measurement on Pt/MgO show a lower strain. This points to a critical strain, which
is necessary for the formation of precipitates. Investigating the MnOz phase formation in
thin films e.g., in terms of thermodynamical modeling is out of the scope of this thesis. But
deposition temperature and reduction of the Mn solubility to a near stoichiometric com-
position points to a change of the phase diagram if large stress/strain states are present.
Large influence of strain on phase formation or separation is indeed observed. [71–73]

The scope of the present thesis is on the rectifying and photovoltaic properties of strongly
correlated heterostructures. Here the understanding of formation of MnOz precipitates
is crucial and a necessary first step. In case of macroscopic electrical measurements pre-
cipitates seem to have no influence on the measured IV-curves, which can be seen by
comparing measurements with a sample geometry shown in chapter 5 and an additional
gold grating (see appendix figure 8.6). Here the shunt resistance becomes larger com-
pared to the measurement without Au grating, even if the grating contacts more MnOz

precipitates. In combination with the latter, EBIC measurements support the fact that
the MnOz precipitates seems to be photovoltaic inactive. In addition the reduction of
the solubility to a nearly stoichiometric PCMO composition represents some kind of self
cleaning. The correct stoichiometry is also important for the appearance of correlation
effects like the CER.

For the analysis of the charge separation in the correlated heterostructures high quality
interfaces between the manganite thin films on the STNO substrates are required, which
can be provided by precipitate free, high quality and epitaxial films. A critical deposition
parameter is the temperature. For example, it is possible to avoid the formation of pre-
cipitates using low deposition temperatures. In this case the annihilation rate of sputter
induced defects is lower and these defects can hinder the appearance of correlation effects
like the CMR by suppressing the formation of long range ordering. [51] Therefore this is
no strategy to prepare thin films for investigation of the influence of ordering in correlated
heterostructures. Instead it seems to be important to keep the surface temperature of the
substrate during the sputtering process constant, resulting in atomically flat surfaces of
the PCMO thin films (see appendix figure 8.5).

Understanding charge transfer across the interface between the manganite and titanite in
the dark is one key parameter to describe the IV-curves also under illumination. Even
if the applicability is challenged a first approach is to use models from semiconductor
physics. Therefore temperature dependent IV-curves taken from PCMO/STNO hetero-
junctions were carefully analyzed using a one diode equivalent circuit. From this model
the temperature dependency of four characteristic parameters: the ideality factor n, the
reverse saturation current density JS and the parasitic resistances RS and RP were deter-
mined.
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This approach is supported by the fact, that similar equations like the Shockley diode
equation are used for organic semiconductor based heterostructures. In contrast to clas-
sical semiconductors the charge carriers are polaronic type excitons with high exciton
energies of the order of ≈ 1eV. [159] The diode equation for such type of junctions is de-
termined using generation, dissociation and recombination rates of the polaron pairs at a
charge separating interface of organic semiconductors. [117,118] In case of PCMO/STNO
heterostructures the truth is most likely in between both limiting scenarios. But more
important than exchanging one exponential function by another is the evaluation of de-
viation from the expected behavior and the microscopic interpretation of the determined
diode parameters with respect to the polaronic nature of the charge carrier. The latter
becomes visible e.g., in the temperature dependence of the series resistance RS, typical for
a thermally activated hopping process transport of polarons. The determined activation
energy nicely fits the value for PCMO thin films. A typical fingerprint of small polaron
charge carriers is the appearance of correlation effects. A CER like drop is indeed visible in
the temperature dependency of RP accompanied with a strong reduction of the activation
energy. This points to a transition to a driven polaron state with an increased mobility. A
similar behavior is observed for the series resistance RS by Saucke et al.. [26]

In addition, a strong voltage dependence of the reverse saturation current JS is visible if
the heterostructure is biased in reverse direction (see Figure 4.11a). Comparing the fit of
the one diode model to the measured IV curves the deviation from the expected ideal
curve can be observed in form of higher current densities. This behavior is not a degrada-
tion mechanism similar to an electrical breakdown in a semiconductor solar cell, because
the IV curves can be reproduced for different cooling and heating cycles. The observed
discrepancy is interpreted that the reverse saturation current and therefore the genera-
tion current crossing the junction becomes voltage dependent in case of PCMO/STNO
heterostructures. In chapter 4 a modification of the Shockley diode equation is proposed
by introducing a voltage dependent polaron generation and separation rate r, similar to
Giebing et al.. [117, 118] This parameter should take the voltage dependency of JS into
account. Under reverse biased condition the main contribution to the current is the gen-
eration current generated in PCMO in the SCR or within the diffusion length to the SCR.
In this scenario the generation current is limited by an activation energy, the polaron
pair generation is voltage dependent and the activation barrier can change with the bias
voltage. Both give rise to a rate r, which can easily be larger than r > 1. The origin of
this activation barrier requires a microscopic understanding of the processes at the charge
separating and correlated interface between PCMO and STNO. The techniques to get
access to necessary informations as well as theoretical model calculation of such types of
interfaces are still under development.

A further step in this direction is to analyze the photovoltaic effect in manganite/titanite
heterostructures. These types of junctions allow for separating the contribution of photo-
generated charge carriers from those generated in the STNO substrate. This is the focus of
the present thesis. In chapter 5, results from photovoltaic measurements under monochro-
matic illumination are shown in order to investigate the contribution of the transitions in
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the manganite to the photovoltaic effect. STNO with a band gap of Eg,STNO = 3.2 eV has
huge absorption in the UV. [108] In contrast PCMO absorbs in the entire sun spectrum,
NIR, visible light and UV (see appendix figure 8.1). Using different excitation energies
allow the investigation of PV effects in PCMO alone. Indeed, comparing the open-circuit
voltage VOC of two different illuminating conditions shows a completely different be-
havior. When using a broad band illumination the main photovolataic effect originates
from excitations in STNO and a linear temperature dependency of VOC is observed. Thus
in this regime VOC seems to originate from excess carriers generated in the bulk with a
diffusion length larger than the SCR.

When the excitation energy is reduced and only excitations in the polaron band (NIR
regime of the absorption spectrum) are possible three different regimes in the temperature
dependency of VOC are visible. A crossover from an exponential to a linear dependency
is observed near the charge ordering temperature TCO. This crossover is attributed to a
possible change of the origin of separated excess carriers. For T > TCO the limiting factor
is the photogeneration of excess carriers in PCMO, which have to be separated at the
interface between the PCMO and STNO. Together with the fact that the saturation current
density JS is large at higher temperatures this leads to a relation VOC ∝ exp (EB/KT) for
JS >> JSC (see equation 5.2).

This behavior changes if the temperature is reduced below the charge ordering temper-
ature TCO. Here the linear temperature dependence of VOC indicates, that the diffusion
length of charge carrier is larger than the SCR. In this case JSC is no longer the limiting fac-
tor and the relation JS << JSC is valid (expected linear dependency according to equation
5.2). A similar behavior is found for heterojunctions composed of slightly Pr-doped CMO
and STNO. Here a crossover from an exponential to a linear temperature dependence is
observed below the Neel temperature where a transition to an antiferromagnetic phase
takes place.

The linear increase observed for the charge ordered phase in PCMO and for the magnetic
ordered phase in CMO clearly indicates that these ordering effects are essential for effi-
cient energy conversion in manganite/titanite heterostructures. One possible explanation
is given by the JT-dimer model of Raiser et al.. [28] In their model neighboring manganese
oxygen octahedra cannot respond separately to a primary excitation but in a "cooperative"
way. This is modeled via a restoring force which counteracts the stretching and compres-
sion of the octahedra. For a Zener polaron ordered phase it is expected that the restoring
force in the JT-dimer model should be higher than in the disordered phase. Therefore it
seems that the effect of cooperative response is stronger in the polaron ordered case and
seems to lead to long living states with a pronounced diffusion length.

In the following a short outlook is given what upcoming experiments and further model
systems for the investigation of charge separation at correlated interface of mangan-
ite/titanite heterostructures are desired. As seen in chapter 3 the deposition technique
used to prepare thin films can substantially influence the physical properties. In case of
manganite/titanite heterstructures it is necessary to prepare mostly defect free homoge-
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neous interfaces. Only then it is possible to investigate the charge separation of polaronic
type charge carrier, which take place on short length scales. To investigate the photovolatic
effect it is necessary to develop new experimental techniques to get spatially resolved in-
formation on the properties of the interface and the manganite absorber. Therefore, high
resolution TEM tools like spatially resolved EBIC measurements are desirable. Combined
with holographic TEM investigations this will help to get insights into the physical prop-
erties at the interface like the build-in potential or the diffusion length. The influence of
ordering effects or different electronic and magnetic ground states can be investigated by
changing the doping level or using external fields.





CHAPTER 7

Author Contribution

In this chapter the contribution of the author to particular articles will be clarified. This
theses consist of three articles:

1) Chapter 3: "Strain Driven Phase Decomposition in Ion-Beam Sputtered
Pr1−XCaXMnO3 Films", Hindawi Journal of Nanomaterials, Volume 2015, Article
ID 935167, 2015, doi:10.1155/2015/935167

2) Chapter 4: "Current-voltage characteristics of manganite-titanite per-
ovskite junctions", Beilstein Journal of Nanotechnology, 6, 1467-1484, 2015,
doi:10.3762/bjnano.6.152

3) Chapter 5: "Contribution of Jahn-Teller and charge transfer excitations to the photo-
voltaic effect of manganite/titanite heterojunctions", New Journal of Physics, Volume
19, June 2017, doi: https://doi.org/10.1088/1367-2630/aa6c22

Chapters are a reprint/reproduction of the cited articles above. Articles are published in
peer-reviewed journals and are open-access articles. If not other stated, the affiliation of
the co-authors is the Institute of Materials Physics.

All thin films except from the films on Pt/MgO presented in article 1 (chapter 3) were
prepared and structurally analyzed (X-Ray, REM, TEM) by the author. Here the X-Ray
data, as well as REM and TEM pictures were collected by the author. The EELS measure-
ments were performed by the author. The data taken for the films on Pt/MgO substrate
were prepared by Dr. Stefanie Mildner and Dr. Malte Scherff. The chemical compostion
measured by means of Microprobe WDX were collacted in collaboration with Dr. Andreas
Kronz from the Geowissenschaftliches Zentrum, Georg-August-Universitat Goettingen.
The EDX-Data were collected by Dr. Stefanie Mildner. Technical support and advices
at the EDX machine were given by Dieter Plischke. In-situ stress measurements were
performed by Dipl.-Phys. Thilo Kramer. The manuscript was prepared by the author in
collaboration with Dr. Jörg Hoffmann and Prof. Dr. Christian Jooss.

Fabrication of manganite/titanate heterostructures analyzed in article 2 (chapter 4) were
done by the author. The IV-curve analyses, including measurments in the dark and with
illumination were performed by the author. The matlab fit program was created in collab-
oration with Dr. Andreas Kelling and the fitting of the data was performed by the author.
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EBIC measurements as well as the fitting of this data were done by Dipl.-Phys. Patrick
Peretzki and Dipl.-Phys. Phillip Saring (4th Physical Insitute, University of Goettingen).
The manuscript was prepared by the author in collaboration with M.Sc. Birte Kressdorf,
Dipl.-Phys. Patrick Peretzki (4th Physical Insitute, University of Goettingen), Prof. Dr.
Michael Seibt (4th Physical Insitute, University of Goettingen) and Prof. Dr. Christian
Jooss.

In article 3 (chapter 5) different manganite/titanate heterostructures were investigated.
The thin film depositions were performed by the author. The data of electrical and pho-
tovoltaic measurements were taken by the author. The optical absorption measurements
were performed by M.Sc. Birte Kressdorf using the spectrometer at II. Institute of Physics,
University of Goettingen. TEM investigations were performed in collaboration with Dr.
Vladimir Roddatis. Here the EELS spectra across the interfaces and EELS maps were
collected by Dr. Vladimir Roddatis. The manuscript was prepared by the author in
collaboration with Dr. Jörg Hoffmann, Prof. Dr. Michael Seibt (4th Physical Insitute,
University of Goettingen) and Prof. Dr. Christian Jooss.
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CHAPTER 8

Appendix

8.1 Supplementary material for New Journal of Physics article
entitled: "Contribution of Jahn-Teller and charge transfer
excitations to the photovoltaic effect of manganite/titanite
heterojunctions"

In this supplementary material we provide optical absorptance measurements of the manganite absorber and

the STNO substrate. Here it is clearly visible that this type of model system allows investigating the photo

generation of excess charge carries separately in the manganite and titanite. Structural characterizations of

the interface of the heterojunction were performed in order to prove the crystalline quality of the junctions,

which were analyzed by means of transmission electron microscope. In addition a comparison of the different

junctions of the current-voltage characteristics in the dark is provided.

8.1.1 Optical properties of manganite and titanites

Spectrally resolved absorption of the different involved materials was investigated with
a Varian Cary 50 system. Using pristine STNO substrates and about 85 - 100 nm thick
PCMO and 75 nm thick CMO films on double side polished MgO, the reflectance and the
transmittance were measured in the photon energy range from 1 to 4 eV. The absorptance
was calculated according to

α = 1 −
IR − IT

I0
, (8.1)

where I0, IR and IT are the incident, the reflected and the transmitted power at a given
photon energy. Baseline corrections were performed to eliminate signals from the empty
holder and the used mirror systems. We have not considered the MgO substrate of the
thin film samples, since small corrections due to the weak absorptance of MgO below the
measured bandgap of 5.3 eV will only slightly change the spectrally dependent absorp-
tance of the manganites. For MgO also values of EG up to 7.8 eV are reported [8.1].

The spectrally resolved absorptance of PCMO, CMO and STNO is shown in figure 8.1. The
measurements were performed at room temperature but additional control experiments
in a Cary Varian 5e spectrometer system equipped with an Oxford Fast track Microstat H2
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Figure 8.1: Spectrally resolved absorptance of PCMO, CMO and STNO at room temperature. Both
manganite films exhibit a charge transfer transition between O2p and minority spin Mn 3d t2g

and eg states. In contrast to CMO an additional NIR polaron absorption band is present in PCMO
which involves Jahn-Teller split Mn eg states hybridized to oxygen.

gas flow cryogenic system at different temperatures show that the height and the energy
position of the optical features only marginably change with temperature, i.e. figure 8.1
is typical also for lower temperatures.

Focusing on the spectral range from 1 eV to 4 eV, PCMO with a thickness of about 80 nm
is a broad-band absorber with a spectral absorptance of about 60%. The spectral depen-
dence is discussed in more detail in [8.2,8.3]. The first absorption maximum, centered at
about 1.6 eV, is due to transitions between non-bonding Mn3d eg and anti-bonding type
O2p-eg states [8.4], broadened by phonon-assisted processes and, towards low energy, by
polaron hopping. Because of the disappearance of the JT splitting, this transition is not
present in CMO. In addition to these near-infrared (NIR) features, transitions between
O2p and minority spin t2g/eg states dominate the absorption in the ultraviolet range above
2.5 eV [8.2].

In contrast to PCMO, the absorptance of CMO reveals an optical bandgap related to the
charge transfer transition between O2p and Mn3d eg states. Extrapolating the almost
linear decrease of below 2 eV to zero-absorptance gives a band gap of about 1.3 eV, which
is in accordance with the reported values in (e.g.[8.5]). Above 2 eV, the absorptance of
PCMO and CMO are similar, they mainly differ in the NIR range.

The pristine STNO substrates reveal three different optical features:

i. A strong increase of the absorptance at about 3.2 eV, which is caused by interband
transitions from O2p to Ti3d states across the band gap.

ii. A weak peak-like feature at about 2.4 eV. This transition is commonly related to
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some mid-gap states, probably caused by oxygen vacancies [8.6,8.7].

iii. A Drude-like increase of absorptance well below 2 eV. Since this feature systema-
tically increases with the doping level of STNO [8.8], this additional absorptance is
caused by intra-band quasi-particle excitations. Because of extremely small quasi-
particle lifetimes, such excitations do not contribute to the photovoltaic effect.

All photovoltaic measurements presented below are performed under front side (man-
ganite) illumination. With an optical penetration depth of 150-200 nm (90% drop of
transmission) in the energy range between 1.5 and 3 eV, a possible contribution of the
weak STNO absorption feature at 2.4 eV to the photo-voltaic effect is very small. In
the spectral range below 2.3 eV, only photocarrier in the manganite contribute to the
photovoltaic effect.

8.1.2 TEM investigations of heterojunctions

Structural properties and the chemical composition of the regions near the interface were
investigated in an FEI Titan 80-300 keV G2 ETEM Transmission Electron Microscopy
(TEM) system equipped with an Electron Energy Loss spectrometer (EELS) Gatan Quan-
tum 965ER. Cross-sectional electron-transparent lamellas of the different heterojunctions
were prepared via grinding and argon polishing using a Gatan 691 PIPS Precision Ion
Polishing System.

PCMO films on STNO prepared by ion-beam sputtering reveal a predominant (001) ori-
entation and a significant amount of (110) domains which evolve due to the cubic to
orthorhombic phase transition and the resulting twinning. Post-annealing increases the
size of the twin domains and leads to a vast annihilation of nano-sized disorder, e.g. local
deviation of octahedral tilt. Growth, electrical and structural properties of these films are
described in more detail in [8.9]. The manganite films are typically highly strained, e.g.,
the out-of-plane strain of as-prepared films deduced from XRD amounts to about 1.3%
and decreases with post-growth annealing.

The stress-strain state is mainly governed by preparation-caused defects during the thin
film deposition and relaxation of the lattice mismatch strain via dislocations plays only a
minor role. Figure 8.2(a) shows an annular dark-field (ADF) image of the PCMO/STNO
interface after additional annealing. The interface is well-ordered and no extended defects
are visible. However, misfit dislocations are located inside the STNO substrate. In as-
prepared and post-growth annealed films, the dislocation density is of the order of 1/µm2,
see also [8.10,8.11]. Full relaxation of the lattice mismatch strain of about ∆STNO = −1.41%
would require a mean dislocation distance of about 29 nm, which implies that misfit
relaxation via such dislocations is negligible.

In the ADF image, the chosen collection angle of 50-200 mrad gives rise to contrast which
is sensitive to the atomic mass number. In figure 8.2(a) the sharp transition of the contrast
at the interface implies that the intermixing of A and B site cations is small. At that range
of scattering angles, coherent scattering additionally contributes to the ADF contrast. The
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additional diffuse bright contrast at the PCMO close to the interface is due to lattice dis-
order such as strain fields and maybe misfit relaxation by oxygen vacancies, as suggested
by [8.12].

Figure 8.2: Cross-sectional high-resolution ADF STEM images of the post-annealed PCMO/STNO
(a) and the CMO/STNO junctions (c). White arrows indicate the location of the interface. Yellow
dots and red arrows indicating the Burger’s circuits. EELS linescans of the PCMO/STNO (b) and
CMO/STNO junction (d) reveal that cation interdiffusion is restricted to a 2.5 nm length scale.
Antiphase boundaries with a CaO stacking fault can be observed in HAADF STEM and high
resolution EELS mapping in the CMO films (e).

As studied by EELS line scans across the PCMO/STNO interface (figure 8.2(b)), post-
growth annealing does not lead to an increased interdiffusion of cations, compared to as
prepared films studied in a former publication [8.10]. For the B-site cations, the sharpness
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of the interface is better than the resolution limit given by the excitation volume. It is
estimated to about 1.5 nm. A slight asymmetric exchange of the Ca and Sr A-site cations
is observed with an average interdiffusion length of 2.5 nm (figure 8.2(b)), shifting the
A-site interface towards the STNO. A shift on a similar length scale was also observed in
as-prepared PCMO films on STNO (figure 1 in [8.10]) and is thus attributed to intermixing
due to the impact of energetic particles involved in ion-beam sputtering.

TEM and XRD investigations of CMO films on STNO confirm the epitaxial growth. The
major difference to the PCMO films is the presence of a high density of extended planar
defects (figure 8.2(c)). We observe two types of anti-phase boundaries (APB) with shift
vectors parallel and perpendicular to the boundary plane, and sometimes an additional
CaO layer as a stacking fault (figure 8.2(e)). The latter can arise from surface steps of
the STNO substrates. Without any additional surface treatment, STNO substrates show
a mixed type of surface termination. In AFM investigations, we observe step heights of
the atomic flat terraces of about one half and one unit cell of STNO. Similar to PCMO, the
EELS line scan in figure 8.2(d) shows sharp B site concentration profiles being limited by
the excitation volume of the electron beam. The interdiffusion length of the A-site cations
is slightly above the resolution limit.

Summarizing the interface quality, the PCMO/STNO and the CMO/STNO junctions
mainly differ in the appearance of APBs in the CMO which extend towards the
CMO/STNO interface and may represent recombination active defects. The degree of
intermixing is small for both types of interfaces.
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8.1.3 Rectifying behavior of the manganite/titanite junctions

Figure 8.3: Current-voltage dependence of the different heterojunctions in the dark at 300 K and 200
K. All junctions show a rectifying behavior and a photovoltaic effect in the analyzed temperature
region. With decreasing temperature the rectifying behavior getting more pronounced.

Figure 8.3 gives an overview on the current-voltage dependence of the different hetero-
junctions in the dark. All junctions reveal rectifying behavior, which is more pronounced
at lower temperatures. Post annealing of PCMO/STNO improves the rectifying behavior.
The diode-like shape of the J−V curves is most pronounced for the CMO/STNO junctions.
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8.2 Optimization of PCMO thin films deposition

Figure 8.4: SEM pictures of the surface of a PCMO thin film at different positions xS (see also figure
3.2). The number of MnOz precipitates decreases with decreasing Mn excess, which vary along
the position xS on the substrate heater. Results are also published in [160].

Figure 8.5: (a) AFM picture of a PCMO thin film deposited nominal without Mn excess and a
optimized heating concept during the deposition. (b) XRD measurments of two PCMO thin films
deposited in two different sputtering runs deposited nominal without Mn excess and a optimized
heating concept during the deposition.

The following optimization was performed in close collaboration with Birte Kressdorf and
some results are published in her master thesis. [160] The Mn excess during the sputter
depostion can be varied by changing the position xS (see figure 3.2) of the substrate. In
addition to control the chemical composition of the film a good control of the surface
temperature of the substrate seems to be important. Therefore an optimization of the
heating concept was performed. Figure 8.5(a) show an AFM picture taken from the
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surface of a PCMO thin film, which was deposited at a position xS, where no Mn excess
is expected. The heating of the substrate was performed using a boron nitride heater and
the substrate was clamped homogeneously to the heater. In addition a pyrometer was
used to check the deposition temperature. As a result of this optimization a atomically
flat surface is observed leading to new possibilities to perform new types of experiments
e.g., further optimization of the sample geometry using transparent indium tin oxide or
transparent gold top electrodes. In addition it is shown in figure 8.5(b) that it is possible
to fabricate films reproducible with the same stress strain states.

8.3 Influence of MnOz precipitates on IV-curves of PCMO/STNO
heterostructures

Figure 8.6: (a) Comparision of I − V measurements performed with Xe illumination using two
different top electrode geometries on the PCMO on one single sample. The closed symbols in the
graph are data taken using 1× 4 mm2 Au contacts. After the first measurements an additional Au
grating was prepared using electron beam lithography (open symbols). The geometry is shown
in (b), see also [160].
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Figure 8.7: (a) SEM image of PCMO x = 0.35 on STNO, (b) EBIC measurement at 5kV. The dark
region indicates that the precipitates seems to be photovoltaic inactive. (c) Temperature depen-
dence of the resistivity for different magnetic fields for a PCMO sample prepared on undoped
STO subtrate with precipitates visible on the surface, see inset. EBIC measurements were per-
formed in close collaboration with Philip Saring (4th Physical Institute, Georg-August-University
Goettingen).
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Figure 8.6 show a comparison of measurements of an illuminated PCMO/STNO het-
erostructure, which were performed using two different geometries of the Au topelec-
trode on the PCMO, but on the same sample. This type of experiments were performed
in close collaboration with Birte Kressdorf, see also [160]. The first geometry is shown in
figure 5.2 but using Au instead of Pt. After the measurements the sample was cleaned
and the surface prepared for the preparation of an additional Au grating, which was
prepared using electron beam lithography. The comparison shows that even if more
precipitates are contacted by the Au grating the shunt resistance is higher. This points
to a defect type, which don’t contribute to the measured I − V curves of the junction. In
addition this has been demonstrated by means of EBIC measurements. EBIC probes the
short-circuit current of a charge separating junction. Figure 8.7 show a measurement of a
CMO/STNO heterojunction with precipitates, where the precipitates don’t contribute to
the resulting signal. Also long range polaron ordering and CMR can be observed (after
post-annealing, see also [51]), when these type of defect is present, see figure 8.7(c). The
latter support the hypothesis that the formation of precipitates can lead to a "self-cleaning"
of the surrounding PCMO matrix.





List of abbreviations

EG,Eg band gap
EA,Ea activation energy
EB energy barrier height
VOC open-circuit voltage
ISC short-circuit current
JSC short-circuit current density
JS saturation current
n ideality factor
RS series resistance
RS parallel resistance
PV photovoltaic
CO charge ordered
JT Jahn-Teller
CT charge transfer
TCO charge-ordering temperature
TN Néel temperature
TCR crossover temperature
RT room temperature
CER Colossal Electroresistance
CMR Colossal Magnetoresistance
DOS density of states
SEM Scanning Electron Microscope
TEM Transmission Electron Microscope
EELS Electron Energy Loss Spectroscopy
AFM Atomic Force Microscope
FIB Focused Ion Beam
XRD X-ray diffraction
EDX Energy Dispersive X-ray Spectroscopy
IBS Ion Beam Sputter Deposition
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