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Abstract

Solar cells and light emitting diodes are generally the same kind of device. Whereas solar cells
are optimized for light absorption, light emitting diodes are optimized for light emission, i.e.
radiative recombination. Both processes are present in each of these devices. The electrolu-
minescence depends on the transport of injected charge carriers and radiative recombination,
whereas the external quantum efficiency originates from light absorption and the extraction of
photo generated charge carriers.

According to Donolato and Rau, the external quantum efficiency and the luminescence are con-
nected by the reciprocity relation. However, the reciprocity relation only holds under certain
circumstances. Whereas these circumstances are given in defect-free solar cells made from
crystalline silicon for instance, the situation can be different in thin-film devices. The physics
in thin-film devices can be affected by localized inter-band defect states, which also affect the
reciprocity relation. These states are found in thin-film chalcopyrite Cu(In,Ga)Ses np hetero-
junction, hydrogenated microcrystalline silicon pin, and hydrogenated amorphous silicon pin
devices as investigated in this thesis. This thesis is structured within this sequence, studying
systems with increasing concentrations of defect states in their band gap to investigate these cir-
cumstances, where the reciprocity relation still holds.

The requirements of the reciprocity relation are investigated with temperature and charge
carrier injection dependent experiments as well as comprehensive simulations. Since the elec-
troluminescence is affected by series resistance, in most cases it is complemented with pho-
toluminescence, where charge carrier transport is negligible. An expanded Fourier transform
infrared spectroscopy setup is used to perform the luminescence experiments, and the external
quantum efficiency is measured with a constant photocurrent method setup. The simulations
use a commercial one dimensional numerical device simulator, which solves the optics and the
semiconductor equations. A self-developed program, which uses full band diagrams of the one
dimensional device simulator as input parameters, yields the luminescence and external quantum
efficiency calculations.

The luminescence in Cu(In,Ga)Se; originates from transitions between the bands and localized
band-tail states. Since the band-tail densities of states are rather steep, the almost unshifted lu-
minescence spectra are compatible to the external quantum efficiency in terms of the reciprocity
relation. Around room temperature, the radiative ideality factor, which is determined from lu-
minescence/voltage characteristics by fitting a common diode law, is found to be close to unity.
However, temperature dependent experiments and simulations show that the reciprocity relation
only holds if the thermal energy is higher than the characteristic energy of the band-tail densities
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of states.

Transitions between band-tail states yield the luminescence in hydrogenated microcrystalline
silicon. However, the reciprocity relation between the luminescence and the external quantum
efficiency only holds in a small spectral range, since the band-tails are broad, i.e. their char-
acteristic energies are higher than the thermal energy, even at room temperature. This yields
blue shifted luminescence spectra with increasing charge carrier injection and a temperature
dependent radiative ideality factor, which exceeds unity and increases with decreasing temper-
ature. However, detailed simulations show that the reciprocity relation holds if the device under
luminescence conditions is close to thermal equilibrium. These conditions yield very low lu-
minescence intensities, which are not accessible within experiments.

The luminescence in hydrogenated amorphous silicon originates from transitions between loc-
alized band-tails, which are even broader than in hydrogenated microcrystalline silicon. Addi-
tionally, around room temperature and/or at low injection, transitions between band and neutral
amphoteric mid-gap defect states contribute to the luminescence beside the tail-to-tail lumines-
cence. The band-to-defect luminescence spectra do not shift under different charge carrier injec-
tion levels, since the occupation of mid-gap defect states is almost constant, even if the charge
carrier injection is moderate. This yields a radiative ideality factor of around two. However, the
presence of additionally Stokes-shifted tail-to-tail luminescence, where the luminescence looses
photon energy to the lattice, completely hampers the validity of the reciprocity relation within
experiments. Only simulations can show that the reciprocity relation holds if the device is al-
most in thermal equilibrium at extreme low charge carrier injection.



Zusammenfassung

Solarzellen und Leuchtdioden sind generell die gleichen Bauelemente. Wéhrend Solarzellen
fiir die Lichtabsorption optimiert sind, sind Leuchtdioden fiir die Lichtemission, d.h. strah-
lende Rekombination optimiert. Beide Prozesse sind in jedem dieser Bauelemente vorhanden.
Die Elektrolumineszenz héngt von dem Transport injizierter Ladungstréiger und der strahlenden
Rekombination ab, wohingegen die externe Quanteneffizienz durch Lichtabsorption und Extrak-
tion von photogenerierten Ladungstridgern entsteht.

Gemail Donolato und Rau stehen die externe Quanteneffizienz und die Lumineszenz in einem
reziproken Verhdlinis. Allerdings gilt dieses reziproke Verhdiltnis nur unter bestimmten Beding-
ungen. Wohingegen solche Umstinde in defektfreien Solarzellen, z.B. aus kristallinem Silizi-
um, gegeben sind, kann dies in Diinnschicht-Bauelementen anders sein. Die Physik in Diinn-
schicht-Bauelementen kann durch lokale Interband-Defektzustinde beeinflusst werden, die wie-
derum das reziproke Verhdltnis beeinflussen. Solche Zustidnde sind in Diinnschicht chalkopy-
riten Cu(In,Ga)Sey np Heteroiibergidngen, hydrierten mikrokristallinen Silizium pin, und hy-
drierten amorphen Silizium pin Bauelementen, wie sie in dieser Arbeit untersucht werden, zu
finden. Diese Arbeit ist gemif} dieser Reihenfolge mit ansteigender Defektkonzentration in der
Bandliicke strukturiert, um solche Bedingungen zu untersuchen, in denen das reziproke Verhdilt-
nis weiterhin gilt.

Die Anforderungen des reziproken Verhdiltnisses werden mit temperatur- und landungstriger-
injektionsabhingingen Experimenten sowie umfassenden Simulationen untersucht. Da die Elek-
trolumineszenz durch Serienwiderstinde beeinflusst wird, wird sie in den meisten Fillen durch
Photolumineszenz, bei der Ladungstrigertransport vernachléssigbar ist, ergénzt. Ein erweiterter
Fourier-Transform-Infrarotspektroskopie-Aufbau wird genutzt, um die Lumineszenz Experi-
mente durchzufiihren, und die externe Quanteneffizienz wird mit einem Konstantphotostrom-
Aufbau gemessen. Die Simulationen nutzen einen kommerziellen eindimensionalen numerisch-
en Bauteile-Simulator, der die Optik und Halbleitergleichungen 16st. Ein selbst entwickeltes
Programm, das die vollstindigen Banddiagramme des eindimensionalen Bauteile-Simulators
als Eingangsparameter nutzt, errechnet die Lumineszenz und externe Quanteneffizienz.

Die Lumineszenz in Cu(In,Ga)Se; entsteht durch Uberginge zwischen den Bindern und loka-
lisierten Zustdnden in den Bandausldufern. Da die Zustandsdichten der Bandausldufer ziemlich
steil sind, stehen die fast unverschobenen Lumineszenzspektren im reziproken Verhdiltnis zur ex-
ternen Quanteneffizienz. Bei etwa Raumtemperatur ist der strahlende Idealititsfaktor, der durch
das Anpassen einer gewohnlichen Diodenkennlinie an Lumineszenz/Spannung Charakteristika
bestimmt wird, nahe eins. Allerdings zeigen temperaturabhingige Experimente und Simula-
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tionen, dass das reziproke Verhdltnis nur besteht, falls die thermische Energie grofer ist als die
charakteristische Energie der Zustandsdichten der Bandausldufer.

Ubergiinge zwischen Zustinden der Bandausliufer ergeben die Lumineszenz in hydriertem mi-
krokristallinem Silizium. Allerdings besteht das reziproke Verhdiltnis zwischen der Lumineszenz
und der externen Quanteneffizienz nur in einem kleinen Spektralbereich, da die Bandausldufer
breit sind, d. h. ihre charakteristischen Energien sind sogar bei Raumtemperatur grofler als die
thermische Energie. Dies fiihrt zu blau-verschobenen Lumineszenzspektren mit ansteigender
Ladungstrigerinjektion und einem temperaturabhéngingen strahlenden Idealitéitsfaktor, der iiber
eins hinaus reicht und mit fallender Temperatur weiter ansteigt. Detaillierte Simulationen zei-
gen allerdings, dass das reziproke Verhdltnis Bestand hat, falls das Bauelement unter Lumines-
zenz-Bedingungen nah am thermischen Gleichgewicht ist. Unter solchen Bedingungen sind die
Intensititen der Lumineszenz sehr niedrig und deshalb nicht messbar.

Die Lumineszenz in hydriertem amorphem Silizium entsteht durch Uberginge zwischen lokali-
sierten Bandausldufern, die noch breiter sind als in hydriertem mikrokristallinem Silizium. Zu-
sitzlich tragen etwa bei Raumtemperatur und/oder geringer Ladungstrigerinjektion, Uberginge
zwischen Band- und neutralen amphoteren Defektzustinden in der Bandliickenmitte zur Lu-
mineszenz bei. Diese Band-zu-Defekt Lumineszenzspektren verschieben sich nicht unter ver-
schiedenen Ladungstrigerinjektionsraten, da die Besetzung der Defektzustéinde in der Band-
lickenmitte sogar unter moderater Ladungstrigerinjektion fast konstant ist. Dies ergibt einen
strahlenden Idealititsfaktor, der etwa zwei ist. Allerdings verhindert eine zusitzliche Stokes-
Verschiebung der Lumineszenzspektren der lokalisierten Bandausléufer, bei der die Photonen
dieser Spektren Energie an das Gitter verlieren, die Giiltigkeit des reziproken Verhiiltnisses im
Experiment. Nur mit Hilfe von Simulationen kann gezeigt werden, dass das reziproke Verhiiltnis
gilt, falls das Bauelement bei extrem niedrigerer Ladungstriigerinjektion nahe des thermischen
Gleichgewichts ist.



Chapter 1

Introduction

About 90 % of the consumed energy comes from fossil fuels [1]. The burning of fossil fuels
leads to man-made global warming [2]. The temperature of the earth raised more than 0.74 K
in the last hundred years, and due to increased energy consumption from fossil fuels the heating
also increased [3]. The world energy consumption in 2010 was 3.63 x 1020 J per year [1]. How-
ever, the amount of energy, which is delivered to earth every year in the form of solar irradiation
is 3.15 x 1024 J [4]. Although the energy production from sunlight is still more expensive than
from other renewable energies [5], the demand for solar cells increases. Whereas the world
solar cell market in 1980 was a few Mega Watt peak per year, the market grew to 27.4 x 10° W,
in 2011.

The first solar cell was presented in 1954, which resulted from investigations on silicon pn
junctions [6]. Since the presentation of the first solar cell, completely different approaches for
photovoltaic devices have been developed [7, 8], i.e. the use of organic semiconductors [9-14],
semiconductor nano-particles [15-18], or dye sensitized solar cells [19] for example. However,
the basic physics of light absorption, charge carrier separation, and therefore energy generation
remain the same.

A light emitting diode (LED) utilizes the opposite process (radiative recombination) as used
in solar cells (light absorption). For this reason a solar cell cannot only convert light to elec-
tric energy, it can also convert electric energy to light, although solar cells are optimized for
absorbing a broad spectrum of light rather than for emitting light. The emission of light (lumin-
escence) by a solar cell can be driven electrically (electroluminescence) or optically (photolu-
minescence). The reciprocity relations as formulated by Donolato [20] and Rau [21,22] connect
the solar cell quantum efficiency of absorbed light to the LED quantum efficiency of emitted
light. As a consequence of the principle of detailed balance, Donolato connected the minority
carrier concentration in a solar cell under forward voltage in the dark with the local collection
probability of photo generated charge carriers within the same device [20]. Rau expanded this
reciprocity relation by Donolato by the junction of the device and formulated the final reciprocity
relation between the quantum efficiency and the luminescence [21,22]. Using this reciprocity
relation by Rau, one can thus characterize certain aspects of solar cells in luminescence experi-
ments.

In recent years many characterization methods based on the reciprocity relation have been
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developed. The photo- and electroluminescence are commonly used characterization meth-
ods to study recombination processes in semiconductor devices to evaluate the optical band
gap [23], defect-states [24-28], or the quasi-Fermi level separation [29, 30]. Interpretation of
photo- or electroluminescence imaging in thin-film solar cells is mainly based on the analysis
of spatial variations of the local quasi-Fermi level separation. Generally, light induced degrada-
tion [31,32], shunts [33,34], series resistance [35—-37], or charge carrier diffusion lengths [38—41]
can be investigated fast and spatially resolved, amongst others. Additionally, performance map-
ping of multijunction solar cells/modules is feasible [28,42]. This technique is successfully used
as inline characterization tool [43] for e.g. mono-crystalline silicon.

However, the reciprocity relation by Donolato and Rau makes simplifications that do not
hold equally well for all technologies. The reciprocity relation between the external quantum
efficiency and the electroluminescence implicitly requires the luminescence spectrum to be in-
dependent of the applied voltage, a luminescence intensity/voltage characteristic with a radiative
ideality factor of one, and electro- and photoluminescence to superimpose linearly under a sim-
ultaneous electrical and optical excitation. The radiative ideality factor is obtained from the
luminescence intensity/voltage characteristic by fitting a common diode law.

Within experiments it was shown that the reciprocity relation holds for band-to-band tran-
sitions in Cu(In,Ga)Ses [44]. However, it is also shown that radiative recombination from addi-
tional localized band-tail states in the gap leads to an radiative ideality factor unequal to one [45],
i.e. radiative transitions involving states in the gap violate the reciprocity relation. These radi-
ative transitions lead to spectral changes in various disordered materials. Pieters et al. derived
a simple local recombination model for photoluminescence of hydrogenated microcrystalline
silicon solar cells, which can explain the radiative ideality factor, and therefore the voltage de-
pendency of the radiative recombination [45]. This work demonstrates how luminescence may
be used for the characterization of the (local) quasi-Fermi level separation in thin-film silicon
based solar cells, despite that the reciprocity relations do not hold for these devices. However,
the model in Ref. [45] also has shortcomings, most notably the model does not include electronic
transport, limiting the accuracy of the model, and making the model unsuitable for electrolumi-
nescence.

This thesis studies how reciprocity relation holds and fails for various thin-film solar cell
technologies with the aim to extend the list of useful applications of photo- and electrolumin-
escence. High absorption and/or low charge carrier transport mobilities led to thin-film solar
cells like chalcopyrite Cu(In,Ga)Seq np heterojunctions [46,47], hydrogenated microcrystalline
silicon (pe-Si:H) pin [48-51], and hydrogenated amorphous silicon (a-Si:H) pin [52] devices.
This thesis is structured within this sequence, studying systems with increasing concentrations
of defect states in their band gap to investigate these circumstances, where the reciprocity rela-
tion still holds.

The reciprocity relation in Cu(In,Ga)Ses holds if band-to-band transitions [44, 53-56] like in
mono-crystalline silicon [57] yield the luminescence. Since the charge carrier transport mo-
bilities in Cu(In,Ga)Se; are rather high, the modeling of photo- and electroluminescence, and
external quantum efficiency in Cu(In,Ga)Sex np heterojunctions is relatively simple. Therefore,



the experiments are discussed with a self-developed local recombination model.

However, the situation is different in pc-Si:H and a-Si:H. Similar to a-Si:H [58], the lumines-
cence in pe-Si:H originates from direct tail-to-tail transitions from localized band-tail states [59].
Additionally to this tail-to-tail transition, the luminescence in a-Si:H shows a second transition
from band to neutral mid-gap defect states [60]. Localized states in the gap and low charge
carrier transport mobilities require a more complex, one dimensional approach for the pc-Si:H
and a-Si:H pin devices. For this reason, the self-developed local recombination model, which
was introduced by Pieters et al. for pc-Si:H [45] is combined with full one dimensional device
simulations using the commercial device simulator Advanced Semiconductor Analysis [61]. This
approach allows to consistently model photoluminescence, electroluminescence, current/voltage
characteristics, and external quantum efficiency to the solar cells.

First, in Chapter 2, the fundamentals of the relevant electronic states in Cu(In,Ga)Ses,
pe-Si:H, and a-Si:H are given. The electronic states yield the luminescence and the external
quantum efficiency, which are connected by the concept of reciprocity relation. Since this thesis
investigates the photo- and electroluminescence, and the external quantum efficiency with the
comparison of experimental results and simulations, the concept of the simulations and the ex-
perimental setup are introduced in Chapter 3 beside the sample preparation.

The following main part of this thesis includes the investigations of the already mentioned
three types of solar cells, namely Cu(In,Ga)Ses np heterojunctions, pc-Si:H pin, and a-Si:H
pin devices, where the density of localized inter-band states increases within this sequence.
Chapter 4 presents the temperature and charge carrier injection dependent experimental res-
ults from Cu(In,Ga)Sey, which account for the metastabilities, and the reciprocity relation,
which still holds in Cu(In,Ga)Ses for steep band-to-tail luminescence. The temperature depend-
ent photo- and electroluminescence, and dark and illuminated current/voltage characteristics of
a pe-Si:H pin device can be consistently modeled with Advanced Semiconductor Analysis in
Chapter 5. These fitted simulations can explain the observed temperature dependent radiative
ideality factor from tail-to-tail transitions, which is useful for determining junction voltages from
electroluminescence imaging. This chapter concludes with a detailed analysis of the improve-
ment of the reciprocity relation in pc-Si:H, which is based on the fitted simulations. Band-to-
defect transitions, which are observed from the photo- and electroluminescence in a-Si:H [60]
beside the already mentioned tail-to-tail transitions, affect the reciprocity relation discussed with
experiments and simulations in Chapter 6. This chapter concludes by summarizing the lumines-
cence intensities and the corresponding radiative ideality factors from band-to-tail, tail-to-tail,
and band-to-defect transitions as observed in this thesis.
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Chapter 2

Fundamentals

The interaction between light and semiconductors depends on the available electronic states and
their occupation. This chapter introduces in the physics of light absorption and its opposite pro-
cess, the radiative recombination, i.e. the light emission. Both processes are strictly connected
to each other in terms of the reciprocity relation [20-22].

This chapter begins with a basic description of solar cells, and introduces to light absorption
and radiative recombination in Section 2.1. Furthermore, a detailed description of the relev-
ant density of electronic states within solar cells, especially in chalcopyrite Cu(In,Ga)Sey np
heterojunction, hydrogenated microcrystalline silicon (pc-Si:H), and hydrogenated amorphous
silicon (a-Si:H) pin type devices, which are investigated in this thesis is given in Section 2.2.
Subsequently, in Section 2.3 the interaction between the electronic states and light is described
for the radiative recombination, and the light absorption. A detailed analysis of the radiative
recombination is given in Section 2.4, and of the light absorption in Section 2.5.

2.1 Solar Cells

The Figure 2.1(a) shows a circuit diagram of a solar cell. A solar cell basically consists of a
diode, which is connected to the recombination, and a (photo) current source, which is con-
nected to the light absorption. The recombination is either radiative or non-radiative. In case
of radiative recombination, the recombination in turn is connected to the light absorption, and
vice versa. Both processes are connected with the reciprocity relation, which is the main topic
of this thesis. The light absorption yields the photo current, which flows through the diode in
dependence of the bias voltage. And the diode itself then yields the bias voltage dependent re-
combination current.

Additional components are a parallel and a series resistance. The parallel resistance originates
from shunts, which partly short circuits the contacts of the diode. Since the series resistance
hampers the charge carrier transport, the photovoltaic conversion efficiency is affected by this
series resistance.

The Figure 2.1(b) shows a common current/voltage characteristic of a diode, which is plot-
ted as black dotted lines. The (radiative) recombination current increases with increasing bias
voltage. In case of light absorption, the diode is further known as solar cell and the dark cur-
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Figure 2.1: Solar cell concept accentuated to light absorption and radiative recombination. (a) Circuit
diagram of a solar cell, where the diode itself is connected to the (radiative) recombination, and the
photo current is connected to the light absorption. (b) Common dark (black dashed line) and illuminated
(red solid line) current/voltage characteristics of a solar cell. The light absorption yields the short circuit
current density (Js.) and the open circuit voltage (V5).

(Radiative)
Recombination
1

Current Density J [a.u.]

rent/voltage characteristic is shifted. The illuminated current/voltage characteristic is plotted as
red solid line. The light absorption yields a photo current (.Jp,1,), as already mentioned. However,
due to the charge carrier transport, the determinable short circuit current is generally smaller than
the photo current, i.e. Jsc < Jpn. Not every photo generated electron/hole pair is collected by
the contacts, since the charge carrier transport is limited.

The increase of the bias voltage at the contacts of the illuminated solar cell also increases the
(radiative) recombination. In the case, where no net current flows at V., i.e. with the solar cell
contacts opened, the photo generated electron/hole pairs fully recombine.

2.2 Electronic States in Semiconductors

The electronic states in Cu(In,Ga)Ses, pe-Si:H, and a-Si:H are the extended states in the conduc-
tion and valence band, and the localized states, energetically located between the band states,
which are introduced in detail in the following sections. These localized states are band-tail
states connected to the band edges, and amphoteric states deep in the band gap in pc-Si:H and
a-Si:H. Additional states in the band gap in Cu(In,Ga)Sey are induced through doping atoms.
These states are energetically close to the band edges.

The derivations for occupation statistics, which are shown here, are in some parts related to the
derivations given in [62,63].
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Semiconductor Equations for Charge Carrier Transport

Charge carrier transport in semiconductor devices in one dimension (z) is described with the
Poisson equation (Eq. (2.1)) in connection with the continuity equations for electrons and holes
(Eq. (2.2a) and Eq. (2.2b), respectively):

v dE _ p

- _ — , 2.1
dz2 dz E0Er @D
where U is the vacuum level related electrostatic potential induced by the space charge density
(p), which is normalized to the dielectric constant of vacuum (g¢) and a relative dielectric con-
stant (¢;), which depends on the semiconductor. The connected electrical field is denoted as E.
The continuity equations are

dn 1dJ,
el — 2.2
dt q dz +G-R (2.22)
dp 1dJ,

= -""PLG_R, 2.2b
dt q dz + ( )

where n and p are the charge carrier concentrations for electrons and holes, respectively, G is
the generation rate through photon absorption, R the recombination rate, ¢ the time, and ¢ the
elementary charge. The electron and hole current densities, respectively, can be written as

E,
Ty = /l,nnd £ (2.3a)
d E;
Jp = ppp dz", (2.3b)

where pi,, and i, are the band drift mobilities for electrons and holes.

2.2.1 Extended Band States

The extended electronic states in semiconductors are in the conduction and valence band, re-
spectively. Electron wave functions can propagate through the interaction of these states. Due to
this, these states are mostly relevant for charge carrier transport. However, in disordered semi-
conductors the electrons are loosing coherence due to scattering. Therefore they are different
from those in ¢-Si for instance.

Though, thin-film devices are investigated in this thesis, quantum confinement can be neglected.
The density of conduction (N¢p) and valence band (NV.p) states can be described with square
root like functions

Ng, = NeA/JE — E, (2.4a)
Ny, = NV E, — E, (2.4b)
where N, and N, are the effective density of states at the mobility band edge energies, F. and

E, respectively (Figure 2.2) [64,65].
The gap between the mobility band edges is defined as band gap ), = E. — Ey. As long as
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Figure 2.2: Density of extended states in the conduction and valence band, and corresponding occu-
pation probability for electrons (f,) and holes (f,). (a) Mobility gap between the conduction (£,) and
valence (E,) band edge. Occupation of the extended states is described by the Fermi-Dirac function (Eq.
(2.6)) for conduction (f,,) and valence band (f},) states at the Fermi level for electrons (Ey,) and holes
(Erp), respectively. Temperature is 7' = 300 K. (b) Extended states are described by square root like
density functions (Eq. (2.4)). The occupied band states yield the electron (n.1,) and hole (py1,) density,
respectively.

the energy separation between extended and localized states is rather sharp, most of the charge
carrier transport takes place just below E\, for holes, and just above E. for electrons, respectively
[66,67]. Therefore in pc-Si:H and a-Si:H, E, is defined as the distance between the energies
of the mobile states. Consequently, this leads the band gap to be called mobility gap. Typical
values for pc-Si:H are £, = 1.18¢eV [61,63], and for a-Si:-H E,, = 1.75eV [62,68].

The temperature dependency of the band gap of ¢-Si was investigated by Varshni [69]. The
temperature dependent band gap writes as

a,T? a, T
T+ ﬁu TO + ﬁp

E.(T,Tp) = E,(To) — (2.5)

with o, = 7.02 x 10~*eV K1 and B, = 1108 K for ¢-Si. Measurements of the temperature-
dependence of the optical band gap from optical absorption spectroscopy [70], and electro-
absorption measurements [71, 72] in a-Si:H yielded a o, = 4.7 X 10~%eVK~L. Another
oy = 4.3 X 10~ eV K~ is found by Tsang et al. [73]. However, the investigations in a-Si:H
show linear behavior at temperatures 7' > 100K, i.e. 3, — 0K. The reference temperature for
this thesis is 7Ty = 300 K.

Due to high thermalization rates in the extended states, quasi thermal equilibrium can be as-
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sumed and therefore, the occupation probability functions for electrons (f,) and holes (f;) are
described by

1

exp (L;ff“) +1
1

fo =l (260

exp( T )+1

where Ep, and Ef, denote the corresponding quasi-Fermi levels. The thermal energy is given by
kT, where k is the Boltzmann factor and 7" the temperature.

The integration over the occupied band density of states yields the electron (Eq. (2.7a)) and hole
(Eq. (2.7b)) concentration, respectively. The integration can be simplified with the Maxwell-
Boltzmann approximation and written as

Ja (2.6a)

7 Efn - Ec
n = /Ncbfn dE ~ N.exp (T) (2.7a)
Ee
i E,—E
p= / Nevfp dE ~ Ny exp (%) . (2.7b)

In general it is accepted [74] that the V. and N, increase with increasing temperature. From the
Eq. (2.7) follows:

7\ 3/2
New(T, To) = Ney(To) (ﬁ) . (2.8)

2.2.2 Localized Band-Tail States

This section describes the localized single electron trapping states in the mobility gap at the
band edges. The huge amount of trapping states blurs out the energy levels, which enables to
describe these states with one continuous distribution. It is commonly accepted that in pc-Si:H
or a-Si:H these densities of trapping states decay exponentially into the mobility gap [75-77]. In
Cu(In,Ga)Ses it is unclear for now if single electron states are either similarly or Gaussian-like
distributed [78-82]. This depends on the doping of the chalcopyrite, but luminescence spectra
for instance can give indicators.

Tail States

In disordered semiconductors like pe-Si:H or a-Si:H, localized band-tail states exist, which
behave like acceptor states at the conduction band and like donor states at the valence band
edge. These localized states are single electron states and can be either occupied by an electron
or empty. Therefore, an occupied acceptor-like state is negatively charged, and neutral if it is
empty. A donor-like state behaves the other way round. This state is neutral if occupied, and
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Figure 2.3: Density of localized band-tail states at the conduction (/N.pt) and valence band (/Vy1,) edge,
and corresponding occupation probability for electrons and holes. (a) Mobility gap between the conduc-
tion (E.) and valence (F,) band edge. Occupation is described by a two-step Fermi-Dirac distribution
(Eq. (2.15)) for conduction ( f.pt) and valence band (1 — f,1,¢) band-tail states. Temperature is 7" = 300 K.
(b) Occupation probabilities, and conduction band-tail states between mid-gap and conduction band edge
(E.). The electron quasi-Fermi level for valence (Ef‘-;bt“) and conduction (Ef-ftt) band-tail state occupation
is at higher energies than the quasi-Fermi level for band state occupation (Ef,). The occupied band-tail
states yield the electron (n.pt) and hole (pynt) concentration density, respectively.

positively charged if it is empty. The double occupation of band-tail states is neglected for the
simulations in this thesis.

The densities of the localized band-tail states can be described by N,y (Eq. (2.9a)) for the
conduction, and Nyp (Eq. (2.9b)) for the valence band-tail distribution [77]:

E-E
Ngpt = Neg exp ( = ) (2.9a)
c0
E,—E
Nypy = Ny exp (#) , (2.9b)
v0

where Ny and Ny are the density of states at the conduction (F.) and valence (Fy) band
edge, respectively (see Figure 2.3). The characteristic band-tail slope energies are denoted as
E.y and Ey. Typical values in pc-Si:H are temperature independent and symmetrical £,y =
FEyo = 31 meV [61]. The characteristic band-tail slopes in a-Si:H are temperature dependent and
generally not the same. After Stutzmann [83] the temperature dependence of the characteristic
energy of the valence band-tail can be written as

BuolT,To) = /2 — (L1KTy)? + (11KT)2. 2.10)

According to Aljishi er al. [84] the characteristic energy of the conduction band-tail is also
temperature dependent. This temperature dependence E.o(T, Tp) is assumed to be the same as
for the valence band-tail. Typical values in a-Si:H are Fg = 31meV and Fyp = 45meV at
temperature 7p = 300 K [85].
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Figure 2.4: Capture and emission process on a single electron trap state. Band edge energies are E. for
conduction and E\ for valence band. The trap state energy is denoted as E;. The capture and emission
rates (r;) are given in Table 2.1.

Table 2.1: Capture and emission rates of single electron trap states.

PROCESS RATE
electron capture 71 n vy, o Ny (1 — frp)
electron emission ro e, Ny frp
hole capture  r3  pug, op Ny frp
hole emission 74 e, Ny (1 — frp)

Shockley-Read-Hall Recombination

The theory of recombination via above mentioned single electron trap states Ny = Ncpy and
Ny = Ny (Eq. (2.9)) is known as Shockley-Read-Hall (SRH) recombination [86, 87]. This
process considers two capture and two emission processes as shown in Figure 2.4. Recombin-
ation takes place if an empty state captures an electron from the conduction band and a hole
from the valence band. These capture and emission rates (r;) are given in Table 2.1. Electrons
can be captured by positively charged states at the valence band (o, = o,") and neutral states at
the conduction band edge (o, = 08), where oy, is the electron capture cross-section. The hole
capture cross-section o, identifies with ag for neutral states at the valence band and o, at the
conduction band edge. The capture rates are also determined by the thermal velocity

vy o< VET. @.11)

We assume vy, = 107 cms™! at temperature 7" = 300 K.
In thermal equilibrium the electron occupation of a localized state is given by the Fermi-Dirac

distribution fpp = [ +exp (@

— )]_1 at the quasi-Fermi level Ey,. Thermal equilibrium also
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yields to the principle of detailed balance, where is no net recombination. This means r; = ro
and r3 = r4. Together with Eq. (2.7), this yields the emission coefficients

en = onven (1 — frp)/ frp

_ (EfnfEc) (EiEfn)
=opvin Neexp | ——— | exp

kT kT
FE—-FE
= onvgn Ne exp < T C) (2.12a)
E, - F
ep = opinVy exp ( VkT ) . (2.12b)

In non-equilibrium steady-state conditions, electrons from the conduction band recombine with
holes from the valence band. This yields the recombination rate

_dn 1 dp
S dt dt
— R=r1—ro=r3—ry. (2.13)

From the rates in Table 2.1 and Eq. (2.13) the occupation probability function can be determined
as
. NUthOn + €p
T o + PUhOp + €n + €p

2.14)

This Eq. (2.14) is used for device simulations.
A more readable occupation probability function (frg) was given by Taylor and Simmons [88,
89]. The Taylor and Simmons approximation yields a two-step Fermi-Dirac distribution

opp 1 oun 1

onn + o E—Egp + onn + o E—FEpy
n PP 1 + exp (T) n pP 1+ exp (T)

frs = (2.15)

as illustrated in Figure 2.3(a), where Ef,; and Eyy are the quasi-Fermi levels for trapped charge.
Generally, the occupation probabilities for both kinds of trap states are different due to different
capture cross-sections (o}, # oy,). Therefore, the occupation probabilities are denoted as fypt
for states at the valence band, and f.1, at the conduction band edge. The plateau between both
quasi-Fermi levels for trapped holes (Eg,;) and electrons (Eg,) scales with the ratio between
the capture cross-sections and the charge carrier densities (see Figure 2.3, and Figure 2.5). It is
often assumed that charged states have a larger capture cross-section than neutral states due to
the coulombic interaction between charged states and charge carriers with opposite charge [90].
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Figure 2.5: Occupation probability function of trap states ( frs) from Taylor and Simmons approximation
(see Eq. (2.15)) in dependence of capture cross-sections for electrons (¢,) and holes (o,,). The hole
capture cross-section o, = 10716 cm? is kept constant. The electron capture cross-section is varied:
Top/oyn =02,1l0,/0, = 1,116y, /0, = 5,1V 0, /0, = 10. The cases A and B show the corresponding
Fermi-Dirac distributions. In case A, o}, is negligible compared to o, and vice versa in case B.

This means o, > oy for trap states at the valence band, and o, < o, for trap states at the
conduction band edge. The position of

B = B+ T (2500 ) @.160
cYn

By = By — kT (%ﬁ"’p) (2.16b)
v¥p

also depends on the capture cross-sections (Figure 2.3(b)).

2.2.3 Mid-Gap Defect States

Additional to the earlier described band-tail states, defect states in the middle of the gap are
relevant to describe the physics in pe-Si:H and a-Si:H devices. In these materials the atomic
arrangement has some degree of disorder, which induces these defect states. These defect states
are usually ascribed to dangling bonds.

Dangling Bonds

In comparison to ¢-Si, which exhibits a strict periodic repetition of a unit cell, a variation in
atomic bond lengths and angles leads to a lack in long range order. Due to this lack, it happens
that neighbored atoms are only weakly bonded. Weak bonds like these fracture and therefore
lead to additional dangling bonds [91]. To reduce mid-gap defect states, the dangling bonds are
passivated with hydrogen. This passivation can reduce the dangling bond concentration from
1019 — 1020 t0 105 — 10'® cm 3 [62,92,93].

Every defect is described by one localized electronic state. The huge amount of localized states
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Figure 2.6: Density of amphoteric defect states (V. (;rb/ °N (%7) in the mobility gap, and corresponding
occupation probability distributions (F~, F°, FT). (a) Mobility gap between the conduction (E,.) and
valence (E,) band edge. Defect states are either unoccupied, or occupied by one or two electron(s).
Correlation energy between both transition states is denoted as U. Quasi-Fermi levels for electrons (g, )
and holes (Eg,), respectively, cross the defect states. Temperature is T = 300 K. (b) Detailed sketch of
amphoteric defect states for transitions from single to double electron occupation (N, g{;), Single (ngéf)
and double electron occupied states (n%f) are coloured.

blurs out the energy levels, which enables to describe the localized defect states with one distri-
bution [66].

The defect states are amphoteric. The amphoteric defect state distribution N(R/ % describes the
transition from a positively charged and therefore unoccupied to a neutral and therefore single
electron occupied defect state. The amphoteric defect state distribution N %7 describes the
transition from a neutral and therefore single electron occupied to a negatively charged and
therefore double electron occupied defect state. Both energy levels E;rb/ % and Egl/)_, which cor-
respond to N, d";/ % and N g]éf, respectively, are coupled, i.e. the occupation of a defect state at

Egl/; is only possible if this defect state is occupied at E;rb/ 0,

The distribution of dangling bond states in the mobility gap is mostly described with the standard
and the defect-pool model. The defect pool model describes the chemical equilibrium between
weak Si-Si bonds and two dangling bonds [91,94-100]. However, this work uses the simple
approach of the standard model to describe the dangling bond distribution. This standard model
assumes the dangling bonds to be Gaussian distributed as

1 E—-E 2)2
N;rb/o = Ngp exp (—( db2+ u/2) ) (2.17a)
TdbV 2T 204,
_ 1 E — Eg, — U/2)?
Ny = Ny e (- E= B UL, @17b)
OdbV 2T Tdb

where Ngy, is the dangling bond concentration, and oqp the standard deviation of the Gaus-
sian distributions. Not much is known about the position of the dangling bonds, therefore the
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Figure 2.7: Capture and emission process on an amphoteric trap state. Mobility edge energies are E, for
conduction and F, for valence band. The defect state energy levels are denoted as E(Tb/ Y for transition

from positively charged to neutral, and Eng for transition from neutral to negatively charged. The

capture and emission rates (r;) are explained in Table 2.2.

Table 2.2: Capture and emission rates of amphoteric states.

PROCESS RATE
electron capture 11 nuvg o Ngp FT
electron emission 1o eg Ny, F°
electron capture 173 Ny, 09 Nap, FO
electron emission 14 e, Nap F'™
hole capture r5 pugy O'g Ngp, F©
hole emission g e Ngy F'*
hole capture  r7  putn o, Nap F~
hole emission rg eg Ny, F°

dangling bonds are often assumed to be in the middle of the gap, i.e. E4q, = 0.0eV. This is
shown in Figure 2.6(a). The energy distance between the defect states is the correlation energy
(U). In pe-Si:H and a-Si:H, it is generally accepted that U > 0, and therefore IV, d+b/ % is closer to

the valence band mobility edge than N (% . The charge carrier occupation functions for neutral,
positively, and negatively charged mid-gap defect states are given by F°, F* and F~. A
detailed sketch of the occupied Eg{)_ energy levels is shown in Figure 2.6(b).

Recombination Statistics for Amphoteric States

The model for recombination and trapping statistics on amphoteric defect states like dangling
bonds was developed by Sah and Shockley [101]. Emission and capture of electrons and holes at
three different occupation states yield eight rates (r;) as shown in Figure 2.7. The rate equations
equivalent to Table 2.1 are given in Table 2.2. The occupation probability functions here are
denoted as F'*, F°, and F'~. The probability a state is empty is given by F'*. Single and double
occupied states are denoted as F* and F'~, respectively.
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As shown in Section 2.2.2, the emission coefficients can be determined with the principle of
detailed balance, i.e. 71 = r9, 13 = 74, 5 = 16, and r; = rg. With the thermal equilib-
rium electron (neq) and hole (peq) concentration from Eq. (2.7), and the thermal equilibrium
occupation probabilities [102, 103]
Fl = L (2.18a)
eq Ei—E+/0 2E,—E+/0_E0/— .
14 2exp <7f T ) + exp <7f T )

2exp (‘EFIEHO)
ng = (2.18b)

1t 2exp (BB 4 exp (2=Ep=E)

exp <2Ef—E+/0—E°/’)
kT
F_ = —, (2.18¢)
ed 14 2exp (Ef—£+/0> +exp <2Ef—E;¢—E0/ )
the emission coefficients can be found as
Ff 1 Et0_E
eﬂ = vthol‘l"nch—COq = §Uth03—Nc exp <I§TC (2.19a)
eq
FY EY- —E,
er = vthagneqF—ef = 20,00 N, exp (kT“ (2.19b)
eq
FO E. — Et/0
e;)r = vthagpeqF—T = QUthUgNV exp (VkT (2.19¢)
eq
_ Fy 1 _ E, — EY~
eg = UthOp Peq?%q = ivtho—p Ny exp ( T . (2.19d)
eq

And again, in non-equilibrium steady state conditions there is net recombination or generation,
i.e. F' # Foq. The statistics can be obtained by the rate equations of the occupation functions

dF*
di =-—r1+7r9+71r5—7¢
= —nvgoy FT — e FO + pugodFO — e FF (2.202)
dF~
T =r3—r4—1r7+718

= nvﬂ,agFO —e, F7 —pupho, F™ + egFO. (2.20b)
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1
Taking into account that F* + FO 4+ F~ = 1, the non-equilibrium occupation functions are
obtained as

POP-
Fr= 221
N+P— + POp- 4 N*NO (2.21a)
N*tP~
FO= 221
N+P— 4+ POp— + N+NO (2.210)
NON+
Fm= 221
N+P-+ POp— f N*NO’ (2.210)
where
N* =nogoy +ef (2.22a)
N® = nvg,op) + €) (2.22b)
P~ = pomo, +e (2.22¢)
P = pugoy + e (2.22d)

are introduced for readability.

2.3 Reciprocity Relation between Electroluminescence and
External Quantum Efficiency

As indicated earlier, the light absorption and the radiative recombination are complementary
physical processes, which can be transformed from one to the other. Explicitly, this means
that the electroluminescent emission (¢gr,), and the photovoltaic external quantum efficiency
(Qe) of solar cells and light emitting diodes are connected, which is known as reciprocity rela-
tion [21,29,104-107]. This reciprocity relation again is based on the validity of the reciprocity
relation derived by Donolato [20]. It connects the charge carrier concentration in the dark under
electrical bias with the collection efficiency of photo generated charge carriers under optical bias.

Moreover this reciprocity relation between ¢gy, and Q. is extended from electrolumines-
cence (EL) to luminescence in general [22]. This implies the combination of photo- (PL) and
electroluminescence, which represents experimental conditions in most cases, i.e. PL under
electrical bias or EL under optical bias.

For basic understanding, an optoelectronic device can be separated into optical and electrical ter-
minals connected to the solar cell or light emitting diode [21] (see Figure 2.8(b)). Therefore, PL
conditions are given with the electrical terminals short-circuited, which yields a spectrally dis-
tributed luminescence (¢35, (E5)). Under these conditions, most of the optically injected charge
carriers are extracted through the electrical terminals. Due to low luminescent quantum yield,
this conditions are hard to detect within experiments. Under EL conditions the electrical ter-
minals of the device are connected to a electrical source, which yields the junction voltage (V).
Charge carriers are electrically injected to the device and recombine radiatively. More generally
spoken, in EL conditions the ambience of the device works as an optical drain. Since Qc(E,)
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Figure 2.8: (a) Black body radiation at different temperatures 7' = 330, 300, 270, 240, 200, 150, and
120 K (arrow) as used within external quantum efficiency measurements in this thesis. (b) Optoelectronic
device like solar cell or light emitting diode reduced to its input and output terminals after Rau [21].

implies a(E,), i.e. all possible transitions for electrons to get excited, the spectrally distributed
electroluminescence (¢gr,(FE-)) scales with Q.. However, not every possible electron transition
due to absorption is equally probable for luminescence. Therefore, prr,(Ey) x @pb(Ey,T),
where

27rE,§ 1
htcd exp (%) -1
denotes the spectral photon flux density of a black body, which radiates into a hemisphere. The

constants are the velocity of light (¢) and the Planck constant (h), respectively. In summary, the
luminescence can be written as

oob(Ey,T) = [Wm™?nm™'] (2.23)

@(E%T) = ‘P%CL(EW) + ‘PEL(E'Y)

— B+ QBB T) oo (1) <1 22w

where kT'/q is the thermal voltage. In the end, the reciprocity relation holds if [22]
* the EL spectrum (gt (E5)) is compatible to the external quantum efficiency (Qe(Es)),

* the spectral shape of ¢gr,(F,) does not change at different (electrical or optical) bias
conditions,

* the integrated luminescence (¢gr, (V) = f ©EL dE,) follows a diode law with the ideality
factor of one,

* and the voltage-driven ¢gr, and the illumination-driven 7], superimpose linearly.

The first two criteria are already verified for a series of solar cells [44,56,108]. The latter criteria
are not verified so far. The first three criteria strictly belong to the reciprocity relation and are
equivalent for this reason. The superposition of the photo- and electroluminescence is optional.
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This gives the motivation for the given structure of this thesis. The thesis is structured from a
material system, where the reciprocity relation can make good predictions, i.e. Cu(In,Ga)Ses,
over pc-Si:H, which follows partly the rules of the reciprocity relation, to a-Si:H, where the
reciprocity relation does not hold. As shown in Figure 2.9, Cu(In,Ga)Ses should follow the
rules of the reciprocity relation due to few localized states, which are involved in the device
physics. And moreover, around room temperature the localized band-tail density of states decay
steeper into the band gap than the occupation probability function decays. This is different in
pe-Si:H, where the localized band-tail densities of states are higher. The band-tail densities
of states decay shallower into the mobility gap than in Cu(In,Ga)Ses. In a-Si:H the localized
band-tail densities of states are reported to be even shallower than in pc-Si:H, and therefore
far from the slope of the thermal occupation probability around room temperature and below.
Additionally, in a-Si:H mid-gap defect states play an important role for radiative recombination.
As long as only discrete material systems are available from experiments, well modeled devices,
and additional device simulations with parameters varied, are necessary to find that conditions,
which change well behaving to non working devices in terms of the reciprocity relation.

2.4 Radiative Recombination

Beside the thermalization, the relaxation process of an excited electron/hole pair in a semi-
conductor is known as recombination. This is the opposite process of the generation of an
electron/hole pair by the absorption of a photon. Both process rates are equal in quasi thermal
equilibrium. Whilst recombination, the excited electron loses its energy. This energy generates
either a photon or phonons. The generation of phonons raises the temperature of the semicon-
ductor. If the recombination process releases a photon, this is called radiative recombination or
luminescence.

Semiconductors can be classified by the band gap, which is either direct or indirect. The re-
combination in semiconductors with a direct band gap needs only one particle. In contrast,
the recombination of an electron/hole pair in an indirect semiconductor with minimal distance
between the ground and the excited state releases a phonon with energy £S2, additional to the
photon with energy E,. The right momentum hk of the phonon is needed for this. Due to the
need of two particles for this recombination in an indirect semiconductor, radiative recombina-
tion is less probable than in semiconductors with a direct band gap.

Chalcopyrite Cu(In,Ga)Se; is a direct semiconductor. Silicon in its crystalline structure has an
indirect band gap. However, due to the lattice disorder in pc-Si:H and a-Si:H the bands blur
out and broaden. Therefore, the higher the lattice disorder the more the semiconductor becomes
quasi-direct.

The luminescence from radiative recombination is spectrally distributed and gives advice to
the electronic states of the recombining charge carriers. Generally, the luminescence density
distribution, or shortly luminescence spectrum, is given by

ol (B,) o / pe(B)ni(E + E,) d E, (2.25)
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Figure 2.9: Dominant radiative recombination processes in chalcopyrite (Cu(In,Ga)Ses) np heterojunc-
tion, hydrogenated microcrystalline silicon (pc-Si:H) pin, and hydrogenated amorphous silicon (a-Si:H)
pin devices.

where £, is the photon energy. Due to relaxation, the excited electrons with initial distribution
n; recombine with the holes with the final distribution p¢. Based on the generalized Planck’s
law [29, 104], the quasi-Fermi level separation (A Ff) can be extracted from the luminescence.
As it is known from c-Si, where most of the luminescence comes from band-to-band transitions
[57,109], there is a relation between the integrated luminescence (¢ = [ goif d E) and the quasi-
Fermi level separation, ¢  exp(AFE¢/kT)), which is used to derive the local A E; from wafers,
or the contact voltage from devices for instance [21, 106, 107].

Generally, the n; and pr can be identified with all occupied electron and hole states, respectively,
given in Section 2.2. However, only a few transitions are relevant for radiative recombination,
and the determination of the local quasi-Fermi level separation depends on the kind of transition.
This in turn depends on the material as shown in detail in the following (see Figure 2.9).

2.4.1 Chalcopyrite Cu(In,Ga)Se;

In chalcopyrite Cu(In,Ga)Ses it was shown that the luminescence yields from recombination
between extended band and localized acceptor, and donor states, also known as impurities [110—
112]. However, as long as the doping concentration in Cu(In,Ga)Se, affects the localized states
at the band edges, also luminescence from band-to-tail recombination is feasible. This localized
states in Cu(In,Ga)Se; are very close to the band edges and decay very steep into the mobility
gap. Since the occupation in Cu(In,Ga)Se; is primarily in the band states, the luminescence
from tail-to-tail transitions like in pc-Si:H or a-Si:H for instance, is hampered (see Figure 2.9).
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Figure 2.10: (a) Density of occupied localized band-tail states at the valence (pynt) and the conduction
(nebt) band edge, and the corresponding quasi-Fermi level separation for band states (A E), for trapped
charge (A Ey), and the difference between the peak energies of pypt and nep, as AEy + Ex. (b) Detail
of density of occupied localized conduction band-tail states.

If band-to-tail recombination is assumed, the luminescence then writes with Eqgs. (2.4), (2.6),
(2.9) and (2.14) as

gngt(Ev) x /Ncbt(E) 1 — fubt(E, Ep)] New(E + E,) fu(E+ Ey,Ep) dE (2.26a)
QD\CIEt(EV) o8 /va(E) fp(E> Efp) Ncbt(E + E"/) fcbt(E + E’yv Efn) dE. (2~26b)

Beside the band-to-tail recombination, which mainly yields the luminescence found in this
thesis, also band-to-impurity [82], donor-to-acceptor [56, 82, 113, 114], and band-to-band [56,
115, 116] transitions are observed from the luminescence in Cu(In,Ga)Ses np heterojunction
devices.

2.4.2 Hydrogenated Microcrystalline Silicon pc-Si:H

The luminescence in c-Si:H behaves similar to the luminescence in a-Si:H [45,59,117]. Since
a-Si:H was investigated earlier in time than pc-Si:H, the references for the luminescence in
a-Si:H can be found in the corresponding Section 2.4.3. Therefore, following a-Si:H, it is ac-
cepted that the main part in luminescence comes from tail-to-tail transitions. This yields the
luminescence in pe-Si:H, which is calculated with Egs. (2.9) and (2.14) as

Pubt (By) oc /vat(E) (1= foot(E, Eip)] Newt(E + Ey) foor(E + Ey, Er) dE. (2.27)

From Figure 2.9 it can be seen that the quasi-Fermi level separation is slightly less than in
Cu(In,Ga)Ses. The density of trapping states in pc-Si:H is much higher than in Cu(In,Ga)Ses.
Therefore, the luminescence from trapping states in pe-Si:H is predominant compared to chal-
copyrite Cu(In,Ga)Ses. And the luminescence from band states is negligible in pc-Si:H.
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The luminescence from tail-to-tail transitions, of course contains information about the band-
tail density of states. A relation between the quasi-Fermi level separation and the luminescence
from tail-to-tail transitions is derived by Pieters et al. [45] for pc-Si:H. The general approach for
tail-to-tail luminescence from Eq. (2.27) is solved for the peak photon energy (E7)~ Therefore,
the density of trapped electrons in the conduction (n.1) and holes in the valence (py1t) band-tail
can be simplified with

E E — B\ 17
Nebt = Nebt (E) febt X €xp <Ec0> {1 + exp (Tﬁ)] (2.28a)
E Egy —EN] 7!
Dvbt = vat(E)(l - fvbt) X exp | — 1+ €xXp fpti . (228b)
Ee kT

Substituting the Eq. (2.28) and assuming E.9 = Eyo = Ep in Eq. (2.27) yields

(Ey + Epy — Epnt) exp(Ey/Eo)  (Ey — AEg) exp(E,/Eo)

P (B + By — Ba)FT) — 1~ cxp((By — B) JFT) — 1"

(2.29)

where A FEy is the quasi-Fermi level separation between trapped holes in the valence and elec-
trons in the conduction band-tail. From Figure 2.10 (compare Figure 2.3) it can be seen that the
distance between the peaks of pyp and np is higher than A Eg. The peak of luminescence can
be written as EA'7 = AFg + Ex, where E is a constant offset, which depends on E and 7. The
lower T' or Ey the smaller is E. Substitution of the photon energy E., = Av = AFEy + Ex in
Eq. (2.29) yields

P(AEg x Ev) X exp (AEEO&) . (2.30)
As long as the quasi-Fermi level separation is given by AFy = AFEg — 2kT In(1 + ), Ey
can be derived from pc-Si:H-pin devices, where o, = oy, /oy, for valence and o, = o, /0y, for
conduction band-tails.

Note that Eq. (2.30) evaluates the convolution integral from Eq. (2.27) only for the highest
luminescence signal. The luminescence spectrum can be significantly broaden due to high tem-
peratures, o, — 1, and/or due to charge carrier transport effects. Such transport effects yield un-
equal quasi-Fermi level separation and therefore broaden the recombination profile through the
device. A previously presented comparison between experiment and simulation from pc-Si:H
pin devices validated this relation from Eq. (2.30) [118].

2.4.3 Hydrogenated Amorphous Silicon a-Si:H

It is generally accepted that the main part of the luminescence of a-Si:H originates from tail-
to-tail transitions [58, 73, 119-123]. The luminescence is also calculated from Eq. (2.27) as it
is for pe-Si:H. As it can be seen from Figure 2.9, due to shallow decaying localized states, the
quasi-Fermi levels are very close to this states. This means that compared to Cu(In,Ga)Se, many
of the trapping states are occupied. However, in a-Si:H it is often observed that luminescence
photons lose extra energy to the lattice, which is known as Stokes-shift. This Stokes-shift is
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often cited in the range 0.2 — 0.3 eV [119,121-126].

The luminescence processes in a-Si:H are more complex than in Cu(In,Ga)Ses or pc-Si:H. A
second kind of recombination in a-Si:H is also illustrated in Figure 2.9. Mid-gap defect states
play an import role for device physics. It can be easily seen that the occupation of the mid-gap
defect density of states at reasonable quasi-Fermi level separation is quantitatively in the range of
the occupation of the band-tail density of states. For this reason, these states are also important
for luminescence. It was found that around room temperature the band-to-defect luminescence
is almost as intense as the tail-to-tail luminescence or even more intense if the a-Si:H material is
slightly doped (concentration above 10'7 cm™3) [60, 123,127, 128]. This doping induces defect
states to the material. The Eqgs. (2.4), (2.6), (2.17) and (2.21) yield the luminescence

wgéf(Ew) o /Nc%f(E) FE, Ety, Btn) Noo(E + Ey) fo(E+ Ey, Ef) dE (2.31a)

<pjb/0(E7)0(/NVb(E) folE, Ey) N3/°(E + E,) F)(E + E,, Etp, Ery) dE - (231b)

from conduction band edge to neutral dangling bonds at around EA‘W = 0.8 eV peak energy for
n-type material, and E, = 0.9 eV for valence band edge to neutral dangling bond transitions in
p-type material [60]. A Stokes-shift seems to be negligible for band-to-defect transitions.

2.5 Light Absorption

Light absorption yields the generation of electron/hole pairs. The complementary process to the
light absorption is the radiative recombination. Therefore, the energy relation between electron,
photon, and phonon, which is given in Section 2.4 also holds up for the light absorption. Whilst
a high absorption, and therefore a high external quantum efficiency in solar cells is essential
to yield a high photovoltaic conversion efficiency, the recombination in contrast reduces this
efficiency. However, both processes are based on the same electronic states (see Section 2.2).
Light absorption is the excitation of electrons from occupied ground states to unoccupied excited
states. Therefore, in general the absorption is the convolution of all initially occupied (n;) with
all unoccupied (finally occupied) states (n¢) [129] and can be written as

a(kE,) = EE / ni(E)ne(E+ Ey) dE, (2.32)
Y

where C depends on the refractive index and the momentum matrix elements. In the one electron
approximation, C' is assumed to be constant for all optical transitions [129—-131]. Due to this
relation between absorption and densities of states, the densities of states are often determined
from deconvoluted absorption measurements done with the constant photocurrent method [129,
132-136], which is, in addition, affected by the charge carrier transport. The deconvolution of «
for possible transitions between electronic states, which are given in Section 2.2, shows Figure
2.11.

The external quantum efficiency (), Which can be easily determined from devices, relies on c.
In contrast to «, the collection efficiency (), i.e. the charge carrier transport affects the Q.. If
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Figure 2.11: Calculated absorption («) from convolution of different electronic states. Transitions are
(i) valence band — conduction band, (ii) valence band — conduction band-tail and valence band-tail
— conduction band, (iii) valence band — danling bonds and dangling bonds — conduction band, (iv)
valence band-tail — conduction band-tail, and (v) valence band-tail — dangling bonds and dangling
bonds — conduction band-tail.

fc = 1 and the light transmission at the mirrored rear side of the device is assumed to be 7' = 0,
the Q writes as

Qe(B,) = fo( By) A(E,) ~ (1 - R) [1 - exp(~ad), (2.33)

where the absorptance (A) is approximated with Lambert-Beer’s law. The R is the front side
reflectance of the device and d the thickness of the absorber layer.



Chapter 3

Experimental Methods and
Simulations

This chapter gives a short overview for the used radiative recombination (luminescence) and
light absorption experiments (see Section 3.1), and how this is simulated (see Section 3.2) in
this thesis.

The chalcopyrite Cu(In,Ga)Ses np heterojunction, the hydrogenated microcrystalline silicon
(pe-Si:H) pin, and the hydrogenated amorphous silicon (a-Si:H) pin devices as used for the
experiments are described in Section 3.1.1. Furthermore, the photo- (PL) and electrolumines-
cence measurements (see Section 3.1.2), and the external quantum efficiency measurements are
presented (see Section 3.1.3).

The full one dimensional numerical device simulations, and the connected luminescence and
external quantum efficiency calculations are presented in Section 3.2.1 and Section 3.2.2, re-
spectively.

3.1 Experiments

There are three types of devices investigated, namely chalcopyrite Cu(In,Ga)Ses np heterojunc-
tion, hydrogenated microcrystalline silicon pc-Si:H pin, and hydrogenated amorphous silicon
a-Si:H pin. The investigations are mainly based on photo- (PL) and electroluminescence (EL),
and, in terms of reciprocity relation (Section 2.3), its physical counterpart, the external quantum
efficiency (Q.). The device temperature and the charge carrier injection rate, i.e. charge car-
rier generation rate under optical bias, and injection current under electrical bias, are the varied
external parameters.

3.1.1 Devices

The investigated Cu(In,Ga)Ses, pc-Si:H, and a-Si:H devices and its layer structure are shown in
Figure 3.1.
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Figure 3.1: Layer structure of photovoltaic devices used in this work. The chalcopyrite Cu(In,Ga)Ses
np heterojunction devices are structured as modules. Module stripes are connected in series. The hydro-
genated microcrystalline pe-Si:H pin and hydrogenated amorphous a-Si:H pin devices are single layer
stacks. To reduce lateral current collection from areas, which are not covered with a silver back contact,
the pin devices are etched back outside this back contact. The etch process is done with reactive ions.
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Chalcopyrite Cu(In,Ga)Se; np Heterojunction

Chalcopyrite Cu(In,Ga)Seg belongs to the group of I-III-VI semiconductors. Materials of this
group crystallize in the chalcopyrite lattice structure similar to the structure of diamond. Many
chalcopyrite materials have a high light absorption and are semiconductors. One of the main
characteristics of I-III-VI semiconductors is its miscibility. Due to this, the elements of the I.
(copper, silver), III. (indium, iron, aluminum, gallium), and VI. (sulfur, selenium, tellurium)
group can be exchanged, leading to different element concentrations. Thereby, the lattice spa-
cing and the band gap can be tuned. For photovoltaic applications, CulnSy and Cu(In,Ga)Ses
are mostly used and therefore also investigated.

The Cu(In,Ga)Sey np heterojunction device used in this thesis is industrially produced by the
Manz AG, formerly Wiirth Solar GmbH & Co. KG as a whole module, i.e. several single devices
are monolithically connected in series. As can be seen from Figure 3.1, the solar cells are de-
posited on mechanically stable glass with a thickness of d ~ 3 mm, but without optical require-
ments. The back contact, made of molybdenum, is DC sputtered on top of the glass substrate
with a thickness of d ~ 500 nm. After this, the molybdenum layer is mechanically structured
(see P1 in Figure 3.1) to isolate the contact of adjacent cells. On top of this layer, the p-doped
absorber layer made of Cu(In,Ga)Se; is coevaporated. Not much is known about this modules,
which are used in this thesis, however, the Manz standard process leads to a graded band gap
absorber associated to a varying Ga content [137]. After coevaporation, typical layers have a
root mean square roughness RMS ~ 230nm, which enhances light scattering into the ab-
sorber [138]. The roughness seems to depend on the copper concentration [139]. Due to the
high absorption, the thickness of the layer can be less than d = 2 ym. The absorber layer thick-
ness does not matter in terms of collection efficiency due to the high charge carrier mobilities.
As a next step, a thin (d ~ 50nm) n-doped CdS buffer layer is radio frequency sputtered.
After the deposition of the absorber and the CdS layers, a second line is structured (see P2 in
Figure 3.1), which serves to contact the front and rear contacts of two adjacent cells. The last
layer is a DC sputtered aluminum doped zinc oxide with a thickness of d = 1 ym. This front
contact has to be highly conductive and transparent for the solar spectrum at the same time. A
last mechanically structured line (see P3 in Figure 3.1) isolates the ZnO contact of two adjacent
cells.

To characterize one single device, the module is cut into small pieces. The device used in this
thesis has an active area of 4.5 mm x 9.7 mm. The electrical contact then is applied to the front
contact of two adjacent stripes. This may lead to partial shading.

Hydrogenated Microcrystalline Silicon .c-Si:H pin

The pe-Si:H pin solar cell, which is used in this thesis, is deposited with Plasma Enhanced
Chemical Vapor Deposition (PECVD) from silane and hydrogen at a substrate temperature of
160°C [49, 51, 140]. The layer structure is shown in Figure 3.1. The substrate is a 1.1 mm
thick XG-type glass from Corning®. A transparency in the region of the solar spectrum is re-
quired. The device consists of a pin-layer stack with a 20 nm thick p-doped, a 1150 nm intrinsic
absorber, and a 20 nm n-doped layer. Whereas the p-doped and the intrinsic layer consist of
pe-Si:H, the n-doped layer consists of a-Si:H. The a-Si:H layer yields a band offset, which en-
sures a barrier for holes at the n-contact.
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Figure 3.2: Effect of reactive ion etching process on dark current/voltage characteristic at a pc-Si:H pin
device.

The front contact consists of texture etched sputtered aluminum doped zinc oxide (ZnO:Al).
The texture of the front contact determines the roughness of the other almost coplanar grown
interfaces and ensures effective light scattering into the cell [141]. Its root mean square rough-
ness is RMS ~ 100nm. For the back reflector and contact we use a layer stack of ZnO:Al
and a 200 nm thick silver layer. A reactive ion-etch is used to remove the n-doped layer beyond
the back-contact (see Figure 3.1). This removal of material around the contact serves to have a
well defined cell area. Without this etch step, lateral current affect the measured current/voltage
characteristics, in particular at low currents [62]. The Figure 3.2 shows the influence to a pc-Si:H
pin device. Since the silver back contact is corroded by the reactive ion-etch, it is protected with
paint during the process. This paint is removed with acetone after the etch step.

The cell, which is used in this thesis is circular with a diameter of 1 mm. The solar cell paramet-
ers of this device under AM1.5G conditions [142] are a power conversion efficiency 7 = 8.15 %,

an open circuit voltage V. = 499 mV, and a short circuit current density Js. = 23.2mA cm™2.

Hydrogenated Amorphous Silicon a-Si:H pin

The a-Si:H pin device, which is used in this thesis, is also deposited with PECVD from silane
and hydrogen [143], similar to the first a-Si:H solar cells [52]. The substrate temperature is
180°C. The PECVD is used with high gas flow at high pressure. The layer structure shows
Figure 3.1. The substrate is an U-type glass from ASAHI®. It is 1.1 mm thick, and an already
textured fluorine doped tin oxide (SnO2:F) is deposited on top of it. The roughness of the front
contact determines the roughness of the other almost coplanar grown interfaces and ensures ef-
fective light scattering into the cell.

The device also consists of a pin-layer stack with a 20 nm thick p-doped, a 330 nm intrinsic
absorber, and a 20 nm n-doped layer. Due to a higher absorption than in ¢-Si or pc-Si:H, the in-
trinsic absorber layer can be thin. However, if a good photovoltaic conversion efficiency should
be achieved, the thickness is limited to a few hundred nanometers, since the charge carrier mo-
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bility is low.

The back reflector again is of the same type as in pc-Si:H pin devices. Therefore, the a-Si:H
devices are also etched back with reactive ions to reduce lateral extra current flow (see Figure 3.1
and Figure 3.2).

The cell, which is used in this thesis is circular with a diameter of 1 mm. The solar cell paramet-
ers of this device under AM1.5G conditions [142] are a power conversion efficiency n = 9.27 %,
an open circuit voltage Vo = 939 mV, and a short circuit current density Js. = 14.5 mA cm™2.

3.1.2 Electro- and Photoluminescence

This section gives a brief overview of the photo- (PL) and electroluminescence (EL) measure-
ment setup in Figure 3.3, which is used to characterize radiative recombination. Generally,
the PL and EL is measured with a liquid nitrogen cooled germanium avalanche detector with
a spectral sensitivity between about 0.7 and 1.7 eV (see Figure 3.4). The spectrally resolved
measurements are made using a Fourier transform infrared spectroscopy setup. All spectra are
corrected with a reference measurement of a calibration lamp, which spectrum is known. Solid
state lasers with wavelengths of A = 473, 532, and 671 nm are used for the PL. measurements.
Whereas the short wavelength laser light is absorbed within d, = 200 nm in pe-Si:H, the long
wavelength laser ensures homogeneous photo-generation of charge carriers through the device
(dq = 2.5pum). A dichroic filter ensures reduction of near infrared bias laser light to the de-
tector. For the modulation of the light intensity within one order of magnitude, the lasers are
voltage controlled. A wheel with neutral density filters modulates the light intensity over two
orders of magnitude. The light intensity is measured with a calibrated reference diode.

The luminescent light coming from the device in the cryostat is collected and focused to an aper-
ture wheel at the optical input of the Fourier transform infrared spectrometer with two off-axis
gold mirrors.

To measure low intensity luminescence signals, the device is in both cases electrically modu-
lated with a frequency of f = 68 Hz, which allows the use of lock-in technique and suppressing
signal noise. For PL. measurements the lock-in technique also ensures that the signal only ori-
ginates from the pin-device itself and not either from any other layer, which is not part of the
active device or from the optics in the setup. In this case, the device is switched between zero
volt, where the generated charge carriers are extracted, resulting in a short circuit current (Jgc),
and the open circuit voltage (Vo.), where the net current is zero and all generated charge car-
riers recombine within the device. In case of EL the device is switched between zero volt and
the injection current density (Jq) corresponding to Js. under illuminated conditions within PL
measurements, i.e. Jg = —Jc.

A Source Measure Unit (SMU) applies and measures the electrical currents and voltages at the
device. For the frequency modulated luminescence measurement, this SMU only helps to set a
frequency generator, which is connected to the device.

3.1.3 External Quantum Efficiency

The light absorption measurements in terms of external quantum efficiency are made with a
constant photocurrent method (CPM) setup shown in Figure 3.5. The device under test is placed
in a cryostat to vary the temperature. The photocurrent through the device is measured under
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Figure 3.3: Experimental setup to measure temperature and generation rate dependent current/voltage
characteristics, and photo- and electroluminescence of the device under test placed in the cryostat. For this
reason the device under test is connected to a programmable source-measure unit. A Fourier transform
infrared spectrometer in connection with a liquid nitrogen cooled germanium detector is used to measure
spectra from photo- and electroluminescence. To yield good signal-to-noise ratio, the device under test
is electrically modulated with a programmable frequency generator. The luminescence signal measured
with the germanium detector is analyzed with a lock-in amplifier.
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Figure 3.4: Relative sensitivity of liquid nitrogen cooled germanium avalanche detector used to correct
the measured spectra.
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Figure 3.5: Experimental constant photocurrent method setup to measure temperature dependent external
quantum efficiency under constant photocurrent conditions. Monochromatic light is altered in its intensity
to hold the device photocurrent in the cryostat constant. The reference light is measured with different
detectors, which depends on the wavelength. The usage of lock-in technique needs a mirrored chopper
wheel to yield highest light signal at the device and the reference.

monochromatic light conditions. The light is reduced in its intensity to hold the device photocur-
rent constant. The reference light intensity is measured with different detectors, which depends
on the wavelength. For the use of lock-in technique and to yield highest signal at both, the
device and the reference, the chopper wheel is mirrored. With this setup, the lock-in frequency
is f = 8Hz.

3.2 Simulations and Modeling

This section introduces the numerical device simulations, which are used within this thesis to
model local recombination in Cu(In,Ga)Ses np heterojunction devices, and pc-Si:H and a-Si:H
pin devices in one dimension.

Generally, the simulations use two programs. The commercial full one dimensional numer-
ical device simulator Advanced Semiconductor Analysis (ASA) from the Technical University of
Delft is used for optoelectronic simulations [144], and in addition to that, an Octave script called
LUME is used for the photo- and electroluminescence, and the external quantum efficiency cal-
culations. The interaction of both programs is shown in Figure 3.6. The details are presented in
the following.

3.2.1 Full Device Simulations — ASA

The optoelectronic simulations are separated into two parts, i.e. the optical and the electrical
simulations. These are both part of ASA, which calculates a generation profile (G(z, A)) and
solves the semiconductor equations (see Eqs. (2.1) and (2.2)) in one dimension, i.e. for planar
devices in z-direction from the front to the back contact. The optoelectronic interaction within
ASA is shown in Figure 3.7.
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Figure 3.6: Flow process chart for use of the optoelectronic solver Advanced Semiconductor Analysis
(ASA) in connection with luminescence and external quantum efficiency calculations in the Octave script
LUME. The densities of electronic states and the optical layer properties are the input parameters for ASA
and LUME. The photo- (PL) and electroluminescence (EL), and the external quantum efficiency (Qe) is
calculated with LUME from full band diagrams, which are calculated by ASA.

Optical Simulations

For the optics, the Snellius refraction law

ni sin 01

ny  sinfs

@3.1)

at the interface between two optical layers with complex refraction index (n1, n2), and the angle
of incidence (6;) and diffraction (0s) is solved with GenPro3 [145, 146], which is part of ASA,

together with the Fresnel equations

ny —mng

ny + n9
27’11
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(3.2a)

(3.2b)
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where the reflectance R = |na/n1||r|? and the transmittance identifies with 7' = [¢|? [147].
The description of the whole layer stack and the electronic characteristics of each layer are the
input parameters for ASA. The wavelength dependent refraction index (n') and extinction coef-
ficient () are the optical input parameters. Solar cells, which should yield a high photovoltaic
conversion efficiency need to absorb as much light as possible. To enhance the light absorption,
the interfaces between the optical layers scatter the light into the solar cell due to a textured
substrate, which yields rough interfaces. To model solar cells with rough interfaces, the light
scattering properties at each interface has to be taken into account. In this thesis, the multi
rough-interface model is used [145, 146, 148, 149], which assumes the same amount of light to
be reflected at a rough interface as at a flat interface. At a rough interface, a certain amount of
the reflected/transmitted light is scattered. The ratio between the scattered and the entire light is
the haze. The haze for the reflected light can be described by [150]

4 rms 2
Hg =1—exp [— (y) } , (3.3)

where n; is the refractive index of the medium of incidence, and 6,5 the root-mean-square
roughness of the interface. The haze for the transmitted light can be described by [149]

3
Hr=1—exp |:_ (M) } , (3.4)

where C, which depends on the media n; and ns9 is assumed to be unity.
The scattered reflectance

Rect = Hi S (67) S5 (6°) R (3.5)
and transmittance
Tsct — HT f'if)(ein) f%ut(6011t) T (36)

depend on the angle of incident light, which is described by an angular distribution function
f}i{"T(Oi“) for the scattering in dependence of the angle of incident light (™) for reflectance
and transmittance, and fﬁt‘{ (6°"%) for the scattering in dependence of the angle of the outbound
reflected or transmitted light (9°U%), respectively. The R and T are the total reflectance and trans-
mittance, respectively, which originate from the Fresnel equations (see Eq. (3.2)). In summary,
the interfaces between two layers are described with the root-mean-square roughness dependent
haze, and the scattering angle dependent angular distribution functions.

These optical calculations yield a wavelength and depth dependent optical generation profile

(G(2, A)).

Electrical Simulations

For the electrical simulations, which are connected to the optical generation profile in case of il-
lumination bias, the electronic layer properties need to be specified by its parameters, which are
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introduced in Section 2.2. The band, band-tail, and mid-gap defect states have to be parameter-
ized for each electronic layer in the device. Additional to this, a series and a shunt resistance
with ohmic behavior, which yield as external components have to be specified. And last but not
least the device temperature (1) has to be given.

For the modeling of (full) devices, several parameters can be tuned, and most of them are
not known explicitly. Therefore, the input parameters are either taken from literature, through
physical arguments, determined with measurements, and/or deduced by fitting the simulations
to the measurements. Since the simulations use the effective medium approach, the modeled
parameters are also effective quantities.

Ohmic Contact Series Resistance In order to reduce free parameters for the modeling of
the devices with ASA, the external ohmic contact series resistance is determined with a method
first introduced by Wolf and Rauschenbach [151], which compares the dark voltage (V) at a
given injection current with the open circuit voltage (V;.) under illumination, and the same
injection current, namely the short circuit current (Jy.). At high bias voltage, the dark injection
current is limited by the ohmic contact, and therefore this yields the external ohmic contact series
resistance RS. The determination of the voltage dependent series resistance is written as

Ry(v) = Y Ve G37)

sC

Specially for low mobility materials like pc-Si:H or a-Si:H used in pin cell structures with
highly conductive contacts, where highest J. does not limit the dark injection current density,
the experimentally determined series resistance from Eq. (3.7) can be fitted with [152]

) qv
Ry(V, T) = RS + d ps o(T') exp <_2k7T> , (3.8)
where £T'/q is the thermal voltage, d the thickness of the intrinsic absorber/recombination layer,
and p;,O(T) its temperature dependent specific resistance.

Activation Energy and Mobility Gap And again, in order to reduce free modeling parameters
of pe-Si:H and a-Si:H pin-devices, the mobility band gap of the intrinsic absorber/recombination
layer (E,,) is determined via activation energy measurements (F,(V)). The activation energy
can be determined from dark current/voltage characteristics as

dlnJy(V, 24)

EL(V) = : (3.9)
dgr

where Jj is the dark current density and K7 the thermal energy. Due to approximately equal
charge carrier concentration of electrons (n) and holes (p), i.e. n ~ p, and therefore symmetric
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quasi-Fermi level separation at the position, where the contribution to the charge carrier recom-
bination rate is highest, the E, o —V/2. The mobility band gap then can be written as [61,63]

E, = 2E,(0V) — 6kT. (3.10)

In a-Si:H Zhu et al. reported E, = 1.74eV from optical absorption measurements, and as-
sumed the mobility gap to be identical [68]. A somewhat larger value was reported by Chen and
Wronski, which bases on internal photoemission measurements [153].

In pc-Si:H, Pieters et al. determined E,, = 1.19eV with activation energy measurements as
used in this thesis [61,63].

The following set of parameters for pnc-Si:H or a-Si:H is partly based on the references [61,
63,72,154]. However, the parameters, which are fitted in this thesis can be found in the modeling
Section 4.2.1 for Cu(In,Ga)Ses, Section 5.2.1 for pc-Si:H, and Section 6.2.1 for a-Si:H.

Effective Density of States In a-Si:H the effective density of valence band states IV, = 4.0 x
10%° cm ™3 was estimated from temperature-dependent open circuit voltage measurements [68].
Sellmer found a smaller Ny = 0.5 — 1.1 x 10" cm™3 [155] with thermoelectric power and
Hall effect measurements in p-doped a-Si:H and pc-Si:H with the crystallinity increased from
X. = 1—57%, which is determined with Raman scattering. The effective density of conduction
band states is often arbitrary set N. = N, [72,154].

According to Pieters et al. [61], in nc-Si:H the Ny = 5.2x 108 cm™3 and N, = 1.4x 109 cm =3
should be similar to ¢-Si (N, = 1.0 x 10 em™3, N, = 2.8 x 10 ecm™3 at T = 300K).
The electronic transport in non crystalline semiconductors like pc-Si:H or a-Si:H is based on
the percolation theory [156-158]. The percolation path in pc-Si:H is mainly determined by
the crystallite clusters [159-161], which are embedded in an a-Si:H matrix. Therefore, it is
commonly accepted that the electronic transport properties in pc-Si:H are mainly determined
by the properties of these crystallites [155, 162]. In accordance to this, the current flows only
through a small fraction of the material, namely through these crystallites, which make a long
range connection. Due to this, the N, and [V, are determined by the number and the size of
those crystallite clusters. Since, the £, of uc-Si:H and the band gap of ¢-Si are similar, the band
structure of pc-Si:H is also assumed to be similar.

In summary, the N. = Ny, which are assumed to be symmetric for the sake of convenience, are
mainly fitted with the help of current/voltage characteristics within small variations around the
here given N, and V.

Electron Affinity The electron affinity () of pe-Si:H is deduced from the band offset (Ay)
at a ¢-Si/a-Si:H heterojunction. The Ay = 0.15eV of the conduction band is determined
from capacitance/voltage and current/voltage characteristics [163]. The x = 3.98 eV of a-Si:H
was determined with x = 4.13eV of ¢-Si to be assumed. Similar to this, investigations at a
pe-Si:H/a-Si:H heterojunction found Ay = 0.14eV [164].

As long as the band structure from pc-Si:H can be assumed to be similar to ¢-Si due to its
crystalline clusters, the x of both materials are also assumed to be similar.
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Band Mobility Schiff estimated the band mobilities for holes in the valence band 1, =
1ecm? V~1s™! in @-Si:H from hole time-of-flight measurements with the exponential band-tail
trapping model [85]. High temperature measurements for electrons in the conduction band sug-
gest a larger i, = Tem? V=1s~1 [85].

The gty = 50cm? V15~ and pp =15 cm? V~1s71in pe-Si:H are determined from thin-film
transistors [165]. The p;, was not directly measured, but it is often assumed to be 3 times lower
than p,. Pieters et al. used these values [61].

Defect States Two different dangling bond distributions exist in pc-Si:H, since pe-Si:H con-
sists of crystallites, which are embedded in an a-Si:H matrix. The dangling bond distributions in
pe-Si:H are investigated with electron spin resonance [166]. Each distribution can be assigned
to either the a-Si:H matrix or the embedded crystallites separately. For this reason, both distri-
butions are also spatially separated [167]. As long as the total defect density is determined to be
Ngp, = 5x 10 — 1 x 106 cm—3, however, the main charge carrier transport is assumed to flow
through the crystallites, thus not all defects may be equally relevant to device operation.

The width of the gaussian distributed defects (oqp) is found to be broad [166, 167].

Lee and Schiff used for the correlation energy U = 0.30 eV between the E;rb/ % and Eg{; trans-
ition levels [168].

In pe-Si:H Pieters et al. fitted Ngp, = 6.0 x 10'° cm ™3, oqp, = 150meV, and U = 0.20eV [61].

Band-Tails The characteristic energy of the valence band-tail in a-Si:H is estimated around
Eyo ~ 45meV [85,169,170]. Although values for the characteristic energy of the conduction
band-tail (F) in a-Si:H are often cited in a broad range 18 — 41 meV [77,85,171,172], Wang
et al. [173], and Winer et al. [174] reported Eqo ~ 27 — 32meV, which is similar to pc-Si:H.
However, the Eyy and E.o are temperature dependent above its freeze-in temperature [83, 84].
Therefore, in this thesis the Fyo(7,Tp) and Eco(T,Tp) of a-Si:H are scaled with temperature
like shown in Eq. (2.10).

Following a-Si:H, localized band-tail states are also assumed in pe-Si:H [45,58,59,61,63,117].
Merdzhanova et al. fitted symmetric band-tails £y = FE = Eyg = 31meV to PL spec-
tra [59]. Pieters et al. used the same value for the fitting of dark and illuminated J/V character-
istics [61,63]. Pieters et al. also fitted PL spectra with quite the same value [45]. All these results
assume that the band-tails do not change with temperature. The results of transient photocurrent
measurements could be well explained with a constant valence band-tail Fy,g = 31 meV at tem-
peratures up to 7' = 300K [167, 175]. Additionally, Reynolds et al. characterized the conduc-
tion band-tail F.o = 33 meV also with transient photocurrent measurements in the temperature
range 1" = 150 — 250 K [176]. Therefore, in this thesis, the characteristic energy of the band-tail
densities of states of pc-Si:H are assumed to be constant and symmetric.

The E\o and E are mostly fitted with PL and EL spectra, and with external quantum efficiency
measurements. Additionally, the luminescence/voltage characteristics from integrally measured
PL are a good indicator.
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Capture Cross-sections The capture cross-sections for electrons onto positively charged de-
fect states (o = 4.0 x 107'% cm?) is estimated from the lifetime-mobility product of deep
trapped electrons in slightly boron doped a-Si:H samples [177]. The same kind of measurements
of holes in intrinsic a-Si:H samples yields ag = 7.5 x 107 cm?, and in slightly phosphorous
doped a-Si:H samples yields o, = 3.0 x 1075 cm? [177]. Antoniadis and Schiff also applied
this deep-trapping measurements to undoped a-Si:H samples and found 60 = 1.8 x 10716 ¢cm?
[178].

The capture cross-sections of neutral conduction (¢0) and valence (Ug) band-tail states are es-
timated with electron and hole drift-mobility measurements from a-Si:H samples fitted to the
band-tail trapping model. The fitting yields an attempt-to-escape frequency (), which describes
the emission from the band-tail traps. The (¢0) and (O'g) follow from the detailed balance re-
lation v = Ncagvth and v = Nvagvth, respectively, where vy, = 107 cms~! is the thermal
velocity. The v = 5 x 10M s7! is found for the conduction band-tail by Wang et al. [173],
which yields 08 = 1.3 x 10716 cm?. Dinca et al. [170], and Zhu et al. [68] found v = 102571,
which yields O'g ~ ¢ for the valence band-tail.

Juska et al. [179] reported o, ~ 10~ !¢ cm? in the valence band-tails in a-Si:H samples, which is
much smaller than expected from a fundamental argument due to Langevin recombination [180].
However, absolute values of the capture cross-sections are not known very well. Generally, the
capture cross-sections of the neutral mid-gap defect and band-tail states are expected to be smal-
ler than these of the charged states due to the coulomb interaction [90]. The ratio of 10 between
charged and neutral states is often used for and fitted with simulations of a-Si:H and pc-Si:H
devices [61,181-183].

The capture cross-sections are arbitrary and for this reason, the quantities are fitted with the help
of J/V characteristics. The ratio between both kinds of capture cross-sections in band-tail states
can be easily fitted with the width of the PL and EL spectra, which is done in this thesis.

After solving the virtual device, the output yields the current/voltage characteristics of the
device in the dark or under illumination. For the PL and EL simulations, the recombination
profile with its corresponding band diagram is calculated. This band diagram and all density of
states of the recombination layer are then passed to the Octave script LUME (see Figure 3.6).

3.2.2 Luminescence Simulations - LUME

Additional to ASA, the simulations use an Octave script called LUME. ASA can calculate com-
mon current/voltage characteristics beside others, however, the luminescence and external quan-
tum efficiency calculations have to be done externally. This LUME script uses either a full band
diagram calculated by ASA or a local (zero-dimensional) quasi-Fermi level separation as input
parameters. In all these calculations, LUME manages the density and occupation probability of
band, band-tail, and mid-gap defect states (see Chapter 2). In addition to this, the temperature
dependent mobility gap (Eq. (2.5)), effective densities of states at the band edges (Eq. (2.8)), the
characteristic energies of the band-tail densities of states (Eq. (2.10)), and the thermal velocity
(Eq. (2.11)) are calculated by LUME.
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Local Recombination Model

The Cu(In,Ga)Se; np heterojunction device simulations use a local recombination model, which
neglects the charge carrier transport. Beside the electrical layer properties, the quasi-Fermi level
separation and the corresponding band edge energies are passed through LUME for the photo-,
electroluminescence, and external quantum efficiency calculations.

However, in contrast to the one-dimensional simulations in ASA, this local recombination model
accounts for the band gap fluctuations, which are reported in Cu(In,Ga)Ses [23,115,116].

One Dimensional Luminescence

The one dimensional luminescence simulations are applied to the pc-Si:H and a-Si:H pin devices,
which are connected to the ASA simulations. Instead of a local quasi-Fermi level separation and
the corresponding band edge energies, a full band diagram is passed through LUME, which is
calculated by ASA. This is beneficial, since common current/voltage characteristics in the dark
and under illumination can be consistently modeled in connection to the photo-, electrolumines-
cence, and external quantum efficiency experiments.
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Chapter 4

Chalcopyrite Cu(In,Ga)Se, Based np
Heterojunction Devices

This chapter shows (see Section 4.1) and discusses (see Section 4.2) measurements of chalcopy-
rite Cu(In,Ga)Ses based np heterojunction devices as presented in Section 3.1.1. It is intended
to show the validity of the reciprocity relation (RR) (see Section 2.3) and its limitations. For this
reason, photo- (PL) and electroluminescence (EL) spectra are measured in a wide temperature
range with changed charge carrier injection rate within two orders of magnitude (see Section
4.1.2). As it is known from Cu(In,Ga)Seo, (metastable) defect states, which can be thermally
annealed (permanently) [184] and temporarily charged with light soaking [185,186], play an im-
portant role in the device physics [184, 187-192]. For the reason of defect reduction, the device
is accelerated light soaked at 7 = 400K (see Section 4.1.1). The effect of accelerated light
soaking on PL and EL is presented with a comparison between the relaxed device as fabricated
and the treated device within various kinds of measurements. These experiments partly repro-
duce already shown results [44, 56, 108], which are required by the RR between the EL emission
(vpL) and the external quantum efficiency (Q).) in Section 4.1.3, as well as an unaltered spectral
shape of gy, under different bias voltage conditions. In addition to that, new results in terms of
the RR, which are not shown before, are presented in Section 4.1.4. The radiative ideality factor,
which is required to be n, = 1, is determined by fitting a common diode law to the lumines-
cence/voltage characteristics.

At the end of this chapter in Section 4.2, the measured PL, EL, and ), are modeled with the
local recombination model (see Section 3.2) for discussion of the experiments. This implies the
modeling of the radiative ideality factor in Section 4.2.1 and the shift of the luminescence spec-
tra in Section 4.2.2 as well as the RR between the electroluminescence and the external quantum
efficiency in Section 4.2.3.

The modeled experimental results yield the band gap and its fluctuations as well as the charac-
teristic energy of the band-tail density of states, since the PL and EL originate from band-to-tail
transitions.
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4.1 Experimental Results

As already explained in the introduction, the experiments focus on the RR with respect to (meta-
stable) defect states at the heterojunction CdS/Cu(In,Ga)Se; interface and/or in the bulk. It is not
clearly known, where the metastability originates from, either interface or bulk properties. How-
ever, these defects can be permanently annealed at elevated temperatures, which reduces defects
due to lattice relaxation [184]. Due to light soaking, holes are stored in deep defect levels in the
CdS layer near to the Cu(In,Ga)Sey interface [185, 193], which temporarily saturates/occupies
these defects. The recombination through this states is then hampered due to this occupation.
This photo-doping mechanism is one that can only occur in heterojunctions [185].

4.1.1 Accelerated Light Soaking

To reduce the influence of defect states, the device in this thesis is light soaked for 3 hours under
illumination of three lasers with wavelengths A = 473, 532, and 671 nm simultaneously. Three
lasers are used simultaneously to achieve highest accessible photon flux. Additionally to this,
the device is annealed at temperature 7' = 400 K at the same time. As can be seen from Fig-
ure 4.1(a) the open circuit voltage increases almost AV,. = 28 mV at an open circuit voltage
Voe = 471 mV, which is comparable to the results found in [185, 186]. The reason for the drop
in AV after 10* s light soaking is unknown.

However, before this accelerated light soaking, the same procedure at room temperature yields
only AV, = 9mV. This indicates that most of the defects are thermally annealed rather than
temporarily photo-doped by light soaking. Therefore, it is expected that most of the defect re-
duction lasts permanently [184].

The Figure 4.1(b) shows the dark current/voltage characteristics of the relaxed and dark stored
device as fabricated, and the treated device after the accelerated light soaking at room temperat-
ure and at annealing temperature 7" = 400 K. The relaxed device as fabricated shows dominant
recombination through mid-gap defect states in the voltage range V' = 0 — 350 mV, which can
be observed from a common diode law ideality factor around 2. Beyond V' > 350 mV most of
the recombination comes from band edge states. Around V' > 650 mV the current/voltage char-
acteristic saturates due to series resistance effects. With a method first introduced by Wolf and
Rauschenbach [151], the external ohmic contact series resistance is determined RS = 16 €2 cm?
(see Section 3.2.1). After the accelerated light soaking the external ohmic contact series resist-
ance is increased to RS = 22 {2 cm?. It is known that tempered zinc oxide, which yields the front
contact, is less conductive. However, essentially, the accelerated light soaking strongly reduces
defect recombination at low bias voltage as expected.

The accelerated light soaking also affects the PL and EL as can be seen from Figure 4.1(c) and
(d). The PL and EL under constant charge carrier injection conditions is reduced at the light
soaking temperature due to smaller quasi-Fermi level separation. However, after the accelerated
light soaking, the PL is 1.7 times and the EL is 2.0 times more intense than before. This also
indicates reduced defect states, which yield as additional recombination centers.

For the following measurements, it is expected that the cell mainly keeps its defect states as
it is shortly after the accelerated light soaking, due to the lowered temperature compared to the
accelerated light soaking temperature.
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Figure 4.1: Accelerated light soaking of Cu(In,Ga)Ses np heterojunction device at temperature
T = 400K. Accelerated light soaking is applied for 3 hours. Measurements before accelerated light
soaking at temperature 7' = 300 K are plotted as black dashed lines, and afterwards at 7" = 400 K as red
solid lines and at 7" = 300 K as blue dashed/pointed lines. (a) The change of the open circuit voltage (V5,)
versus the time (¢) during accelerated light soaking at temperature 7' = 400 K. (b) Dark current/voltage
characteristics of the device before and after accelerated light soaking. (c) Measured spectra from photo-
luminescence (PL) normalized to the highest signal from PL after accelerated light soaking. (d) Measured
spectra from electroluminescence normalized to the highest signal from PL after accelerated light soak-
ing. The current density before accelerated light soaking is J = 41mAcm™2 and J = 33mA cm™2
afterwards. Photoluminescence is excited at the wavelengths A = 473, 532, and 671 nm simultaneously
to achieve highest accessible photon flux.
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Figure 4.2: Measured spectra from photo- and electroluminescence of Cu(In,Ga)Ses np heterojunction
device after 3 hours of accelerated light soaking at temperature 7 = 400 K. Electroluminescence is
plotted as black dashed lines, and photoluminescence as red solid lines. All spectra are normalized to the
highest signal for each temperature. Spectra are measured at the temperatures 7" = 330, 300, 270, 240,
200, 172, 150, 133, 120, and 100 K. Photoluminescence is excited with photon fluxes ¢ = 2.7 x 10?1,
2.3x10%%, 1.3 x 10?1, 5.2 x 102, and 5.7 x 10 m~2 s~! at the wavelengths A = 473, 532, and 671 nm
simultaneously. This yields current densities .J = 33, 28, 16, 6.3, and 0.69 mA cm™2.

4.1.2 Change of Luminescence Spectra

The RR requires unaltered luminescence spectra under different bias conditions. To test if this
requirement holds, the PL and EL spectra after the accelerated light soaking are measured at a se-
quence of temperatures 7' = 330 — 100 K (see Figure 4.2). At each temperature the PL is excited
with photon fluxes ¢ = 2.7 x10%!, 2.3 x 10?1, 1.3 x 10?1, 5.2x 10%°, and 5.7 x 10 m~2s~ ! at
the wavelengths A = 473, 532, and 671 nm simultaneously to achieve highest accessible photon
flux. This yields short circuit current densities Jy, = 33, 28, 16, 6.3, and 0.69 mA cm~2. The
dark injection current density (J4) in case of EL is the same as in case of PL, i.e. Jq = —Jgc.

Temperature Dependent Spectral Shape

As expected from the thermal behavior of the occupation probability, PL and EL spectra broaden
with increasing temperature. The photon energy peak position around room temperature is con-
stant E’y ~ 1.13 eV under different bias conditions. Below T' = 270K, the E',Y shows a blue
shift under different bias conditions. This shift increases with decreasing temperature. Note the
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shoulder at low photon energies, which seems to be constantly 103 times less intense than the
main luminescence.

Different kinds of luminescence transitions are reported. Kirchartz et al. reported band-to-band
transitions with peak energies EL, = 1.17eV around room temperature with a shift to donor-
to-acceptor transitions at peak energies EAY = 1.08 eV from selenium and copper vacancies at
low temperatures below T' = 180 K [56]. According to Cheng et al., the main transition around
room temperature should originate from band-to-impurity transitions, i.e. transitions from band
to the already mentioned vacancies at E7 = 1.10eV [112]. A clear shift from one transition to
another with decreasing temperature cannot be observed in these measurements in this thesis.
Band-to-band transitions cannot be neglected. In crystalline semiconductors these transitions are
expected to be rather sharp. However, band-to-band transitions in Cu(In,Ga)Ses are expected to
be broadened due to band gap fluctuations [23, 115, 116]. Furthermore, donor-to-acceptor trans-
itions are broadened due to potential fluctuations [82,113,114,194]. Therefore, the origin of the
main luminescence in this thesis is unclear for now. However, it can be solved with well fitted
simulations in the following, since each kind of transition shows distinctive PL. and EL spec-
tra, and external quantum efficiency. The radiative ideality factor from luminescence/voltage
characteristics completes this analysis. It is found that the main luminescence originates from
band-to-tail transitions.

Furthermore, the PL spectra in Figure 4.2 diverge from the EL spectra, although the charge car-
rier injection is the same, i.e. Jq4 = —Js.. The PL intensity increases faster with the charge
carrier injection than the EL. Both kinds of spectra converge in case of low injection. This con-
vergence can be explained with the superposition of a common diode law with the photocurrent.
With decreasing illumination, the conditions of a device under illumination converge to the con-
ditions of a device in the dark. Since PL and EL are measured under electro-modulation, this
convergence indicates the linear superposition of the EL with the PL as required by the RR (see
Eq. (2.24)).

Voltage Dependent Spectral Emission

A detailed view on the shift of the PL and EL photon peak energy (E'y) in Figure 4.3 indic-
ates the transitions from band to band-tail states. The EAA, from PL spectra shows Figure 4.3(a),
and from EL spectra Figure 4.3(b) in the same temperature range 7' = 330 — 100 K. Since
the forward bias voltage under EL conditions is strongly influenced by series resistance effects,
and presumably by temperature dependent contact barriers, the V,,. under PL conditions is also
allocated to the photon peak energy under EL conditions. This gives a better estimate for the
quasi-Fermi level separation in the recombination region under EL conditions, since the PL and
EL injection are the same, i.e. Jq = —Js.. The Figures 4.3(a) and (b) show EAV of the device
as fabricated (closed symbols), and of the treated device (open symbols), which is determined
from the spectra shown in Figure 4.2.

The EAV decreases with decreasing temperature. Whereas the EAV around room temperature and
above does not shift under different injection current conditions, below room temperature, the
EA7 starts to shift slightly. This shift increases with decreasing temperature down to lowest tem-
perature, where at 7' = 100K the V. = 918 — 949mV from the treated device (accelerated
light soaked) almost saturates. The accelerated light soaking affects the V,,. and EAY remarkably
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Figure 4.3: Temperature dependent spectral emission peak energy (EA,) as a function of open circuit
voltage (V,.) derived from measured electro- (EL) and photoluminescence (PL) spectra, respectively, of
Cu(In,Ga)Seq np heterojunction device shown in Figure 4.2. Temperatures are 7' = 330, 300, 270, 240,
200, 172, 150, 133, 120, 109, and 100 K (arrows). The photon flux is varied in the range ¢ = 2.7 x 102*,
2.2x10%',1.1x10%!, and 4.6 x 102° m~2 s~ for the device as fabricated, and ¢ = 2.7x10%!,2.3x 102!,
1.3 x 1021, 5.2 x 10%°, and 5.7 x 10! m~2 s~ after accelerated light soaking at 7 = 400 K. The PL is
excited at the wavelengths A\ = 473, 532, and 671 nm simultaneously. The V. at PL conditions is also
allocated to the EL with corresponding injection current densities. The values derived from PL and EL
before the accelerated light soaking are plotted as closed symbols, and after light soaking are plotted as
open symbols. (a) Emission peak energy (EA‘W) from PL. (b) Emission peak energy (EA.Y) from EL.

at low temperatures. The device as fabricated shows a distinctive bending, i.e. a decreasing Vo
with increasing EA, compared to tl}e treated (accelerated light soaked) device.

However, the difference between E., under PL and EL conditions increases with decreasing tem-
perature. At lowest temperature 7' = 100 K the difference in peak energy is AE7 ~ 40 meV.
The EA‘W /Voc characteristics in Figure 4.3 does not indicate a shift from band related to donor-
to-acceptor transitions as it is definitely observable from Ref. [56]. And luminescence from
pure band-to-band transitions can be also neglected, since these transitions do not change un-
der different bias conditions. In case of band-to-band transitions, the quasi-Fermi levels are far
from the band states and the Fermi-Dirac occupation probability becomes a simple exponential
function, i.e. the shape of the occupied densities of band states does not change. However,
here in case of band-to-tail transitions, the quasi-Fermi levels are close to the band-tail densities
of states, i.e. the shape of the occupied densities of band-tail states changes and the distance
between the maximum occupied density of band-tail states and the band edges increases, which
therefore shifts the EA'W under different bias conditions, predominantly at low temperatures. Band
gap fluctuations, which are known from Cu(In,Ga)Ses [23,115,116], explain the broadening of
the observed spectra.

A detailed view to the change of the spectral shape of PL (red dashed lines) and EL (black
solid lines) under different bias conditions is given in Figure 4.4. As long as the PL, which
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Figure 4.4: Measured spectra (¢) from electro- and photoluminescence of Cu(In,Ga)Ses np heterojunc-
tion device as shown in Figure 4.2 related to the medium signal (¢,,) each.

originates from an electro-modulated device under different bias voltage conditions, i.e. different
Vo originate from different excitation photon fluxes, the RR also applies to this PL. To evaluate
whether the spectral shape changes, the Figure 4.4 shows the luminescence spectra divided by
the mean luminescence spectrum (¢/ ) at moderate temperatures 7' = 330 — 240 K. Outside
the photon energy range E., = 0.93—1.28 eV the spectra are fairly noisy, which leads to artifacts
in Figure 4.4.

Unchanged spectra under different bias conditions are given at temperature 7' = 330 K. Whilst
the spectra of EL at lower temperatures seem to be unchanged in shape, the spectra of PL show a
clear blue shift with increasing injection. Whereas most of the EL originates from charge carrier
recombination in the space charge region between the CdS buffer layer and the Cu(In,Ga)Se2
absorber layer, the PL can, in addition, originate from the CdS buffer layer. The CdS buffer layer
is a wide band gap E,, ~ 2.40 eV material [195], and the PL is also excited with photon energies
higher than this band gap. The increased quasi-Fermi level separation at lower temperatures
may yield an extra contribution to the PL, which originates from the CdS buffer layer. It is not
completely clear. However, the recombination region under PL conditions is different under EL
conditions. And this difference increases with decreasing temperature, since the EL is strongly
influenced by temperature dependent charge carrier transport phenomena.

Interestingly, at 7' = 240 K, where the low energy shoulder in EL spectra is present, it can be
seen that also this shoulder follows the RR in terms of the shape of the spectrum.

4.1.3 Reciprocity Relation

The main aspect of the RR between the EL spectrum (¢gr,(£)) and the external quantum effi-
ciency (Qc(E,)) (see Eq. (2.24)), which are required to be compatible to each other, is plotted
in Figure 4.5. In Figure 4.5(a) the measured EL spectra are compared to the EL spectra cal-
culated from the measured external quantum efficiency (¢ & Qe X @bb), and vice versa
(Q.  ¢gL/ppb) in Figure 4.5(b), where ¢y, is the hemispheric black body radiation. The
supporting temperatures are limited to 7" = 300, 240, 200, and 150 K for the reasons of clarity.
Generally, the RR decreases with decreasing temperatures. Since the exponentially decaying
slopes of the EL spectra in the high energy range beyond the peak are determined by temper-
ature, the ¢f, fits well to the ppr,. However, the gy, deviates from ¢f; for highest photon
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Figure 4.5: Measured electroluminescence spectra (pgr) with injection current density
Jq = 33mA cm~2 compared to external quantum efficiency (Q.) of Cu(In,Ga)Se; np heterojunc-
tion device. Temperature varies in the range 7' = 300, 240, 200, and 150 K (arrows). (a) Normalized
gL is plotted as black solid lines, and ¢, x Qe X @p1,, Where @y, is the hemispheric black-body
radiation is plotted as red dashed lines. (b) The Q. is plotted as black solid lines, and Q,  ¢gr,/¢bb is
plotted as red dashed lines.

energies at 7' = 300 K. Due to the slight blue shift in the PL spectra (see Figure 4.4), it is
observed that the PL fits better to the ¢ than the EL at highest injection current.

In the low energy range the agreement between gy, and g is reduced with decreasing tem-
perature (see Figure 4.5(a)). Only at room temperature, the peak in ¢gr, can be reproduced
with ¢f. This means that below room temperature an additional contribution to Q. can be
observed in comparison to ¢y, since the ¢} below the peak is more intense than ¢gy,. There
are two possible reasons for this. One reason could be the divergence between the charge carrier
recombination and the absorption region, i.e. the recombination region gets narrower and/or
shifts to the interface between the CdS buffer and the Cu(In,Ga)Se; absorber layer with decreas-
ing temperatures. The other more plausible reason arises from the characteristic energy of the
band-tail densities of states. The blurring of the density of occupied band-tail states increases
with increasing temperature, i.e. at high temperatures, the exponential decay of the band-tail
densities of states (the characteristic energy) is negligible compared to the exponential decay of
the occupation probability function (Fermi-Dirac). In contrast, low temperatures mean a higher
occupation of the band-tail states due to a higher quasi-Fermi level separation, i.e. the shape of
the density of band-tail states gets more distinctive in comparison to the temperature dependent
occupation probability function. In conclusion, the g1, and () are compatible in terms of the
RR if either the slopes of the band-tail densities of states are rather steep or the quasi-Fermi level
separation is small.

Note that the measurements at lowest photon energies £, ~ 1.03 eV, which show a small bump,
are not reliable due to a change of the edge filters in the used measurement setup (RG780, see



4.1 Experimental Results 53

Figure 3.5 in Section 3.1.3).

4.1.4 Radiative Ideality Factor

The RR postulates a common diode law behavior of the luminescence/voltage characteristics
with the radiative ideality factor n, = 1. A constant n, = 1 originates from band-to-band
transitions. The luminescence can be approximated with Eq. (2.25) as

qv v
4.1
¢ o exp (2kT> eXp(QkT) @1
if the quasi-Fermi level separation AE¢ = V in the recombination region. From the denominat-
ors of the exponential functions then, directly follows

ny = 1. 4.2)

However, this requirement for the radiative ideality factor was never verified within measure-
ments before. For this reason, the integrated luminescence ¢ = [ p(E,) d E, is measured. To
determine the n;, the temperature and the A E; in the recombination region, where the lumin-
escence originates, has to be known. The temperature is set with a steady state tempered con-
tinuous nitrogen gas flow round the device in the cryostat, i.e. the temperature is well defined.
However, the quasi-Fermi level separation in the recombination region, where the luminescence
originates, is derived from the contacts of the device, i.e. this quasi-Fermi level separation is
influenced by these contacts. Since in case of EL, the contact voltage is strongly influenced due
to transport phenomena, the luminescence measurements to determine n, are conducted under
PL conditions. This means that the voltage allocated to n, is the V., which yields PL spectra
P(Ey) = ppr(Ey).

Another critical point is the number of measurement sampling points to precisely determine n,.
There are two methods to measure integrated PL. First, the PL can be measured spectrally re-
solved, and the integration over the spectrum can be done numerically afterwards. Second, the
PL can be directly measured without spectral resolution. This yields two benefits, namely faster
and more sensitive measurements, down to injection current densities J < 0.3 mA cm~2. The
determination of relative quantities like n, are without difficulty, as long as the spectral shape of
the PL does not change under different bias conditions (see Figure 4.4) and/or the measurement
detector is equally sensitive in the whole relevant spectral range (see Figure 3.4). However, both
conditions are not fulfilled.

Note that the EL, which is allocated to Vi, under PL conditions yields similar results for n,, as
long as the shift in PL spectra is small compared to the change of V..

The Figure 4.6(a) shows integrated PL (¢pr, (Vo)) versus Vi, and Figure 4.6(b) shows ¢(.J)
versus the injection current density, either Jq in case of EL or J,. in case of PL, where again
J = Jqg = —Js. Figure 4.6(a) differentiates between the measurements from the device as
fabricated and the treated device. Figure 4.6(b) only shows the results from the treated device
after the accelerated light soaking. To check if the the integrally measured PL and EL fits the
numerically integrated PL and EL spectra (see Figure 4.2), these numerically integrated PL and
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Figure 4.6: Integrally measured photo- (PL) and electroluminescence (EL) of Cu(In,Ga)Se; np hetero-
junction device at temperatures 7' = 330, 300, 270, 240, 200, 150, 120, and 100 K (arrows). The PL of
the device as fabricated is plotted as green dot-dashed lines. Corresponding integrated signals from PL
spectra are plotted as green open rhombi. The EL of the accelerated light soaked device is plotted as black
dashed lines, and the PL is represented as red solid lines. Integrated signals from EL spectra are shown
as black open squares, and from PL as red open circles. The PL is excited at the wavelengths A = 473,
532, and 671 nm simultaneously to achieve highest accessible photon flux. (a) The PL as a function
of the open circuit voltage. The PL/voltage characteristics, which follow a common diode law with the
ideality factor n, = 1 are plotted as black dotted lines for different temperatures. (b) The PL and EL as
a function of injection current density J = Jq = —Js, wWhere Jq is the dark injection current density
under EL conditions, and .J. the short circuit current density under illumination, i.e. PL conditions. The
luminescence, which scales linear with J is plotted as black dotted line.
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EL spectra are additionally plotted as points. The ¢pr, before the accelerated light soaking is
plotted as green open rhombi, and afterwards as red open circles. The corresponding ¢gy, is
plotted as black open squares. Black dotted lines are plotted as a guide for the eye. In Figure
4.6(a) this black dotted line marks a diode with n, = 1 each, and in Figure 4.6(b) this marks a
linear behavior between J and ¢.

Generally Figure 4.6(a) shows that the integrally measured PL fits the numerically integrated PL
very well. This guarantees only little influence through spectral shifts in the integrally measured
PL. The PL intensity of the device as fabricated increases faster with decreasing temperature as
the device after treatment. It can be seen that the accelerated light soaking helps to reduce the
upward bending of the ¢pr,/V; characteristics, where a strong deviation from n, ~ 1 can be ob-
served. In connection to this, the ¢py,/ Vo characteristics of the accelerated light soaked device
fit very well to a diode law with n, = 1 in the temperature range 7' = 300 — 200 K, whereas
the device as fabricated shows steeper ¢pr,/ Vo characteristics, which correspond to n, < 1.
Below 7' = 200 K both kinds of ¢py,/V,. characteristics tend to show n, > 1. However, these
characteristics show also a more distinctive upward bending.

If the quasi-Fermi level separation in the recombination region directly corresponds to the
contact voltage Vo, this could yield a Vo./¢pr, characteristic with n, = 1. However, the
quasi Fermi-level separation in the recombination region is higher than the V,. at the con-
tacts. The V. is affected by parasitic recombination, which originates from defect states at
the CdS/Cu(In,Ga)Se; interface, which are (partly) thermally annealed and saturated with light
soaking [185, 186]. Therefore, the V,/¢pr, characteristics from the device after the accelerated
light soaking fit better to n, = 1 and show less upward bending than the device as fabricated.
As long as n, from EL is of interest, actually, Figure 4.6(b) helps to compare PL and EL. This
comparison, in addition, also indicates the linear superposition of the PL and EL, since both
kinds of luminescence are measured under electro-modulation. The PL is plotted as red solid
lines, and EL as black dashed lines. At temperatures above 7' = 150 K both PL and EL yield
approximately the same intensities, which increase only a little with decreasing temperature. At
injection current densities higher than J ~ 8 mA cm ™2, the PL yields higher intensities than
the EL, whereas the slope of the ¢y, /.Jq characteristics decreases with increasing .J3. Below
T = 150K the PL and EL increase abruptly. The luminescence intensities at 7' = 100K are
almost 10 times higher than at 7" = 150 K.

The Figure 4.7 summarizes the ¢p1,/Voe, ¢p1/Jsc, and ¢gr,/ Jq results from Figure 4.6. The
shown values are derived in the injection range J = 0.5—7mA cm™2. As already discussed, the
Figure 4.7(a) shows increasing n, with decreasing temperature plotted as red circles connected
to solid lines. The n, determined from the device as fabricated (open circles) yields a lower n,
in the whole temperature range than the n, from the device after the accelerated light soaking
(closed circles). Obviously, no constant n, = 1 can be observed from any of both devices. How-
ever, in the temperature range 7" = 330 — 240 K, the n, ~ 0.93 — 0.98 from the accelerated light
soaked device is almost constant. And the device as fabricated shows also an almost constant
n, ~ 0.88—0.89 in the same temperature range, however, this n, strongly deviates from n, = 1.
Below T' = 172K the n, increases in both cases. Note that the upward bending in the ¢pry,/Voc
characteristics predominantly at low temperatures yields high fitting errors for n,.

The fitting of an exponential behavior ¢ = ¢oJ7 to the ¢pr,/Jsc and ¢pr/Jq characteristics
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Figure 4.7: Temperature dependent evaluation of integrally measured photo- (PL) and electrolumines-
cence (EL) of Cu(In,Ga)Se; np heterojunction device as shown in Figure 4.6. Temperatures are 7" = 330,
300, 270, 240, 200, 172, 150, 133, 120, and 100 K. The values derived from PL are plotted as red circles
(open and closed) connected with lines. The values derived from EL are plotted as black squares. All
values from the luminescence from the device as fabricated are plotted as open symbols. The values
after accelerated light soaking are plotted as closed symbols. The values are derived in the injection
current density range J = 0.5 — 7mA cm~2. (a) The radiative ideality factor (n,) derived from Figure
4.6(a) by fitting a common diode law to the PL/voltage characteristics. Due to the upward bending in the
PL/voltage characteristics at high injection, the error in the determination of n, increases with decreas-
ing temperature. Additionally, the solid blue line shows the n, determined with the local recombination
model, and the green dotted line shows the n, determined with Eq. (4.4) and the characteristic energy of
the band-tail densities of states iy = 17.5 meV. (b)+(c) The fitting of an exponential behavior ¢ = ¢oJ”
to the PL and EL/current characteristics in Figure 4.6(b) yields the exponent « and the prefactor ¢ as a
function of the temperature.
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from Figure 4.6(b) yields the exponent (y) in Figure 4.7(b) and the prefactor (¢¢) in Figure
4.7(c). The PL and EL generally behave super-linearly (y > 1). From above room temperature
to around 7" = 172 K the super-linear behavior increases, and then decreases below 7' = 172 K.
Whereas the PL from the device as fabricated (red open circles) increases faster with increasing
injection current than the corresponding EL (black open squares), the + of the PL (red closed
circles) and EL (black closed squares) from the treated device are quite close. And moreover,
whereas the accelerated light soaking leads the PL to a reduced +, the EL is nearly not influenced
by this treatment. The presence of a maximum in v may indicate two competitive luminescence
processes. Kirchartz ef al. reported a shift from band-to-band to donor-to-acceptor transitions
at T = 180K [56]. For this reason, the maximum in 7 could indicate the reported increas-
ing donor-to-acceptor transition with decreasing temperature, while this transition to donor-to-
acceptor luminescence cannot be observed from the measured spectra in Figure 4.2.

The Figure 4.7(c) shows the effect from the accelerated light soaking to the PL and EL intens-
ity. Whereas the PL and EL intensity from the device as fabricated increases around two orders
of magnitude within the temperature range 7' = 330 — 100 K, the observed increase from the
treated device is around one order of magnitude. This device shows almost constant PL and EL
intensities above 7" = 150 K as mentioned before (see Figure 4.6). The device as fabricated, in
contrast, shows a reasonable increase of the PL and EL intensities, already below room temper-
ature. Below 7" = 172K the PL and EL intensities from this device are higher than from the
treated device. And again this treatment let the PL and EL behave similar to each other.

In summary, the temperature dependent radiative ideality factor (n;), v, and ¢y point out the
already discussed influence of the defects at the CdS/Cu(In,Ga)Ses interface. And additionally,
the v tends to point out the shift from band-to-tail to donor-to-acceptor transitions for PL and
EL, although the measured spectra (see Figure 4.2) do not clearly show such a shift in shape. For
the determination of n, from PL, the accelerated light soaking of the device makes the PL com-
parable to the EL at least above T' ~ 172 K. Therefore, the determined n, can be also allocated
to the EL. And the PL linearly superimposes the EL, predominantly at low injection and higher
temperatures, i.e. under small quasi-Fermi level separation. However, around room temperature,
where most of the requirements for the RR hold, the measured n, is a bit smaller than expected
from the RR (n, = 1). A n, < 1 may yield from parasitic recombination, which decreases the
Voc at the contacts compared to the quasi-Fermi level separation in the recombination region.

4.2 Discussion

This section discusses the results from the shown measurements in summary. The comparison
between measurements and the local recombination model clearly indicates the dominant lumin-
escence from band-to-tail transitions. And furthermore, from the fitted simulations an outlook
is given to the luminescence and external quantum efficiency in hydrogenated microcrystalline
silicon (pe-Si:H) pin devices.

4.2.1 Modeling of Luminescence Spectra and External Quantum Efficiency

The measurements after the accelerated light soaking show good results to hold up with the RR.
However, measurements do not clearly show, which transition yields the here observed lumin-
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Figure 4.8: (a) Comparison between simulated (black solid lines) and measured (red dashed lines) lu-
minescence (), and external quantum efficiency (Q)e) at room temperature and open circuit voltage
Voe = 676 mV under PL conditions of Cu(In,Ga)Ses np heterojunction device. (b) Test of reciprocity re-
lation between ¢ and Q. (black solid lines) via hemispheric black-body radiation py,, i.e. ¢’ < Qe X Pph,
and Q) x ¢/¢pp, from numerical simulations of Cu(In,Ga)Ses np heterojunction device. For experi-
mental conditions, see earlier in Figure 4.2.

escence. As already mentioned, band-to-band and donor-to-accept transitions [56], or band-to-
impurity transitions, i.e. transitions from the band to the donor and/or acceptor states [112] are
mostly cited. However, theses transitions can be neglected by modeling the luminescence and
the external quantum efficiency with the local recombination model.

Due to composition variations across the cell in stochiometric compound semiconductors like
Cu(In,Ga)Ses, band gap fluctuations arise [23,115,116]. The band gap is assumed to be blurred
gaussian-like with a distribution width OE,- This disorder at grain boundaries, in addition,
causes band-tail states, beside other localized inter band states [54, 55, 196, 197]. According
to Siebentritt et al. [82], band-to-tail transitions are used for the local recombination model, and
additionally band gap fluctuations are assumed to fit the spectral broadening [23,115,116]. The
well fitted results are shown in Figure 4.8(a). It is observed that the exponential decaying high
photon energy edge of the experimentally measured ¢pr, compared to ¢gy, fits slightly better
to the @ o Qe X @pp at the given device temperature. Therefore, the device parameters are
fitted with the measured (red dashed line) ppy, at Vo = 676 mV and room temperature. Addi-
tionally to this, the parameters are consistently fitted to the measured ()e. Whereas the modeled
(black solid line) Q. fits the measurements very well, some discrepancies can be observed from
the ¢pr,, predominantly in the low photon energy range. For the band gap fluctuations, which
broaden ¢pr,, the quasi-Fermi level separation is assumed to be constant, i.e. the charge carrier
densities are highest in regions, where the band gap is small. Note that this assumption implies
diffusion lengths Lp = /kT/q ut, which are derived from the charge carrier mobilities (x)
and the life time (7), to be larger than the distance between adjacent areas across the device with
unequal band gaps.
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The external quantum efficiency (Q.) and the luminescence spectrum (¢pr,) in Figure 4.8 is

each fitted with a gaussian distributed band gap with a mean value of £/, = 1.18 eV and a width
of o, = 38 meV. The width can be mainly estimated from the width of the measured @py,. The
effective density of states at the band edges are assumed to be symmetric and 15 times higher
than band-tail densities of states: N./N,y = Ny/Nyo = 15 (compare Figure 2.3 and Egs. (2.4)
and (2.9)). The characteristic energy of the band-tail density of states Fy = 17.5meV can be
well fitted with the low energy slope in (). and also with the width of ¢py,. For the sake of
completeness, the capture cross-sections of charged band-tail states are assumed to be 10 times
higher than of neutral band-tail states: o, /on = 10. However, as long as the band-tail states are
rather steep, this ratio influences the spectral shape only little.
As long as the RR holds for the measurements (see Figure 4.5), this should also work for the
simulations in the same way. The transition from ¢ (black solid lines) to Q/, o< ¢/¢py, (red
dashed line) shows Figure 4.8(b) as well as the transition in the opposite direction, i.e. from Q.
(black solid line) to ¢’ oc Qe X ¢y, (red dashed line). Whereas this transition fits well above the
photon peak energy of ¢, in the low photon energy range a deviation between o and Q/, and Q.
and ¢/, respectively, occurs. This deviation arises from the localized band-tail densities of states
in the band gap at a rather high quasi-Fermi level separation. Although the corresponding meas-
urements in the low photon energy region are affected by artifacts of the experimental setup (see
Figure 4.5), the simulations show qualitatively the same deviation. Note that this comparison
between the measurements and the simulations also indicates that the already mentioned bump
around ., ~ 1.03 eV in the measurements (see Figure 4.5) can be neglected.

4.2.2 Radiative Ideality Factor and Shift of Luminescece

From the fitted luminescence spectra, either PL or EL, since transport is not considered in the
local recombination model, the radiative ideality factor (n;) is determined in Figure 4.7(a),
which is plotted as blue solid line. This n, from simulations does not fit the measurements
quantitatively, which cannot be expected as long as charge carrier transport is neglected in the
simulations. Charge carrier transport can influence the n, pretty much, since this value is de-
rived from the contact voltage of the device. However, measurements and simulations are nearly
similar in terms of shape. Both curves increase monotonically to low temperatures. In the tem-
perature range 7' = 330 — 240K the n, from both curves is almost constant in comparison to
the increase at 7' = 200 — 100 K. Both curves, predominantly the measurements show a con-
cave shape in this temperature range. This concave shape can be understood with symmetric
quasi-Fermi level separation and density of states. The integrated luminescence then, can be
approximated with the Eq. (2.26) as

qV qV
¢ x exp (Q—Eo) exp (ﬁ) . 4.3)

From the denominators of the exponential functions follows

2E,

Ny
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Figure 4.9: Comparison between the simulated (black open squares) and the measured (red open circles)
temperature dependent (see arrow) spectral emission peak energy (EAV) as a function of the open circuit
voltage (Vo) derived from the photoluminescence spectra of the treated Cu(In,Ga)Ses np heterojunction
device. For the experimental conditions, see earlier in Figure 4.2.

This function is plotted as green dotted line in Figure 4.7(a) with the £y = 17.5 meV, which is
fitted in Figure 4.8. As long as spectra around room temperature are significantly broadened, it
is expected that this approximation for peak luminescence strongly holds at low temperatures,
where spectra are reasonably sharp, i.e. kT < Ey [198]. However, within the approximation
from Eq. (4.4) an Ey = 19.5meV would fit better to the measurements in Figure 4.7(a) at
T =240 -172K.

However, a higher £y would shift the spectral peak position (EW) in Figure 4.8 to lower
energies. The simulated EA'V are compared to the measurements in Figure 4.9. As already shown
(see Figure 4.3) the E7 shifts continuously to lower energies with decreasing temperature. As
long as the simulated EA/ fit very well to the measurements, this comparison also supports the
assumption of luminescent band-to-tail transitions, even at low temperatures.

4.2.3 Reciprocity Relation

At this point, the influence of the characteristic energy of the band-tail densities of states (Ejp)
to the RR between () and ¢ can be investigated. The Figure 4.10 shows simulated ¢ and Q.
at temperature 7' = 300 K and reasonable quasi-Fermi level separation AE; = 676 mV, i.e.
open circuit voltage under PL conditions with the parameters as fitted from Figure 4.8, which
are plotted as black solid lines. The symmetric characteristic energies of the conduction and
valence band-tail density of states are set to F.g = Evg = Eg = 5, 15, 25.9, and 35 meV each.
The ¢’ &< Qe X Yp1, OF QL X ¢/ ppp are plotted as red dashed lines. The primarily simulated ¢
and the transformed ¢, or Q. and QL, respectively, continuously deviate from each other below
EA'W with increasing Ey. The Ey = 25.9 meV plays an important role, as long as this Ey ~ kT is
close to the thermal energy at 7" = 300 K, which determines the charge carrier occupation prob-
ability function. In this case, the @/, in Figure 4.10 shows no distinctive maximum. Therefore,
the Q. and QL and the ¢ and ¢’ are compatible in terms of the RR if the Fy < kT. Note that a
high quasi-Fermi level separation in Figure 4.10 also yields discrepancies between ¢ and ¢, or
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Figure 4.10: Influence of characteristic energy (Ejy) of localized band-tail states to reciprocity relation
between the luminescence (¢) and the external quantum efficiency (Q).) of a Cu(In,Ga)Ses np heterojunc-
tion device at temperature 7' = 300 K and reasonable quasi-Fermi level separation AE; = 676 mV. The
E) of the valence- and conduction band-tails are assumed to be equal: Fy = Eyo = Eo. The black solid
lines show the results from the local recombination model. The red dashed lines show the correspondence
in terms of the RR each, i.e. ¢’ x Qe X ¢pp and Q) X ¢/ppp, Where @y, is the hemispheric black body
radiation.

Q. and Q) even with very steep band-tail slopes.

In case of tail-to-tail transitions, this boundary condition (Ey < kT’) to hold the requirements of
the RR has to be proven. Since the luminescence from hydrogenated microcrystalline (pc-Si:H)
originates from tail-to-tail transitions, this can be tested with pc-Si:H pin devices. This is dis-
cussed in the following Chapter 5.
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Chapter 5

Hydrogenated Microcrystalline Silicon
Based pin Devices

This chapter shows measurements of hydrogenated microcrystalline silicon (pc-Si:H) thin-film
based pin devices (see Section 3.1.1) in Section 5.1, and discusses the results with the help of
full one dimensional numerical device simulations (see Section 3.2) in Section 5.2.

Due to the requirements of the reciprocity relation (RR), this chapter is similarly structured as
the previous Chapter 4. It begins with measurements of photo- (PL) and electroluminescence
(EL) spectra in a wide temperature range with altered injection rates within one order of mag-
nitude. In terms of the RR the change of the spectral shape of PL and EL under different injection
conditions are derived from measurements (see Section 5.1.1). The main requirement to hold
up with the RR is the comparison between the EL emission (pgy,) and the external quantum
efficiency (Qe) in Section 5.1.2. The experimental results from the radiative ideality factor (n,),
which is derived from luminescence/voltage characteristics by fitting a common diode law are
presented in Section 5.1.3. The n;, which is deduced from PL, indicates the characteristic energy
of the band-tail density of states (Ep). However, in terms of the RR, the PL and the EL should
superimpose linearly. Therefore, and since the EL from pc-Si:H can be used as a fast material
characterization tool for devices, which is already used for module imaging [31-42], or as inline
characterization tool [43] of/for crystalline semiconductors, the reliability of EL/voltage charac-
teristics to deduce the Fj is discussed in detail in Section 5.2.3.

In comparison to Cu(In,Ga)Ses, which is discussed in Chapter 4, pc-Si:H is a material with
considerably more localized states within the mobility gap. It is expected that the RR is less
applicable to pc-Si:H, compared to Cu(In,Ga)Ses.

An extensive analysis of the measurements is presented, featuring well fitted full one dimen-
sional numerical device simulations using ASA in connection with LUME (see Section 3.2).
Based on the model calibration in Section 5.2.1, the temperature and voltage dependent spec-
tral shift is discussed in Section 5.2.2. In addition to that, predictions of luminescence/voltage
characteristics of pc-Si:H pin devices with altered band-tail slopes and mid-gap defect states are
made to elaborate the deduction of the characteristic energy of the band-tail density of states (see
Section 5.2.3). The influence of band-tail slopes, mid-gap defect states, and quasi-Fermi level
separation to the RR between the (). and gy, is additionally discussed in Section 5.2.4. These
predictions focus on standard operation conditions of solar cells, namely room temperature and
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Figure 5.1: Measured spectra from photo- (PL) and electroluminescence (PL) of pc-Si:H pin device.
The EL is plotted as black dashed lines, and the PL as red solid lines. All spectra are normalized to the
highest signal at each temperature. Spectra are measured at the temperatures 7' = 330, 300, 270, 240,
200, 172, 150, 133, 120, 109, 100, and 92 K. The PL is excited with photon fluxes ¢ = 2.1 x 10?2,
1.5 x 10?2, 1.2 x 10%2, 6.3 x 10?', and for temperatures below 240 K, additionally 2.5 x 10>! m~2s~!
at the wavelength A = 532nm. This yields current densities J = 254, 184, 143, and 74.5mA cm~2 at
temperature 7' = 240 K.

current injection rates, which correspond to the AM 1.5 sun spectrum.
Former results from within this topic are previously published in [118].

5.1 [Experimental Results

5.1.1 Temperature and Voltage Dependent Luminescence Spectra

The Figure 5.1 shows the measured PL and EL spectra. All spectra are normalized to the highest
signal at each temperature. The temperature is varied in the range 1" = 330 — 92 K. For PL, the
excitation wavelength is A\ = 532 nm, with photon fluxes ¢ = 2.1 x 10?2, 1.5 x 10?2, 1.2 x 10?2,
6.3 x 102, and for temperatures below 240 K, additionally 2.5 x 102! m~2 s~1. Lower excitation
photon fluxes result in poor signal-to-noise ratio. And higher excitation photon fluxes change or
even destroy the device.

Generally, the width of the spectra decreases with decreasing temperature. Around room tem-
perature and above, an exponential decay of the spectra for higher photon energies cannot be
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Figure 5.2: Measured spectra (¢) from electro- (black dashed lines) and photoluminescence (red solid
lines) of a pe-Si:H pin device as shown in Figure 5.1 related to the highest signal (¢) each.

observed neither from PL nor from EL. However, below room temperature on both sides of the
peak energy in the low and in the high photon energy range, PL and EL spectra show expo-
nential behavior. The low energy slope results from a mixed density of valence and conduction
band-tail states. The high energy slope should be determined from the band-tail states charge
carrier occupation probability, and therefore from the device temperature.

At the temperatures T = 330, and 300 K the PL spectra coincide with the EL spectra within the
measurement errors. Below room temperature the PL. and EL start to diverge from each other.
Whereas the PL and EL intensities in the low energy range are still at the same level, the EL
intensities are reduced at medium and high photon energies, compared to the PL intensities. This
effect increases with decreasing temperature. At lowest 77 = 92 K the highest PL spectrum is
2.5 times more intense than the corresponding EL spectrum.

Since the photon peak energy (EA,) is positively correlated with the injection current and the
PL intensity dominates the EL (see Figure 5.2), the EL spectra are red shifted compared to the
PL spectra. This general blue shift under different bias conditions is not compatible with the
requirements of the RR. These bias conditions are either optical bias under PL conditions, which
again yields the open circuit contact voltage, or electrical bias under EL conditions.
The Figure 5.2 shows the PL (¢pr,, red solid lines) and EL (¢pr,, black dashed lines) spectra
from Figure 5.1 related to its most intense spectrum (o) each, i.e. pp1, /o and gy, /o around
room temperature 7' = 330 — 240 K. The PL and EL show blue shifted spectra with increasing
injection current under all circumstances. And the blue shift increases with decreasing temper-
ature. Whereas only a slight blue shift can be observed from EL, the PL shows a distinctive blue
shift. Below 7" = 270 K the blue shift from EL spectra is almost the same as from PL.
A general blue shift can be understood with the density of band-tail states and the corres-
ponding charge carrier occupation, which originates the PL and EL from tail-to-tail transitions
[45,58,59]. In this case and with reasonable quasi-Fermi level separation, these quasi-Fermi
levels lie within the distributions of the localized band-tail states. With a 0 K occupation func-
tion, the quasi-Fermi level separation is the same as EAW. This would definitely yield a blue
shift in spectral shape. However, at finite temperatures this correlation is blurred and spectra are
broadened. Therefore, this blue shift is less prominent the higher the temperature. However, as
a matter of principle, unshifted spectra as can be observed from band-to-band transitions like
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Figure 5.3: Measured electroluminescence (EL) spectra compared to external quantum efficiency (Q.)
of pe-Si:H pin device. Temperature varies in the range 7' = 330, 300, 270, 240, and 200 K (arrows). (a)
Normalized EL is plotted as black solid lines, and ¢}, & Qe X @bb, Which is scaled with hemispheric
black-body radiation (@p},) is plotted as red dashed lines. (b) The @, is plotted as black solid lines, and
the normalized EL (Q, & @1 /¢bb) is plotted as red dashed lines.

in ¢-Si or Cu(In,Ga)Se;, [56] for instance, can be neglected for tail-to-tail transitions. However,
unequal quasi-Fermi level separation over the depth of the recombination region yields extra
blurring of the spectra, and therefore may reduce blue shifts.

5.1.2 Reciprocity Relation

The RR test between Q. and gy, for a pe-Si:H pin device shows Figure 5.3 for different temper-
atures 7' = 330 — 200 K. The Figure 5.3(a) shows that the RR does not hold. For a decreasing
temperature the mismatch between gy, and L,OEL x Qe/ppb increases. Obviously, the gy, in
the low energy region energetically below the EAW of g1, cannot be reproduced with the trans-
formed ;. However, in contrast, both curves match fairly well in the higher photon energy
region above EA'W, even at high temperatures, where the g, shows significant curvature instead
of an exponential decay, which would indicate strictly temperature determined behavior.

The reason for this curvature of the gy, in the higher photon energy region can be seen from
Figure 5.3(b), where the Q. and the transformed @),  ¢gL/@bb are plotted. The Q. at the
highest measured photon energies is not fully saturated, which normally indicates full absorp-
tion within the charge carrier excitation from valence to conduction band. Therefore, the Q).
here, is determined by band-to-tail, tail-to-tail, and band-to-defect excitation from high to low
photon energies (compare Figure 2.11). Whereas the gy, following a-Si:H, originates from
tail-to-tail transitions [45, 58, 59], the primary measured Q. and the transformed @)/, deviate in
the low energy range, where band-to-defect absorption is predominant.

From Cu(In,Ga)Ses np heterojunction devices in Chapter 4 the valid RR between the gy, and
the Q). can be observed. This RR holds for band-to-tail transitions with the characteristic energy
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of the band-tail densities of states Ey < k7', where kT is the thermal energy. In case of tail-
to-tail transitions in pe-Si:H the situation is different. The £y ~ 31 — 33meV > kT at room
temperature, which is determined from time of flight measurements [167, 175], from transient
photocurrent measurements [176], and with simulations of PL spectra [45,59].

In summary, the prerequisite £y < kT for the RR between (). and ¢gr, holds. This RR holds
the better the higher the temperature, i.e. when kT is approximately equal or higher than Ej.

5.1.3 Radiative Ideality Factor

Up to this point, the requirements to hold up with the RR are only partly fulfilled. At highest
temperature 7' = 330K the spectra are almost constant and the RR holds at high photon en-
ergies. However, they do not fit as well as the results from Cu(In,Ga)Ses np heterojunction
devices. Since the transition, which yields the luminescence in pc-Si:H, is slightly different to
the transition in Cu(In,Ga)Ses, a different behavior from the luminescence/voltage characterist-
ics is expected as well. The radiative ideality factor (n,) of pc-Si:H, which is determined from
the luminescence/voltage characteristics by fitting a common diode law to the PL or EL intensity
is strongly influenced by the broad band-tail state distribution. As long as the contact voltage
under EL conditions is influenced by the contact series resistance and the charge carrier mobil-
ities, PL conditions are necessary to deduce n,. As at the open circuit voltage (V,.), all charge
carriers recombine within the device and no net current flows, the potential at the contacts is not
influenced by series resistance and therefore approximately equal to the quasi-Fermi level sep-
aration (A Ey) in the recombination region, where the main part of the luminescence originates
from.

The Figure 5.4(a) shows the PL/voltage characteristics in the temperature range 7" = 330 —
86 K. The integrally measured PL (¢pr) is plotted as red solid lines, and the measured and
integrated PL spectra (¢p;, = [ ¢pr,[Wm™2nm™] E;l dX o [¢pr E;* d E,) are plotted
as red open circles. Since the spectral sensitivity of the used germanium detector is not constant
(see Figure 3.4) and the PL spectra shift with varying bias conditions, the comparison between
¢pr, and ¢}, is necessary to guarantee that the deduced n, is not too much influenced by these
spectral effects. However, the influences are small and ¢py, yields reasonable signal-to-noise
ratio. Therefore, the n, can be accurately determined from the ¢py,/ Vo characteristics. Around
room temperature, the PL efficiency is poor due to lower quasi-Fermi level separation compared
to low temperatures. And due to the detector sensitivity, measurements around room temper-
ature are not possible below injection current densities J =~ 5mA cm™2. In contrast, a fairly
good signal can be measured with approximately one order of magnitude less injection current
J =~ 0.5mA cm~? at the lowest temperature 7' = 86 K.

The ¢pr,/V,e characteristic in Figure 5.4(a) at T = 330K shows exponential behavior,
where a diode law with n, = 0.97 is fitted. At highest ¢py, a slight upward bending to lower
Vo can be observed, which may originate from a higher quasi-Fermi level separation in the re-
combination region, and therefore a higher ¢pr, than could be measured from the contacts. As
long as the luminescence originates from tail-to-tail transitions, the n, = Eyo/kT is interpreted
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Figure 5.4: Integrated measured photo- (PL) and electroluminescence (EL) of pc-Si:H pin device at
temperatures T' = 330, 300, 270, 240, 200, 150, 120, 100, and 86 K (arrows). The EL is plotted as black
dashed lines, and the PL as red solid lines. Integrated signals from EL spectra are plotted as black open
squares, and from PL as red open circles. The PL is excited at the wavelength A = 532nm. (a) The PL
as a function of the open circuit voltage (V). The ¢pr,/Vo. characteristics following a common diode
law with ideality factor times thermal energy n,k7T" = 27.5meV are plotted as black dotted lines for
different temperatures. (b) The EL and PL as a function of injection current density J = Jq = —Jg,
where J. is the short circuit current density under illumination, i.e. PL conditions, and .J4 in case of EL.
The luminescence, which scales linear with J, is plotted as black dotted line.

as the convoluted characteristic energy of the band-tail density of states of the conduction and
valence band-tail E.g = 27.5meV [45] (see Section 2.4.2). Furthermore, it can be seen that
the integrally measured EL (¢g1,) shows the same exponential decaying slope as ¢pr,, however,
only at lowest injection. Since the PL and EL are measured with electro-mudulation technique,
this converge at low injection indicates the linear superposition of the EL and PL as required by
the RR (see Eq. (2.24)).

The ¢p1,/Voe characteristics at temperatures below 77 = 330K also show exponential be-
havior at medium injection current, and an increasing ¢pr, with decreasing temperature as
expected. However, the deduced FE,o decreases significantly with decreasing temperature to
Eyp=185meV atT = 150 K.

An FE,g, which is very similar to the already deduced band-tail slopes Fy = 31 — 33 meV
[45,58,59], can be deduced from ¢pr,/V, characteristics here. However, in terms of the RR,
the PL is a auxiliary quantity, instead of the EL, actually.

As long as the contact voltage under EL conditions is influenced by the series resistance, even
at moderate injection current, the ¢pr, and ¢gy, can be compared from the ¢py,/Jsc and ¢gr,/Jy
characteristics more easily. This may give additional indicators if EL behaves similar to the PL,
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and therefore the PL superimposes linearly with the EL. Furthermore, this comparison indicates
if Ey could be deduced from EL at low injection, where the sensitivity of the setup, which is
used here, is not sufficient. The Figure 5.4(b) shows this comparison. As already mentioned, the
luminescence intensity increases with decreasing temperature. And, in addition to this, the ¢/.J
characteristics show a shift from super-linear to sub-linear behavior with decreasing temperat-
ure. In the temperature region 7' = 330 — 240 K, ¢pr,, and ¢gr, are very similar to each other.
Below T = 240 K the intensity of ¢py, begins to increase faster with decreasing temperature
than the ¢gy, does.

In summary, it seems that the Ey can be deduced from the ¢gy,/V characteristics of a pe-Si:H
pin device in the same manner as it is done for the ¢pr,/ Vo characteristics here, and the super-
position of the PL and EL holds as required by the RR (see Eq. (2.24)).

5.2 Discussion

After the presentation of the experimentally tested requirements for the RR, these results are
discussed in depth. For this reason, the measured pc-Si:H pin device is modeled with the full
one dimensional numerical device simulator ASA, which is presented in Section 3.2. After the
modeling and a detailed discussion of the pc-Si:H pin device, the importance of these simulation
results regarding the reciprocity relation are illustrated.

5.2.1 Device Modeling and Characterization

The first part of the modeling focusses on the calibration of the device parameters, which are
fitted with common current/voltage characteristics (J/V') of the device in the dark and under
illumination. As expected from the models of PL and EL in Section 2.4.2, the PL and EL
measurements are found to be very sensitive to the characteristic energy of the conduction (Eq)
and valence (Fy() band-tail density of states, respectively. For this reason, the Fg = Eq =
FEy0, which are assumed to be symmetric, are calibrated with PL and EL spectra. The external
quantum efficiency (Qe), in addition, also indicates to Ejy, and helps to fit the density of states,
amongst others. In the second part of the modeling, the parameter fitting is tested with integrally
measured PL and EL, and additionally with its temperature dependence in a wide temperature
range 7' = 330 — 86 K.

The fitting of the parameters is related to the parameters given in Section 3.2.1. As stated there,
the Ohmic external contact series resistance (125) and the mobility gap (£,,) are determined from
additional measurements.

Contacts

The Figure 5.5(a) shows the results of the determination of RS. The effective series resist-
ance (Rg) is deduced from a dark J/V characteristic at 7 = 330K and the difference to a
Jse/Voe characteristic determined from the device under different illumination conditions (see
Section 3.2.1). The Ry decays exponentially with increasing bias voltage and saturates at highest
voltage. The higher the contact voltage, the more mobile charge carriers are in the extended band
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Figure 5.5: (a) Series resistance (R;) and (b) activation energy (£,) measured from pc-Si:H pin device.
Measurements are plotted as black open circles. (a) Contact series resistance R, = 0.18 Q cm? at tem-
perature 7' = 330 K is determined by fitting an offset value to an exponential behavior. This fit is plotted
as red dashed lines. (b) Measured Activation Energy (F,) is determined from dark current/voltage char-
acteristics at temperatures 7' = 290, 298, 309, and 323 K. Extrapolated linear fit shows £, = 0.65¢eV at
zero voltage. This fit is plotted as red dashed line.

states, and therefore the lower the Rg. This effect is limited by the external Ohmic contact series
resistance .

The red dashed curvy line shows a fit from Eq. (3.8). From this fit, the external Ohmic contact
series resistance is found to be RS = 0.18 Q cm™2.

At the interface between the zinc oxide and either p- or n-layer, the surface recombination ve-
locity is assumed to be equal to the thermal charge carrier velocity vy, o< V7', with vy, =
10" cms™!at T = 300 K.

Mobility Gap

The other explicitly measured parameter is the mobility gap (E,,), which is determined from
the dark current activation energy (£,) at the temperatures 7' = 290, 298, 309, and 323 K as
presented in Section 3.2.1. The measurements are plotted in Figure 5.5(b).

The E,, = 1.16eV at T' = 300K is determined with Eq. (3.10) and E, = 0.66eV at 0V,
which is deduced from a linear extrapolation in the voltage range V' ~ 50 — 250 mV, where
the E, o« —V/2. This fit is plotted as red dashed line. Pieters et al. found a similar value
E, = 1.19¢V for a very similar uc-Si:H pin device [61].

Above V' = 300mV the E, shows a bump. This bump originates from a Schottky barrier at the
contacts. However, this barrier is not taken into account anymore.

The E, slightly increases with decreasing temperature, which is also taken into account here.
The mobility gap shift in ¢-Si, which is investigated by Varshni [69], is calculated with Eq.
(2.5) and o, = 7.02 x 107*eVK~L. Cody et al. [70] and Liang et al. [71,72] reported a
o = 4.7 X 107*eV K~ in a-Si:H. And Tsang ef al. found a similar value oy = 4.3 X
10~*eV K~ in a-Si:H [73]. Since pc-Si:H is a mixed phase material from a-Si:H and ¢-Si,
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Figure 5.6: Temperature dependent current/voltage characteristics of pc-Si:H pin device (a) in the dark
and (b) under illumination. Temperatures are 7' = 330, 300, and 270 K (arrows). Measurements are
plotted as dashed lines, and simulations are plotted as solid lines. (b) Charge carrier generation is excited
with a photon flux ¢ = 3.5 x 1022 m~2s~! at the wavelength A\ = 532 nm.

= 4.7 % 10~%eV K1 is assumed. However, B, is neglected, i.e. 3, = 0K.

A detailed description of the parameter fitting to JJ/V characteristics is given in the follow-
ing through Figure 5.6. The Figure 5.6(a) shows a semilogarithmic .J/V characteristic of the
pe-Si:H pin device in the dark at T = 330, 300 and 270 K. The corresponding linear .J/V
characteristics of the device under bias conditions of a photon flux ¢ = 3.5 x 1022 m=2s~! at
the wavelength A = 532 nm shows Figure 5.6(b). The simulated .J/V characteristics, which are
plotted as solid lines, fit well with the measurements, which are plotted as dashed lines.

The effective densities of band states (N, = N,) are mainly adjusted by the dark current density
in the higher voltage region, right below the saturation of the .J/V characteristics. And the cor-
responding £, is characterized beforehand. The here fitted N. = Ny, = 1.0 x 10" cm™3 shows
very good agreement with the effective densities of band states determined from thermoelectric
power and Hall effect measurements by Sellmer [155] at very similar devices.

In the saturation region of the dark .J/V characteristics, the charge carrier band mobilities for
electrons () and holes (up), respectively, can be fitted, altogether with RS, which is char-
acterized beforehand. However, the p, and py, also influence the fill factor (/'F') in the il-
luminated J/V characteristics, i.e. the curvature at the point of maximum power, around
V = 450 — 520mV. Furthermore, this F'F' is strongly influenced by the mid-gap defect states,
i.e. the density of dangling bond states (/Ngqp) and its capture cross-sections can be modeled
with the curvature of the illuminated .J/V characteristics. The same holds for the dark .J/V'
characteristics. Below V' = 350 — 480 mV the slopes of the curves get shallower compared to
the higher voltage range, which shows dominant recombination through mid-gap defect states.
Therefore, the density of these states and its capture cross-sections can be adjusted by fitting the
dark J/V characteristic in this low voltage region.
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Figure 5.7: Temperature dependent (a) photo- (PL) and (b) electroluminescence (EL) spectra of pc-Si:H
pin device. Temperatures are 7' = 330, 300, and 270 K (arrows). Measurements are plotted as dashed
lines, and simulations are plotted as solid lines. All spectra are normalized to unity. (a) Charge carrier
generation is excited with a photon flux ¢ = 2.1 x 1022m~2s~! at the wavelength A\ = 532nm. (b)
Injection current density is Jq = —Js. = 254mA cm~2 in case of EL, where Jy. is the short circuit
current density of the device under illumination, e.g. PL conditions.

As stated before, the band-tail densities of states can be modeled more easily with PL. and
EL spectra, since this luminescence is dominated by tail-to-tail recombination. The Figure
5.7(a) shows the measured PL as dashed, and the fitted PL as solid lines. The same applies
to Figure 5.7(b), which shows the EL. The PL and EL spectra are derived under the same
conditions as the corresponding .J/V characteristics, i.e. the same temperature range and the
same bias illumination. Since the J/V characteristics and predominantly the V. are fitted
well, the Ecp = Ey9 = 31 meV and the ratio of the capture cross-sections of band-tail states
oy = oy /0p = 6.0 of the conduction band for instance, are consistently modeled from PL and
EL spectra. Here, the o, is smaller than fitted by Pieters ef al., who yield the best fitting res-
ults with o, = 7 for the same measurement configuration, however, with spectrally uncorrected
spectra [45]. Spectrally uncorrected spectra are narrower than the primordial, i.e. the corrected
ones, since the spectral sensitivity of the used germanium detector decreases with increasing
photon energy above the peak luminescence. Note that a lower o, yields a broader spectrum
due to a higher contribution from the band-tail densities of states closer to the mid-gap. And
fluctuations of the mobility gap, as stated for Cu(In,Ga)Sez in Chapter 4 also broaden the lumin-
escence spectra, however, these fluctuations are not taken into account here.

The comparison between measurements and simulations of the external quantum efficiency
(Qe) indicates that the Ey and Eyq in the photon energy range E, = 0.90 — 1.10eV is well
modeled (see Figure 5.8). Additionally, the density of the band, band-tail, and mid-gap defect
states can be adjusted with this. The high energy range £, > 1.20¢V is dominated by trans-
itions involving band states. And the curvature in the low energy range E, < 0.85¢V in the Q.
originates from the interaction between band and mid-gap defect states.
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Figure 5.8: Measured external quantum efficiency (Q.) of pc-Si:H pin device compared to simulation.

Temperature varies in the range 7" = 330, 300, and 270 K (arrow). Measurements are plotted as dashed
lines, and simulations are plotted as solid lines.
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Figure 5.9: Comparison between measurement and simulation of integrated luminescence of pc-Si:H
pin device at temperature 7' = 300 K. Measured photoluminescence (PL) is plotted as red open circles,
and electroluminescence (EL) is plotted as black open squares. Simulated PL is plotted as solid line, and
EL is plotted as dashed line. Charge carrier generation is excited with photon fluxes ¢ = 1.1 x 1020 —
2.1 x 1022m—2s~! at the wavelength A = 532 nm. Injection current density Jq = —J,. in case of EL,
where Jg is the short circuit current density of the device under illumination, i.e. PL conditions. (a)
Luminescence/voltage characteristic. (b) Luminescence/current characteristic.
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The simulated, and measured PL and EL intensities are compared in Figure 5.9. The meas-
ured ¢pr, at medium temperature 7' = 300 K is plotted as red open circles, and ¢gy, as black
open squares. The corresponding simulated PL is plotted as blue solid line, and the EL as blue
dashed line. Note that the Figure 5.9 serves to verify the simulation models, and was not in-
cluded in the fitting procedure.

The measured PL and EL in Figure 5.9(a) corresponds well to the simulations. However, in
the high injection region above V' = 520mV, the measured PL shows an already mentioned
strong upward bending, which cannot imitated by simulations. This effect is often ascribed to
space charge limited current [199-201], which is strongly related to the charge carrier mobilit-
ies [52,202]. However, the EL in contrast fits very well in this region.

In the low injection region the simulations show higher luminescence intensities than the meas-
urements. However, at these injection levels the measurements are not very reliable due to the
low intensities.

Altogether, the relevant F,(, which are derived from simulated (E,g = n,kT ~ 27 meV) and
measured (Ey ~ 25 meV) ¢pr,/ Vo characteristics correspond very well.

In the low injection region, where the RS does not influence the ¢pr,/V characteristics, it can
be seen from Figure 5.9(a) that the PL and EL are quite the same, and therefore superimpose
as required by the RR in Eq. (2.24). The Figure 5.9(b) shows that this similarity also holds for
the high injection region. Although, measured PL and EL are very similar, the simulated EL is
a little higher than the PL. However, this similarity indicates that the F,o derived from PL also
holds under EL conditions, and therefore, also could be derived from EL with a more sensitive
setup than used within this thesis. Moreover, the temperature dependence of the ¢/.J character-
istics either from PL or EL, in addition, indicates tail-to-tail luminescence, since band-to-defect
recombination for instance, behaves linearly, which does not hold for the tail-to-tail lumines-
cence. Fitting a ¢ = ¢J7 to Figure 5.9(b) yields a super-linear behavior with vy ~ 1.25.

In summary, a parameter set is obtained, which accurately reproduces the observed charac-
teristics of the pc-Si:H pin device over a wide range of experiments and conditions. The full
parameter set can be found in Table 5.1. With this parameter set fitted, the results from PL and
EL spectra under different bias conditions, the RR between EL and (), and predominantly the
n, can be discussed in detail in the following.

5.2.2 Change of Luminescence Spectra

The PL and EL spectra from tail-to-tail recombination show a blue shift with increasing charge
carrier injection, i.e. either excitation power under PL conditions or injection current under EL
conditions. To illustrate this blue shift at various temperatures 7' = 330 — 86 K, the Figure 5.10
shows the photon peak energy (E'v) as a function of V;,.. For the reason of comparability, the V.
from PL is allocated to the corresponding EL, i.e. the EL, where J = Jq = —Js.. The measured
EA'W are derived from the spectra in Figure 5.1 (see for experimental details). The measured PL is
plotted as colored open, and the EL as colored closed symbols. The corresponding simulations
are plotted as colored solid lines for PL, and as colored dashed lines for EL conditions.

The V, increases with decreasing temperature and constant charge carrier concentration due to
steeper occupation functions at lower temperatures.
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Table 5.1: Simulation parameters of modeled pc-Si:H pin device.

p-Layer i-Layer n-Layer Unit
STRUCTURE
d 20 1150 20 nm

TRANSPORT, DOPING, AND EXTENDED STATES

E, 1.16 1.16 1.70 eV
&r 11.9 11.9 11.9 —
% 4.05 4.05 3.90 eV
ay 0.47 0.47 0.47 meV K1
N, 1.0 x 10 1.0 x 10" 4.0 x 102 cm ™3
N, 1.0 x 10  1.0x10¥ 4.0 x 10% cm ™3
In 45 45 15 cm?V~lg7!
Ip 15 15 5 em?V-lg!
E, 0.15 0.00 0.30 eV

VALENCE BAND-TAIL STATES

Eyo 31 31 45 meV
Nyo 23x10%°  23x102° 7.0x102! eV-lem™3
o) 6.7x107'7 6.7x107'7 7.0x107"7 cm?
of  40x10716 4.0x 10716 7.0x 10716 cm?
CONDUCTION BAND-TAIL STATES
Eep 31 31 31 meV
Neo  23x10%°  23x102° 7.0x102! eV-iem™3
o 67x10717 6.7x10717 7.0x 1077 cm?
o,  40x107'% 4.0x107'% 7.0x 107! cm?
DANGLING BOND STATES
Ng,  1.0x10® 3.0x10" 1.0x 108 cm 3
oan 0.30 0.30 0.30 eV
Ea 0.00 0.00 0.00 eV
U 0.20 0.20 0.20 eV
o) 5.0x107'% 50x1071¢ 7.0x 107" cm?
o0 50x107% 50x10716 7.0x 10717 cm?
oy  5.0x107% 50x107" 7.0x107'° cm?
of  50x1071% 50x107% 7.0x 10716 cm?

ELECTRICAL CONTACT

0.18 Qcm?

o]
o
»
2

)]
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Figure 5.10: Temperature dependent (also see arrow) spectral emission peak energy (EA,Y) as a function
of open circuit voltage (V) derived from measured photo- (PL) and electroluminescence (EL) spectra of
pe-Si:H pin device as shown in Figure 5.1 (see for experimental details). The values derived from EL are
plotted as colored closed, and from PL as colored open symbols. The simulated EL is plotted as colored
dashed, and the PL as colored solid lines, however, limited to 7" > 172 K. The V. at PL conditions is
also allocated to EL with the corresponding injection current density, i.e. J = Jq = —Js.. The black
dashed line is a guide to the eye.

The difference between PL and EL increases with decreasing temperature. The quasi-Fermi
level separation (AE¥) in the recombination region, which is principally in the middle of the
device, is smaller under EL than under PL conditions due to charge carrier transport phenom-
ena. This yields the difference between the E'7 from PL and EL at lower temperatures.

The simulations in Figure 5.10 slightly deviate from the measurements. Whereas the change of
the open circuit voltage (AV,.) seems to be right at all temperatures, the change of E7 in the
simulations at high temperatures 7' = 330 — 300 K is less, and at lower temperatures more than
in the measurements. The reason for this is unknown.

However, a positive correlation between EAW and V. can be observed from all simulated and
measured spectra at each temperature. This positive correlation is expected from the local re-
combination model. In the local recombination model the EAA, = qVoec + Ex, i.e. AE; isiden-
tified with V. at the contacts, and the charge carrier transport is neglected (see Section 2.4.2).
The E represents a constant offset, which depends on Eg, Eyo, and the temperature (see Eq.
(2.30)) [45]. This EY yields the temperature dependent behavior in Figure 5.10 (see black dashed
line). In the temperature range 7' = 330 — 200 K the E,Y from measurements decreases about
AEAW = 0.08 eV at highest injection under PL conditions. And below 7" = 200 K, the EAW in-
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Figure 5.11: Temperature dependent difference between spectral emission peak energy (EAA,) and open
circuit voltage (Vo) derived from measured photoluminescence (PL) spectra of pc-Si:H pin device shown
in Figure 5.1 (compare Figure 5.10). The V. are plotted as colored closed, and the E, = ¢V, — Eﬂ, are
plotted as colored open symbols.

creases about AEA7 = 0.10eV. The simulations show qualitatively the same behavior. And note
that the band-tail slopes E.9 = Fy¢ in the simulations are assumed to be constant. Therefore,
this observed behavior cannot originate from a temperature dependent E¢g or Eyg. In fact, above
T = 200K, the Fx decreases faster with decreasing temperature than the V. increases, with
Ey = Eyo = 31meV, i.e. AE /AT > —AV,./AT (see Figure 5.11). Additionally, simula-
tions show that this threshold temperature, here at 7' ~ 200 K, decreases with decreasing Ecq
and Eyq. Therefore, this threshold temperature also strongly indicates to the Fg and Eyq. For
comparison, lower characteristic energies of the band-tail densities of states like in Cu(In,Ga)Ses
in Chapter 4 (see Figure 4.9) show an only decreasing EAAY in the same temperature range.

The temperature dependent measured F., = qVo. — E7 from PL is plotted in Figure 5.11
as colored open symbols. The simulations coincide and are not plotted for this reason. The
E! decreases with increasing temperature, since the charge carrier occupation functions blur at
higher temperatures. However, in contrast, the temperature dependent V. decreases constantly,
whereas the decrease of E, shows concave behavior. This difference between concave and lin-
ear behavior additionally illustrates the reason for the temperature dependent curvature in Figure
5.10.

In summary, the change of PL and EL spectra under different bias conditions can be well
understood with tail-to-tail recombination. The broader the band-tail density of states, i.e. the
higher the characteristic energies E.y and/or Eyq of the band-tail densities of states, the more
the V5 shifts with increasing charge carrier injection, and therefore, the higher the shift of EA,.
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The characteristic energies of the band-tail densities of states are indicated by the temperature
dependent behavior of E,.

5.2.3 Radiative Ideality Factor

The mixed characteristic energy of the band-tail densities of states, as a combination of Eg
and Eyg could be accessible from the radiative ideality factor (n,) by fitting a common diode
law to the ¢pr,/Voc characteristics from tail-to-tail recombination (see Figure 5.4). As already
mentioned, this would be a fast material characterization tool for devices. For this reason, the
significance of this method is checked by the comparison between the well fitted simulations
and the measurements. And additionally, a detailed analysis via simulations explains the limits
of this method. In the following, the simulated spectra, which yield the integrated luminescence
(¢) are corrected for the spectral sensitivity of the measurement setup.

The Figure 5.12 shows the temperature dependency of the deduced quantities of measured and
simulated ¢p1,/Voc, ¢pL/Jsc, and ¢gr,/Jq characteristics. Measurements from PL are plotted
as red closed circles, and from EL as black closed squares. The simulated PL is plotted as blue
solid, and the EL as blue dashed line.

The Figure 5.12(a) shows the deduced n, from the ¢py,/ V5. characteristics under PL conditions.
The n, increases monotonically with decreasing temperature. At lowest temperatures the n, may
saturate. The simulations show a similar behavior at 7' = 330 — 150 K. Below this temperature,
the simulations increase faster compared to the measurements.

Since the luminescent recombination is dominated by tail-to-tail transitions, the luminescence

intensity is
qv qv
5.1
oocemp () o () 6.

if AE¢ = V. From the denominators of the exponential functions follows

Ey
kT
if Ecop = Eyo = Ep. The Figure 5.12(b) follows from Figure 5.12(a), where E. identifies with
Ejy in Eq. (5.2). Note that E,q is deduced from n,, and Ej is the characteristic energy. In a zero
dimensional approach, where charge carrier transport is neglected, the Eyg is expected to be
constant and equal to £y. However, as long as the junction contact voltage, even in the situation,
where no net current flows (V' = V), is not the same as the A Es in the recombination region,
the Fyo # Fy in general. The deduced E\( from measurements monotonically decreases from
above room temperature (Eyg = 27.2meV)to T = 150 K (F;¢ = 18.5 meV) almost in the same
way, as the simulation does. Note that £y = 31 meV is assumed in the simulations. Below this
temperature, the Fyy shows a concave curvature, which is much more distinctive from simula-
tions than from measurements. The lower the temperature, the higher the difference between the
AF¥ in the recombination region and the junction contact voltage (V). At room temperature
and with moderate photon fluxes ¢ < 1022m~2s71, the difference is a few percent. Even the
excitation laser wavelength (\) may influence this method, due to inhomogeneous charge carrier
generation. Former results are excited with A = 671 nm, and show an E.g, which is closer to the

(5.2)

ny =
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Figure 5.12: Temperature dependent evaluation of integrally measured electro- (EL) and photolumines-
cence (PL) of pc-Si:H pin device as shown in Figure 5.4. Temperatures are 7' = 330, 300, 270, 240, 200,
172, 150, 133, 120, 109, 100, 92, and 86 K. The values derived from PL are plotted as red circles, and
values derived from EL are plotted as black squares. (a) The radiative ideality factor (n,) derived from
Figure 5.4(a) by fitting a common diode law to the PL/voltage characteristics. (b) The radiative charac-
teristic energy (Eyo = n,kT’) derived from n, in Figure 5.12(a), where k7" is the thermal energy. (c)+(d)
Fitting an exponential behavior ¢ = ¢oJ” to the PL and EL/current characteristics in Figure 5.4(b) yields
the exponent () and the prefactor (¢¢) as a function of the temperature.
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Ejy, which is determined from modeling [118], than can be observed here, where A = 532 nm.
Since the determination of E,( from measured ¢gr,/V characteristics under EL conditions is not
possible due to the sensitivity of the setup, which is used here, the possibility to deduce Eyq from
¢p1,/V characteristics under low charge carrier injection conditions is experimentally deviated
from ¢/J characteristics. For this reason the ¢py,/Jy. characteristics from PL are compared to
the ¢gy,/Jq characteristics from EL. These characteristics are fitted to ¢ = ¢ J7. The Figure
5.12(c) shows the derived 7. The v ~ 1.25 > 1 shows almost constant super-linear behavior in
the temperature range 7' = 330 — 150 K and decreases to sub-linear behavior (y < 1) at lowest
temperatures. The results from PL and EL are very similar. Below 1" = 133 K both curves
deviate from each other. Since the  is derived from ¢/.J characteristics, this deviation indicates
to the charge carrier transport phenomena across the device, which hardly influence the EL. The
simulations of PL reproduce the measurements very well in the whole temperature range. Due
to limitations of numerical convergence, the EL is simulated at 7' = 330 — 172 K and does
not fit as well as the simulations of the PL. The kink at 7" = 300 — 240 K originates from the
non-uniform spectral sensitivity of the detector.

The Figure 5.12(d) illustrates the prefactor ¢g. The evidence is very similar to «. The PL and the
EL are quite the same at 7" = 330 — 133 K. Below this temperature, the influence of transport
phenomena under EL conditions can be observed. The luminescence intensities from either PL
or EL increase with decreasing temperature. The increase in case of PL is more than 4 orders of
magnitude. The EL saturates below 1" = 120 K. The simulations show this increase in the same
manner. However, this is remarkably, since the simulations do not consider phonon interaction.
Therefore, the increase of PL and EL intensity with decreasing temperature mostly originates
from a higher quasi-Fermi level separation at lower temperatures.

Furthermore, the coincidence of the PL and EL in pc-Si:H again indicates the linear superposi-
tion of both kinds of luminescence, which holds in a wide temperature range 7' = 330 — 133 K.
This coincidence confirms the reciprocity relation in Eq. (2.24) even in low mobility materials
like pe-Si:H.

The Figure 5.12(c) and (d) indicate that E\y, which is deduced from ¢gy,/V characteristics,
would yield the E.op = Eyo = Ejp in a similar way as the PL does if the EL is not influenced
by series resistance. However, this resistance can never be evanescent. Though, this resistance
strongly influences the contact voltage in the range, where the sensitivity of the used setup is
reliable. However, also the E,y deduced from PL does not match the evaluated £y = 31 meV
from extensive modeling. Figure 5.13(a) shows a simulated ¢py,/ Vo characteristic plotted as
blue solid line, and a ¢gy,/V characteristic plotted as blue dashed line at room temperature
T = 300 K. In this case, the spectral sensitivity of the used setup and the influence of an Ohmic
contact series resistance are not included. Due to charge carrier transport phenomena arising
from low mobilities, the ¢pr,/V characteristic still saturates at high injection. And the ¢pr,/Voe
characteristic shows slight upward bending due to a higher contribution of surface recombina-
tion at high injection levels. The corresponding E,q are plotted in Figure 5.13(b). Following
the modeling of the measurements, .o = Eyo = Eyp = 31meV is used for the simulations.
The FEy from PL and EL are quite the same up to V' =~ 400 mV, however, the difference to the
true/simulated Ey is approximately 1.5 meV, i.e. £5%. At higher voltages V' > 400 meV the
PL and the EL diverge, as already mentioned. The PL shows a distinctive F,q < Ej and the EL
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Figure 5.13: Simulated photo- (PL) and electroluminescence (EL) of pc-Si:H pin device at temperature
T = 300 K. The EL is plotted as blue dashed line, and PL as blue solid line. The characteristic energy
of the band-tail densities of states is £y = 31 meV. The red and green line at junction voltage V' = 317
and 547 mV correspond to Figure 5.14. (a) Intensity of EL and PL (¢  exp (¢V/Ey)) as a function
of junction voltage, where E, is allocated to Ey, and g the elementary charge. (b) Corresponding slope
of luminescence/voltage characteristics interpreted as Eyg o (9¢/0V)~! (see Eq. (5.2)) plotted as
blue lines, and the influence of the spectral sensitivity of the used setup and of an ohmic contact series
resistance RS = 0.18 Q cm? is plotted as orange lines.

an ErO > Eo.

The orange colored curves in Figure 5.13(b) show the influence of the spectral sensitivity of the
used germanium detector and of an ohmic contact series resistance (RS = 0.18 2 cm?). This
increases the difference between E, and Ej in the low voltage range up to V' ~ 400mV to
approximately 3.0 meV, due to distinctive spectral shifts at different injection levels. This more
realistic approach increases the error between the true/simulated Ey and the derived Ey to ap-
proximately 10%. Since the EL is affected by the series contact resistance, the derived E,q in
the higher voltage range above V' ~ 500 mV is very steep and cannot allocated to Ej.

An analysis of Ey from Eyg may only valid if V' < V. =~ 500mV. The reason for this
can be understood with band diagrams across the device in Figure 5.14(a) under PL and in (b)
under EL conditions. The quasi-Fermi levels in case of V = V. = 317mV at low injection are
plotted as red shortly dashed, and in case of V' = V,,. = 547 mV at high injection are plotted as
green dashed lines. Under EL conditions the contact is assumed to be influenced by an Ohmic
series resistance. Therefore, the A E¢ under EL conditions at high injection is slightly smaller
than for PL.

The quasi-Fermi level separation normalized to the the junction contact voltage V,,. and V, re-
spectively, is plotted in Figure 5.14(c) and (d). Additional to that, the normalized recombination
profile R’ = np/(n + p)? [45] is plotted for high (green cross hatched area) and low injection
(red patterned area). Although, the quasi-Fermi level separation looks quite uniform in Figure
5.14(a) and (b), the Figure 5.14(c) under PL and (d) under EL conditions show that it is not for
high injection. The AF¢ # Vo # V in general. In fact, AFE¢(z) across the device changes
within the region of several percent of V. and V/, respectively. At low injection, where Eyq is
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Figure 5.14: Simulated band diagrams of pc-Si:H pin device under (a) photo- (PL) and (b) electrolumin-
escence (EL) conditions at two different junction voltages (V = 317mV, V = 547 mV) and temperature
T = 300K as labeled in Figure 5.13. Quasi-Fermi level separation (A E¥) across the device under (c) PL
and (d) EL conditions normalized to V,. and V, respectively. Additionally, the normalized recombination
profile R’ = np/(n + p)? [45] for high injection at V = 547 mV is plotted as green cross hatched area,
and for low injection at V' = 317mV is plotted as red patterned area each.
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Figure 5.15: Influence of characteristic energy of localized band-tail densities of states (Ey) to the de-
duced band-tail slope from luminescence (E,o) of a pc-Si:H pin device at temperature 7" = 300 K and
low injection Jq = 0.22 — 2.2mA cm~2, i.e. conditions comparable to 1 — 10 % intensity of AM1.5
standard solar cell conditions. The Fy of valence- and conduction band-tails are assumed to be equal,
i.e. By = Eyo = FEco. The surface recombination and mid-gap defect states are neglected, i.e. band-tail
recombination is dominant. The deduced E, is plotted as red line. Additionally, the influence of the
surface recombination to E\g is plotted as blue dot-dashed line. The influence of mid-gap defect states is
rather small.

a good measure for Fy, the AEs ~ V. ~ V predominantly in the middle of the device, where
most of the charge carriers recombine (see recombination profile R'). However, mid-gap defect
states in the doped layers and predominantly surface recombination at the contacts hamper the
deduction of Ej under high injection levels, when the recombination profile (R’) is rather broad.

The Figure 5.15 shows the deduced Ey( from ¢pr,/V, characteristics with Ey varied within
simulations at 7' = 300K. The E\o is deduced from low injection conditions, which yield
short circuit current densities Joe = 0.22 — 2.2mAcm~2 and Vo = 390 — 450 mV with
Ey = 31meV.

In the simulations of PL and EL the surface recombination and/or recombination through mid-
gap defect states can be turned on or off. To better understand the influence of the various
recombination processes, the surface recombination and the recombination through mid-gap de-
fect states are neglected. The red solid line shows the deduced E,g, where only band-tail state
recombination is taken into account. The blue dot-dashed line in Figure 5.15 shows the influence
of the surface and mid-gap defect state recombination. Simulations show that the influence of
mid-gap defect states to Eyq is small. The surface recombination in contrast, lowers the deduced
FE in comparison to Ey.

At low Ej the E,( converges to the thermal energy k7" ~ 25.9meV at 7' = 300 K. The thermal
energy limits the minimal E,y, which can be deduced. Either the slope of the temperature de-
termined charge carrier occupation probability edge, or the slope of the band-tail density of states
dominates the F,o. The shallowest of both slopes dominates the E,y. The Ey = 15 — 35 meV
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Figure 5.16: Influence of characteristic energy (FEy) of localized band-tail density of states to reciprocity
relation between electroluminescence (pgr,) and external quantum efficiency (Qe) of pe-Si:H pin device
at temperature 7' = 300K and injection current density Jq = 21.0mA cm~2. The Ej of valence- and
conduction band-tails are assumed to be equal: Ey = FEyo = FEc. Black solid lines show full one
dimensional numerical device simulations of ¢gy, and Q.. The red dashed lines show the correspondence
each, i.e. Pi; < Qo X wph, and Q. x @1, /@b, Where @y, is the hemispheric black body radiation.

is a transition region, which gets sharper if the temperature is lowered. However, in reality (see
blue dot-dashed line) F,y can be allocated to Fy = 27 — 32 meV within the measurement error
if the spectral sensitivity of the setup is uniform. Outside the transition region, a constant offset,
which is approximately 2 meV, can be added to the deduced E\g.

The simulations show that the Ej has only small influence on the photovoltaic conversion effi-
ciency. In fact, the recombination in the doped layers limits the cell efficiency.

5.2.4 Reciprocity Relation

The RR between electroluminescence spectra (gr,) and the external quantum efficiency (Qe) is
influenced by the characteristic energy of the band-tail density of states, i.e. Ey and the injection.
The influence of E was stated earlier for band-to-tail transitions in Section 4.2.3. The trans-
ition from Ey = 20meV < kT = 25.9mV to Ey = 30 — 35meV > kT, which is relevant
for band-tail states in pec-Si:H, shows Figure 5.16 at 7' = 300 K. The injection current dens-
ity Jg = 21.0mA em~2 is chosen to be equivalent to the .J,. under AM1.5 standard solar cell
conditions. The directly simulated ¢gr, and Q. are plotted with black solid lines. The indirectly
deduced ¢fy; X Qe X @b and QL o< @rr/¢pp are plotted with red dashed lines, where ¢y, is
the hemispheric black body radiation.

Note that beside the tail-to-tail recombination, which dominates the luminescence, the simu-
lated gy, are additionally composed from band-to-tail and band-to-band transitions in the high
photon energy region.

The difference between ¢, and ¢f; increases with increasing Ey. The peak photon energy can
be reproduced with Fy = 20meV < k7. And at Ey = kT the peak is very broad. However, at
Ey > 30meV > kT the ¢}y gets very broad and the peak photon energy cannot be reproduced.
In contrast, the deviations between Q. and @/, are very small for all cases in Figure 5.16.
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Figure 5.17: Influence of injection current density (.J) to reciprocity relation between electrolumines-
cence (pg1,) and external quantum efficiency (Q.) of pe-Si:H pin device at temperature 7 = 300 K and

injection current densities Jq = 107°, 1073, 107!, and 10' mA cm~2. The Ej of valence- and conduc-
tion band-tails are assumed to be equal, i.e. Ey = Eyy = E;y = 30meV. Black solid lines show full one
dimensional numerical device simulations of ¢gy, and Q.. The red dashed lines show the correspondence

each, i.e. P x Qe X Ypp and Q) X Ygr,/@bh, Where @y, is the hemispheric black body radiation.

Whereas, the sensitivity of the used measurement setup is limited to the lower end, simula-

tions can work out ¢gy, from low injection. The RR between (). and ¢g;, versus the injection
current density .JJ; = 107° — 10! mA cm™2 is shown in Figure 5.17. The simulations neglect
mid-gap defect states, since luminescence from these states is not observed in the measurements.
Simulations show that transitions from band to mid-gap defect states dominate the luminescence
at room temperature if the injection is low, i.e. the quasi-Fermi level separation is small. This
means that either the spectral sensitivity of the measurement setup or the high injection hampers
the detection of the luminescence from mid-gap defect states in pc-Si:H.
The injection, and therefore the curvature of (). is constant in Figure 5.17. Under the condi-
tions of (e the photon flux is small, i.e. the quasi-Fermi level separation is also small, and
the contacts are short circuited. The deviation between gy, and ¢f;, increases with increasing
injection, since low injection for ¢gy, is close to the conditions of ).. Again, the deviations
between Q. and @/, are very small.

The deviations between gy, and ¢}, and Q. and Q,, which are related through ¢y, can
be understood with the charge carrier occupation probability functions and the exponential de-
caying band-tail density of states. The difference between e and gy, conditions in terms of
the charge carrier occupation probability and the localized band-tail density of occupied states
shows Figure 5.18 in case of high (J3 = 10 mA cm~2) and low (Jg = 107° mA cm™?) injection
with Ey = 20meV < kT and Ey = 35meV > kT. The reciprocity relation between (). and
g1, decreases from left to right. The band-tail densities of occupied states under g, conditions
are plotted in the upper, and the corresponding occupation probability functions are plotted in
the lower row as red dashed lines each. The same holds for the . conditions, which are plotted
as black solid lines. The transparent lines show the band-tail densities of empty states each.

In the case of Ey < kT the band-tail densities of states are steeper than the occupation prob-
ability functions, and therefore the band-tail densities of occupied states under ¢gr, conditions
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Figure 5.18: Comparison between radiative recombination and light absorption in terms of the band-tail
densities of occupied states (V) and the corresponding occupation probability functions (f) of pc-Si:H
pin device at temperature 7' = 300 K. The quasi-Fermi level separation is small for light absorption,
which is plotted as black solid lines. In case of radiative recombination the quasi-Fermi level separation
is large, which is plotted as red dashed lines. The transparent lines show the empty states in case of
light absorption and radiative recombination, respectively. The characteristic energies of the band-tail
densities of states (Eg = E,o = E.) and the quasi-Fermi level separation are assumed to be symmetric.
The Ey = 20meV < kT and Ey = 35meV > kT. The high and low injection current densities are
Jg=10mA cm~2 and Jg = 1075 mA cm~2, respectively.

show the same direction of the slope as under (), conditions. This is the reason, why the peak
photon energy positions (E'v) from gy, and ¢} are compatible, while the pgr, < ¢}, in the
low energy region at E, < E’w

In contrast, this is different in case of Ey > k7', where the occupation probability function is
more abrupt than the band-tail density of states. The two kinks at the quasi-Fermi levels for
trapped charge in the band-tail density of occupied states originates from the two-step Fermi-
Dirac occupation probability function in case of Shockley-Read-Hall recombination. The low
energy kink is not as distinctive as the one in the high energy region, since the occupation prob-
ability function between both quasi-Fermi levels for trapped charge is almost a constant plateau
(compare Figure 2.3).

In case of low injection, which is close to the thermal equilibrium, the quasi-Fermi level separa-
tion is small, and therefore the two kinks are close to each other. The two kinks merge at thermal
equilibrium, which is then similar to the (. conditions.

Up to this point, the observed deviation between pgy, and ¢, or Qe and Q. (from meas-
urements) can be explained with a characteristic energy of the band-tail densities of states
Ey = 31meV > kT. Additionally, the deviation originates from the difference between high
injection under ¢g, conditions and low injection close to the thermal equilibrium under Q. con-



5.2 Discussion 87

Y Eg =20 meV Eg =259 meV Eg =30 meV Ep= 35 meV

% g 103 T '\\| L RN LI N B T '\'\ Trrrr 1001 m g
2o 10 . 100 3 ¢
2 Eqo! 102 o 3
£ =10? 10° & 5
2 10 0% & 5
g 2 10 ] / / 10°® ° 3
= .:.10—5 FEFEEY] EPEPEPErE B BPEPETErE SRV B 10—6 0. c
S _ 3
= §J_ 1.0 15 1.0 15 1.0 15 1.0 15

Photon Energy Ey [eV]

Figure 5.19: Influence of characteristic energy (£) of localized band-tail density of states and mid-gap
defect density of states to reciprocity relation between electroluminescence (¢g;g,) and external quantum
efficiency (Q.) of wc-Si:H pin device. The mid-gap defect state concentration is Nqp, = 2 x 10'° cm™3,
For detailed description, see Figure 5.16.

ditions. However, the influence of mid-gap defect states is neglected so far. From the modeling
of the measured pc-Si:H pin device, the concentration of the Gaussian-distributed amphoteric
mid-gap defect states is determined to be Ny, ~ 10'° cm™3. However, these mid-gap defect
states contribute to (), as plotted earlier in Figure 5.3. This extra contribution decreases the RR
between (). and @gy, in the low energy range FE, < E., since the contribution from mid-gap
defect states to the gy, is only dominant at low injection. The influence of these mid-gap defect
states to Q. and gy, is plotted as black solid lines in Figure 5.19. The deduced @/, and ¢f; are
plotted as red dashed lines. The Ngp, = 2 % 10" cm ™3 is kept constant, while Ey = 20—35meV
is varied.

The value of Ew in pgy, can be reproduced from ¢ within Fy = 20meV. However, the RR
does not hold if Ej is increased. And if Ngy, is very high, Ey cannot be reproduced from ¢,
even at Fy < kT.

Note that the case of Ey = 30 meV is very similar to the measurements in Figure 5.3.

In summary, the requirements to hold up with the reciprocity relation (RR) are not fulfilled
very well if the luminescence originates from localized states, which are close to the quasi-Fermi
levels. The investigations from tail-to-tail transitions in pc-Si:H support the already stated res-
ults from band-to-tail transitions, which are found from Cu(In,Ga)Ses in Chapter 4.

As expected, the gy, from pc-Si:H shows a stronger blue shift than from Cu(In,Ga)Ses, since
the band-tail density of states in pc-Si:H are broader than in Cu(In,Ga)Ses, and tail-to-tail trans-
itions yield the luminescence in pc-Si:H instead of band-to-tail transitions like in Cu(In,Ga)Ses.
A blue shift exists in general if band-tail states are involved in luminescence processes.

Previous work suggested that n, kT = E,g = Ey [45]. Therefore, the radiative ideality factor
ny = 1 in general, as postulated from the RR, is negated if band-tail states are involved in the
luminescence. The n, = 1 from tail-to-tail transitions if Ey = k7. While Ey = 31 meV, the
n, ~ 1 is found around room temperature within measurements. Due to blue shifted PL and EL
spectra, an unequal quasi-Fermi level separation across the device at high injection, and a non-
uniform spectral sensitivity of the measurement setup, which is used here, it is hard to allocate
ny to Ey quantitatively. However, the investigations in this thesis show that F,g = Ej from the
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np in pe-Si:H holds within 10% for moderate injection (Jq ~ 1mA cm™2) and Ey > kT at
room temperature if the measurement setup shows approximately uniform spectral sensitivity in
the photon energy range of peak luminescence.

Since the characteristic energy of the band-tail densities of states in Cu(In,Ga)Se, is found to be
Ey = 17.5meV < kT, the RR between the external quantum efficiency (Q.) and the electrolu-
minescence spectra (pg,) is fulfilled, even under high injection conditions. This requirement is
only partly fulfilled in pc-Si:H, where Ey = 31 meV. The Ey > kT, and due to this, the g,
is very sensitive to high injection, as long as ), is determined under very low injection close to
the thermal equilibrium. Additional mid-gap defect states, which seem not to contribute to the
(EL, yield extra contribution to the ()., and therefore break the RR.

The mid-gap defect states in hydrogenated microocrystalline silicon (pc-Si:H) are moderate in
quantity compared to hydrogenated amorphous silicon (a-Si:H). Furthermore, radiative recom-
bination from mid-gap defect states also contributes to the luminescence of a-Si:H, in addition
to the already investigated tail-to-tail luminescence [60].



Chapter 6

Hydrogenated Amorphous Silicon
Based pin Devices

The requirements to hold up with the reciprocity relation (RR) between the external quantum
efficiency and the electroluminescence are mainly fulfilled in Cu(In,Ga)Sey (see Chapter 4),
however, partly broken in pc-Si:H due to broad valence and conduction band-tail densities of
states, which characteristic energy is higher than the thermal energy (see Chapter 5). Small in-
fluence on the RR between the external quantum efficiency (Q)e) and the electroluminescence
spectra (ygr,) is observed from mid-gap defect states in pe-Si:H.

This chapter investigates the external quantum efficiency and luminescence in hydrogenated
amorphous silicon (a-Si:H) thin-film based pin devices as presented in Section 3.1.1 with meas-
urements (see Section 6.1), and discusses the results with the help of full one dimensional nu-
merical device simulations in Section 6.2. As far as the electronic inter-band states in a-Si:H are
similar to hydrogenated microcrystalline silicon (pc-Si:H), it compares the results to pe-Si:H.
The structure is quite the same as shown in Chapter 5 for pc-Si:H. At the beginning of this
chapter, the photo- (PL) and electroluminescence (EL) (see Section 6.1.1), and the RR to Qe
(Section 6.1.2) measurements are presented. In contrast to Cu(In,Ga)Sey or pe-Si:H, the lu-
minescence spectra from a-Si:H yield two peaks, predominantly around room temperature.
The high photon energy peak is associated to the already presented tail-to-tail luminescence
[58,73,119-123, 125,203, 204], whereas the low photon energy peak, which is experimentally
found to be approximately 0.2 eV below the tail-to-tail peak, is ascribed to band-to-defect trans-
itions [60, 127, 128, 205]. For this reason, the evaluation of the PL, EL, and even the (), in
a-Si:H has to consider both transitions. It is observed that the RR between the g1, and the Qe
is strongly influenced by this additional band-to-defect luminescence.

Due to this additional band-to-defect luminescence, two different radiative ideality factors can
be determined by fitting a common diode law to the luminescence/voltage characteristics from
either tail-to-tail and band-to-defect transitions (see Section 6.1.3).

The measurements are extensively discussed with the help of well fitted full one dimensional
numerical device simulations using ASA in connection with LUME. Though, the discussion fo-
cusses on the results from the band-to-defect luminescence. And the simulations can show that
the RR between (). and gy, is preserved under very low injection conditions, which are not
accessible within measurements due to insufficient detector sensitivity.
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Figure 6.1: Measured spectra of photo- (PL) and electroluminescence (EL) from a-Si:H pin device. The
EL is plotted as black dashed lines, and the PL as red solid lines. All spectra are normalized to the highest
signal at each temperature. Spectra are measured at the temperatures 7' = 330, 300, 270, 240, 200,
172, 150, 133, 120, 109, and 100 K. The PL is excited with photon fluxes ¢ = 3.2 x 10?2, 2.2 x 10?2,
1.5 x 10%2, 7.3 x 10?!, and 3.1 x 10?* m~2s~! at the wavelength A\ = 532nm. This yields current
densities J = Jq = —Jyc = 402, 274, 185, 91.5, and 39.0 mA cm~? at temperature 7' = 300 K. The EL
spectra below 7" = 133 K are not accessible for the reason of technical limitations.

6.1 Experimental Results

As already mentioned in the introduction, the experiments within a-Si:H focus on the influence
from mid-gap defect states with respect to the RR between the external quantum efficiency and
the electroluminescence. The Figure 6.1 shows the measured spectra from PL (¢pr,), which are
plotted as red solid lines, and from EL (pg;1,), which are plotted as black dashed lines. The tem-
perature is varied from above room temperature 7' = 330 K to 7" = 100 K. The charge carrier
injection is altered within one order of magnitude. The photon fluxes under PL conditions are
¢ =3.2x10%2 22 x 10%2, 1.5 x 10%2, 7.3 x 10!, and 3.1 x 102! m—2s! at the excitation
wavelength A = 532 nm. The ¢gr, are measured with injection current densities (J4) equivalent
to the short circuit current densities (Js.) under PL conditions, i.e. J4 = —Js.. Due to technical
limitations and a high series resistance of the device in the dark at low temperatures, the EL is
restricted to temperatures above 7' = 133 K. To meet Jq = —Jg at very low temperatures,
junction voltages V' > 8 V are required.

At the highest temperature the g1, and pr, coincide within the measurement errors. At lower
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temperatures 7' < 270K the pgrr, < ¢pr,, and at a given luminescence intensity the spectral
shapes of g1, and ¢py, are slightly different to each other.

The photon peak energies around l:lY = 1.08 eV continuously shift to higher photon energies
with decreasing temperature. Whereas this shift is weak in the temperature range 7' = 270—200,
it gets stronger below 7" = 150 K. This peak shifts Ajl:lY ~~ 0.20eV within a change of tem-
perature AT = 230K at highest injection. Similar peak shifts are known from tail-to-tail lu-
minescence in pe-Si:H (see Chapter 5). In fact, tail-to-tail luminescence yields this high photon
energy peak [58,73,119-123,125,203,204].

However, at E} = 0.90eV, the spectra show an additional peak, which is dominant at high
temperatures and/or low injection. This peak is often cited as transition from occupied band
to mid-gap defect states [127, 128,205]. Street et al. attributed these defect states to neutral
dangling bonds [60]. It could be that the PL and EL spectra are affected by unintentional dop-
ing/contamination. It is supposed that even slight boron p-type doping, which yields a dopant
concentration of Ny > 3 ppm, introduces additional mid-gap defects to a-Si:H, which yields
luminescence at EX, ~ 0.9eV. A higher phosphorus n-type doping level (Nq > 10 ppm) is
required to quench the tail-to-tail luminescence. However, the peak luminescence from band-to-
defect transitions in phosphorus n-type doped a-Si:H is found to be E‘ﬁ, =0.81eV [60].

With increasing injection, i.e. increasing quasi-Fermi level separation, the tail-to-tail lumines-
cence increases faster than the band-to-defect transition. For this reason of higher quasi-Fermi
level separation at lower temperatures, the band-to-defect peak luminescence intensity decreases
relative to the tail-to-tail luminescence. The mid-gap defect states are almost half-full even at
moderate quasi-Fermi level separation, whereas the occupation of the band-tail density of states
drastically changes with temperature, since the quasi-Fermi levels lie within the band-tail states.

To investigate the influence of any absorber layer contamination to the luminescence spec-
tra, the Figure 6.2 shows a-Si:H pin devices, where the thick, nominally intrinsic absorber layer
is intentionally contaminated with dopant gases during PECVD deposition. The spectra are
measured at T = 300K and the injection current density is Jq = 402mA cm~2. The con-
centrations (Ng) of the dopants are determined from secondary ion mass spectroscopy (SIMS).
Woerdenweber et al. and Merdzhanova et al. previously presented these different types of ab-
sorber layer contamination: boron p-doped (Ngq = 8 x 10'7 ¢cm™3) [206], phosphorus n-doped
(N4 unknown) [207], nitrogen n-doped (Nq = 4 x 10" cm~3) [208], and oxygen n-doped
(Nq = 1 x 10! ¢cm™2) [208-210]. For comparison, the nominally undoped a-Si:H pin device
as investigated here, is also plotted in Figure 6.2 as black solid line.

All spectra from the doped devices show less EL intensity in the high photon energy range com-
pared to the nominally undoped device. The highly nitrogen n-doped device shows a clear peak
at EAf;d = 0.88 eV and another peak in the shoulder at EAEYt = 1.18 eV from a quenched tail-to-
tail transition can be suspected. Since the E}’d and E‘ff are slightly higher than typical a-Si:H
devices from the same deposition, the mobility gap seems to be increased due to the nitrogen
doping. However, the difference between the peak photon energies AEAV = EAf/t — EAEd ~0.3eV
is typical for n-doped a-Si:H, which is observed for phosphorus n-doping by Street et al. [60].

The situation is different for the oxygen and the phosphorus n-doped devices compared to the
nitrogen n-doping. In the high energy range, it is very hard to distinguish between these and the
boron p-doped device. All these devices may show a quenched tail-to-tail transition approxim-
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Figure 6.2: Measured electroluminescence spectra of different a-Si:H pin devices with intentionally con-
taminated intrinsic layer. Contamination gases are boron (plotted as blue dashed line, p-doping, dopant
concentration Nqg = 8 x 10'7 cm™3), phosphorus (purple dashed line, n-doping, dopant concentration
is unknown), nitrogen (green dot-dashed line, n-doping, dopant concentration Ng = 1 x 10'? ecm™3),
and oxygen (red double dot-dashed line, n-doping, dopant concentration Ny = 4 x 10'? cm~3). For
comparison, the in-depth investigated standard a-Si:H pin device is also plotted as black solid line. All
spectra are normalized to its highest signal. Spectra are measured at temperature 7' = 300 K and high
injection Jg = 402mA cm~2. (a) General plot and (b) magnification of the electroluminescence peaks.

ately at E‘ff = 1.14eV, however, the low photon energy peak is suspicious. The phosphorus
n-doped device shows a rather sharp peak at El;d = 0.98¢eV, whereas the oxygen n-doped
device in contrast shows a very broad peak at E‘;’d =~ 0.93 eV (see Figure 6.2(b)). And from the
boron p-doped device a peak at EAEd = 0.87¢eV can be observed. However, at £, = 0.98eV
the EL spectrum from this p-doped device shows a kink, which may arise from an additional
dopant.

However, boron and oxygen are possible candidates for an increased band-to-defect lumines-
cence from a nominally intrinsic absorber layer. On the one hand, silicon has a very high chem-
ical affinity to oxygen. And on the other hand, the absorber layer of this investigated pin device
is grown on top of a boron doped p-layer. Therefore, a diffusion of boron atoms to the nomin-
ally intrinsic absorber layer is feasible. Additionally, the n-doped devices in Figure 6.2 tend to
show a narrow band-to-defect lineshape or at least a steep edge in case of oxygen, in contrast to
the p-doped devices, which is also reported by Street et al. [60]. The rather broad lineshape of
the investigated a-Si:H pin device here, may indicate the induction of additional mid-gap defect
states due to a slight boron doping.

Furthermore, Street et al. found the same difference between the peak photon energies AE, =
EAEYt - E};d ~ 0.20 eV [60] as the here investigated a-Si:H pin device. However, the AE., is no
clear indicator for the doping, since the tail-to-tail luminescence from a-Si:H shows a strong blue
shift. Qiu and Pankove for instance reported AE., = EAgt - Esd = 0.45eV with E“ly’d =0.75¢eV
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Figure 6.3: Measured spectra (¢) from electro- (black solid lines) and photoluminescence (red dashed
lines) of a-Si:H pin device as shown in Figure 6.1 related to the most intense spectrum () each.

and E‘ﬁf = 1.20 eV from heavily p-doped a-Si:H [205]. Therefore, the difference between both

peak photon energies from boron doped a-Si:H can be expected within AEW =0.20-045¢€V,
which may indicate that the investigated a-Si:H pin device is only slightly boron doped, since
we found AE,, ~ 0.20eV.

In summary, high quasi-Fermi level separation in an a-Si:H pin device yields PL and EL
spectra predominantly from tail-to-tail transitions. This is the case either at low temperatures
or under high injection around room temperature. In the contrary case of low injection around
room temperature with little quasi-Fermi level separation, transitions from band to neutral mid-
gap defect states dominate the PL or EL. These mid-gap defect states are maybe induced by
an unintentional diffusion of boron atoms from the p-doped to the nominally intrinsic absorber
layer.

6.1.1 Temperature and Voltage Dependent Luminescence Spectra

And again, the RR requires unchanged spectral shape from EL under different bias conditions.
For this reason, Figure 6.3 shows the p1, and gy, from Figure 6.1 related to the most intense
spectrum (¢g) each, i.e. ppr,/@pr o plotted as red dashed, and ¢gr, /gL o plotted as black solid
lines at high temperatures 1" = 330, 300, 270, and 240 K, where the band-to-defect lumines-
cence is present. The ¢pr, is plotted in Figure 6.3 for comparison with gy, since the radiative
ideality factor is deduced from PL and the linear superposition of ¢py, and gy, is required by
the RR.

The spectra at different temperatures show almost the same behavior. In the low photon energy
range £, < 0.9eV, predominantly at low injection, where the band-to-defect luminescence
is present, the spectra show less blue shift than in the high photon energy range £, > 0.9eV,
where the tail-to-tail luminescence is present. These different blue shifts between band-to-defect
and tail-to-tail luminescence yield a very distinctive kink at £, ~ 0.9 ¢V and low injection.
Blue shifts are known from band-tail states involved luminescence as already presented within
Cu(In,Ga)Ses (see Chapter 4) and pe-Si:H (see Chapter 5). The blue shift from tail-to-tail trans-
itions increases with increasing characteristic energy of the band-tail densities of states. The
characteristic energies of the band-tail densities of states in a-Si:H are expected to be higher
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Figure 6.4: Reciprocity relation between measured electroluminescence (EL) spectra (¢gr,) and external
quantum efficiency (Q.) of a-Si:H pin device. Temperature varies in the range 7" = 330, 300, 270, 240,
and 200K (arrows). The injection current density under EL conditions is Jq = 39.0mA cm™2. (a)
Normalized gy, is plotted as black solid lines, and ¢k & Qe X @b as red dashed lines, where @y, is
the hemispheric black-body radiation. (b) The Q. is plotted as black solid lines, and Q/, & pgrr,/@bh, as
red dashed lines. The magnification box shows little overlap between Q. and Q at T' = 330 K.

than in Cu(In,Ga)Sey or pc-Si:H. Therefore, the here observed blue shift in a-Si:H is stronger
than in Cu(In,Ga)Sey or pc-Si:H. The characteristic energies of the valence Eyg ~ 45meV
[85, 169, 170, 174] and conduction E.y =~ 27meV [174] band-tail densities of states, where
FEyvo > E¢ is regularly found.

The band-to-defect luminescence is present in the photon energy region £, < 0.9¢eV. The
mid-gap defect states are almost saturated even at moderate quasi-Fermi level separation, and
therefore almost no blue shift can be observed at this rather high injection.

6.1.2 Reciprocity Relation

The RR between the ¢gr, and the Q. shows strong disagreement from measurements, since
mid-gap defect states strongly influence the Q.. The Figure 6.4(a) shows the g, which are
normalized to the low photon energy band-to-defect peak, which is plotted as black solid lines in
the high temperature range 7' = 330—200 K. The gy, are measured at lowest feasible injection,
i.e. current density Jq = 39.0mA cm~2. The YL X Qe X @b, Where @y, is the hemispheric
black body radiation, are plotted as red dashed lines. The Figure 6.4(b) shows the opposite pro-
cess, i.e. Q. plotted as black solid lines, and the Q/, gL /¢bb from electroluminescence.

Only a small overlap between gy, and ¢ at the highest temperature can be observed in Figure
6.4(a) at the high energy edge of ¢y, Even the slopes of ¢gr, and ¢f; do not fit in any case of
lower temperatures 7' < 300 K. In Figure 6.4(b), the primarily measured (), is shallower than

the deduced Q.. The Q. decreases with decreasing temperature due to lowered charge carrier
transport.
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Figure 6.5: External quantum efficiency (Q.) of a-Si:H pin device at temperature 7' = 300 K measured
with bias light (black solid lines). The reference without bias light is plotted as red dotted line. Photon
flux of bias light at a wavelength of A = 671 nm is ¢ = 1017 — 1022 m~2s~! (compare arrows). This
yields the open circuit voltages V,. = 367, 461, 576, 689, 796, and 916 mV'.

However, the inset in Figure 6.4(b) shows a small overlap between Q. and Q). The Q). shows
dominant defect absorption (compare Figure 2.11), whereas the @/, shows a contribution from
band-tail states. This indicates that there is a Stokes-shift in a-Si:H [123]. The E’y from tail-
to-tail transitions is lower than the primarily difference between the occupied band-tail densities
of states due to interaction with the lattice, which absorbs the Stokes-shift energy (AE?tOkes)
in this case. Street er al. estimated the AEgtOkes < 0.40€V, so that the relaxation energy is
about 0.20 eV [124], however, the Stokes-shift depends on the deposition conditions, i.e. the
substrate temperature or the power of the PECVD plasma for instance [121]. Even influences
from the excitation energy to the AE§t0kes are reported [122, 125] (however, this may be re-
lated to the excitation dependent blue shift, which is observed from band-tail states). Therefore,
various Stokes-shift energies in a-Si:H and similar materials are cited. Shah er al. observed
AEStks = 0.29eV in a-Si:H [122]. And Park et al. found AES*k = 0.30eV in a-Si
quantum dots [126].

The opposite point of view to a Stokes-shift is that the electrons (Ft,) and holes (Ep), re-
spectively, thermalize from the conduction (F,) and valence () band mobility edges into the
band-tails without significant relaxation effects. Therefore, the EA7 = E.—E,—Ey,— Ey, [211].
From the comparison between Q. and @, in Figure 6.4(b) a Stokes-shift AEstOkes ~ 0.20 —
0.30€eV can be estimated. However, a Stokes-shifted tail-to-tail luminescence is one aspect for
the insufficient RR between Q. and Q). Another aspect is the difference between the almost
equilibrium conditions at low injection for the Q). measurements and the non-equilibrium con-
ditions in case of high injection for ¢gr..

To reduce the difference between the non-equilibrium conditions at gy, and the equilibrium
conditions at ()., the @, is measured with bias light (see Figure 6.5). Note that the contacts
are still short circuited. This bias light may reduce the mid-gap defect contribution to the Qe,
since the mid-gap defect occupation should saturate with increasing injection, and therefore
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the @k, < Qe X @pp could be compatible with the gy, The Figure 6.5 shows the reference
without bias light at 7 = 300 K, which is plotted as red dotted line. The . under different
bias conditions from photon fluxes ¢ = 1017 — 1022 m~2s~! at the wavelength A = 671 nm
(Epn = 1.85eV), which is approximately equivalent to the mobility gap, are plotted as black
solid lines.

The Q. in the low photon energy region with low photon flux (¢ = 10*7 — 10 m~2s7!) in-
creases with increasing injection, whereas the (). in the high energy range E, > 1.10eV is not
affected. This low bias light slightly improves the collection efficiency of deep trapped charge
carriers, since the low energy edge of () originates from the interaction between band-tail and
mid-gap defect states.

However, the Q. in the high energy range under high bias conditions (¢ = 102 —1022m~—25~1),
where the absorption from the interaction between band and mid-gap defect states is present,
is reduced by the factor of 2.5. Thus the disagreement between Q. and Q) is not only due
to a Stokes-shifted tail-to-tail luminescence, also the difference between equilibrium and non-
equilibrium hampers the RR. However, the bias light does not close the gap in the RR between
Q. and pgr, as long as a Stokes-shift is present.

In summary, it is hard to prove the RR between g1, and ). within experiments, since the
gL from tail-to-tail transitions is influenced by a Stokes-shift and the bias conditions between
oErL and Q). strongly diverge. However, this incompatibility is discussed later on within numer-
ical simulations.

6.1.3 Radiative Ideality Factor

The radiative ideality factor (n,) can indicate the states, which are involved in the luminescence
process. The n, is determined by fitting a common diode law to the luminescence intensity
(¢) versus the bias voltage (V') under EL, or the open circuit voltage (V) for various excit-
ation intensities under PL conditions. These measured ¢pr,/Voc characteristics from PL are
plotted as red solid lines in Figure 6.6(a) from band-to-defect and in (c) from tail-to-tail lu-
minescence in a wide temperature range 7' = 330 — 100 K. To test if blue shifted tail-to-tail
luminescence in combination with an unequal spectral sensitivity of the used setup influences
the evidence of the ¢pr,/ Vo characteristics, the numerically integrated spectra from Figure 6.1
(¢ppm2s7 = [@pL[Wm ™2 nm™'] E; d E,) are plotted as red open circles together with
the integrally measured PL (red solid lines). Since the band-to-defect and the tail-to-tail lumin-
escence are similar in intensity around room temperature, the ¢pr, and ¢gg, are measured with an
adapted setup. The low photon energies I/, < 1.1eV, where the band-to-defect luminescence
is present, are measured with the liquid nitrogen cooled germanium detector and additionally a
1.1 mm thick crystalline silicon wafer as edge filter. The high photon energies £, > 1.1eV,
where the tail-to-tail luminescence is present are measured with an uncooled silicon detector,
which has a circular active area of 2 mm diameter. Note that the comparison between Figure
6.6(a) and (c) shows a more reliable signal from the germanium than from the silicon detector.

The slopes of the ¢pr,/ Vi characteristics are plotted as black dotted lines at the highest temper-
ature 7' = 330 K. The band-to-defect luminescence shows a shallower ¢pr,/Vo. characteristic
than the tail-to-tail luminescence in a wide temperature range. Since the n, from tail-to-tail lu-
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Figure 6.6: Integrally measured photo- (PL) and electroluminescence (EL) of a-Si:H pin device at tem-
peratures 7' = 330, 300, 270, 240, 200, 150, 120, and 100 K (arrows). The EL is plotted as black dashed
lines, and the PL as red solid lines. Integrated signals from EL spectra are plotted as black open squares,
and from PL as red open circles. The PL is excited at the wavelength A = 532 nm. The PL as a function
of the open circuit voltage at (a) photon energies £, < 1.1eV (band-to-defect luminescence) and (c)
E, > 1.1eV (tail-to-tail luminescence). The PL/voltage characteristics, which follow a common diode
law with ideality factor (a) n, = 1.76 and (c) times thermal energy n,.kT = E,; = 38.0 meV are plotted
as black dotted lines for highest temperature 7" = 330 K. The PL and EL at (b) 2, < 1.1eV (band-to-
defect luminescence) and (d) E, > 1.1eV (tail-to-tail luminescence) as a function of injection current
density J = Jq4 = —Js, Where Jg is the short circuit current density under illumination for PL. The
luminescence intensity, which scales linear with .J is plotted as black dotted lines.
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minescence is allocated to the characteristic energies of the valence (E\) and conduction (Fcq)
band-tail densities of states, a mixed characteristic energy (Eyg = n,k7’) can be determined. The
derived E,( indicates the theoretical, mixed characteristic energy (£y). As already mentioned
(see Eq. (2.27)), the tail-to-tail luminescence writes as

qV qV
¢ x exp (QEco)eXp(QEvo) 6.1)

if the quasi-Fermi level separation AF; = V. From the denominators of the exponential func-
tions follows

Ey = 2Bl _ nekT. 6.2)
Eeo + Evo

The derived E,y = 38.0meV seems to be consistent with already reported results from a-Si:H
and similar materials. If the E\( is assumed to be approximately 45 meV [85, 169, 170], it
follows the Fcg ~ 34meV from Eq. (6.2), which is in the region of the pc-Si:H conduction
band-tails, which is determined in Chapter 5.
In comparison, the n, from band-to-defect luminescence hides the information of the width of
the dangling bond distribution (oq1,). However, even at moderate quasi-Fermi level separation,
the mid-gap defect states are far from the quasi-Fermi levels and the ogj, is not accessible. In
fact, at moderate quasi-Fermi level separation, the charge carrier occupation function at the mid-
gap defect states is almost constant, and for this reason, the n, from band-to-defect luminescence
is also expected to be constant, which is discussed in detail later on.
Furthermore, both ¢py,/ Vo characteristics in Figure 6.6(a) and (c) show an increasing upward
bending at lower temperatures and/or with increasing injection due to band-bending, which is
already observed from pc-Si:H.
Whereas the band-to-defect luminescence changes one order of magnitude at highest injection
in the given temperature range, the tail-to-tail luminescence changes almost three orders of mag-
nitude. However, an increasing influence to the band-to-defect ¢py,/ Vo characteristics from the
tail-to-tail luminescence at lower temperatures is feasible, since the tail-to-tail luminescence in-
tensity increases faster than the band-to-defect luminescence (see Figure 6.1), and the silicon
edge filter does not eliminate the tail-to-tail luminescence at £, < 1.1eV.

As can be seen from Figure 6.6(a) and (c) the bias contact voltage (V') under EL conditions
(plotted as black dashed line) is hardly influenced by series resistance effects. Therefore, the
Figure 6.6(b) and (d) compare the ¢pr, and ¢gr, as a function of injection current Jq = —Jg,
where Jg is the short circuit current under PL conditions. The ¢gy, is plotted as black dashed
lines, and the ¢}y from numerically integrated spectra is plotted as black open squares. Addi-
tionally, black dotted lines with a slope of unity are plotted as a guide to the eye. And again, the
fast increase of the tail-to-tail luminescence with decreasing temperature is noticeable compared
to the band-to-defect luminescence. Generally, the lower the temperature, the higher the PL and
EL intensity, which originates from a higher quasi-Fermi level separation. The Js. continuously
decreases with decreasing temperature due to lower charge carrier collection efficiency. Whereas
the ¢gr,/Jq and ¢pr,/ Jsc characteristics from band-to-defect luminescence coincide at highest
temperatures 1" = 330 —270 K, the PL and EL from tail-to-tail transitions deviate. In general the
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EL is less intense than the PL at the same injection levels. Such a deviation from band-to-defect
luminescence occurs at lower temperatures 7' = 240 — 150 K, where charge carrier transport
plays an important role.

Furthermore, the band-to-defect luminescence shows distinctive linear behavior (y = 1), which
is also reported by Street ef al. [60]. At lower temperatures, the measurements are affected by
dominant tail-to-tail luminescence, and therefore show a shift from linear to sub-linear behavior
as known from tail-to-tail luminescence in pc-Si:H in Chapter 5. The tail-to-tail luminescence
in Figure 6.6(d) shows the same continuos shift, however, in the whole given temperature range.

In conclusion, the luminescence intensities from band-to-defect and tail-to-tail transitions
can be separated from each other around room temperature. Dominant tail-to-tail luminescence
at lower temperatures influences the evaluation of band-to-defect luminescence.

The ¢pr,/ Vo characteristics from tail-to-tail luminescence show a n, = 1.34 at T = 330K,
which is equivalent to Eg = 38.0meV. This indicates the characteristic energy of the conduc-
tion band-tail density of states F.g = 34 meV if the slope of the valence band-tail is assumed to
be Ey9 = 45 meV according to [85,169,170, 174]. The n, = 1.76 from band-to-defect lumin-
escence shows a shallower ¢pr,/ V. characteristic.

In contrast to the tail-to-tail luminescence, which is already known from pc-Si:H, the band-to-
defect luminescence intensity shows temperature independent linear behavior in the temperature
range 7' = 330 — 172K from ¢pr,/Jsc and @1,/ Jq characteristics.

6.2 Discussion

This section models the investigated a-Si:H pin device with the full one dimensional numer-
ical device simulator ASA in connection with LUME for luminescence and external quantum
efficiency calculations around room temperature 7' = 330 — 270 K, where the band-to-defect
luminescence is present. Subsequently, the measurements are discussed with the help of the well
modeled device with respect to the reciprocity relation (RR). Furthermore, the simulations show
results from luminescence and external quantum efficiency calculations, which are beyond the
limits of the measurements. These simulations give a deeper understanding predominantly for
the RR between luminescence and external quantum efficiency from mid-gap defect states. The
luminescence from these states is only accessible at high temperatures, which therefore requires
high injection within the measurements, far from the thermal equilibrium.

6.2.1 Device Modeling and Characterization

The modeling of the investigated a-Si:H pin device follows the same procedure as shown in
Chapter 5. The parameter set used here bases on the References [72, 154] as presented in detail
in Section 3.2.1. The contact series resistance (Rs), which is limited by the ohmic offset (RY),
and the mobility gap (E,,) is investigated separately. The remaining parameters are calibrated
with common current/voltage (.J/V') characteristics of the device in the dark and under illumin-
ation. The already shown PL and EL spectra, and the external quantum efficiency measurements
complete this calibration.
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Figure 6.7: (a) Series resistance (Rs) and (b) activation energy (£,) measured from a-Si:H pin device.
Measurements are plotted as black open circles. (a) Ohmic contact series resistance R = 0.26 Q2 cm?
at temperature 7' = 330 K is determined by fitting an offset value to the exponential behavior (see Eq.
(3.8)). This fit is plotted as red dashed lines. (b) Measured activation energy (E,) is determined from dark
current/voltage characteristics at temperatures 7' = 290, 298, 309, and 323 K. An extrapolated linear fit
shows E, = 0.98 ¢V at zero volt. This fit is plotted as red dashed line.

Contacts

The Figure 6.7(a) shows the R of the device in the dark, determined from the difference between
a dark J/V characteristic and the Js./V, characteristic under different bias illumination at
T = 330K as already presented in Section 3.2.1. The measurement is plotted as black open
circles. The red dashed line shows a fit of Eq. (3.8). The resistance decreases with increasing
quasi-Fermi level separation and saturates due to an ohmic offset, namely RS. This offset is
not very distinctive, however, the R¢ = 0.26 2 cm? can be estimated by fitting the bending at
V>10V.

Mobility Gap

The mobility gap (E,,) is determined by activation energy (E,) measurements of the device in
the dark (see Figure 6.7(b)). The F, is determined from .J/V characteristics at 7' = 290, 298,
309, and 323 K, which yields the medium E,, at ' = 305K. The E, at V =~ 300 — 500mV
rapidly decreases to higher voltages. The recombination in this low voltage region is dominated
by mid-gap defect states. Influences by a shunt would yield a £, ~ 0eV, which is not observed
here.

Above V &~ 500mV at V' = 574 — 720 mV the medium slope of E, is —1/2, which therefore
corresponds to the E,, according to Pieters et al. [61]. A linear extrapolation of the F, from this
voltage region to V' = 0V together with Eq. (3.10) yields the £, = 2E,(0 V) —6kT = 1.80¢eV.
Willemen, and Zhu et al. found a similar E;, = 1.75eV [62,68]. However, previously reported
E, from a-Si:H vary in the range ~ 1.7 — 2.1eV within uncertainties of a few tenths of an
eV [153,212-215].

Above V' = 750 mV the F, strongly decreases with increasing bias voltage due to limited charge
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Figure 6.8: Temperature dependent current/voltage characteristics of a-Si:H pin device (a) in the dark
and (b) under illumination. Temperatures are 7' = 330, 300, and 270 K (arrows). Measurements are
plotted as dashed lines, and simulations are plotted as solid lines. (b) Charge carrier generation is excited
with a photon flux ¢ = 3.2 x 1022 m~2s7! at the wavelength A = 532 nm.

carrier transport and may converge to £/, = 0eV due to the influence of an ohmic contact series
resistance.

A detailed description of the parameter fitting to JJ/V characteristics is given in the follow-
ing through Figure 6.8. The Figure 6.8(a) shows a semilogarithmic .J/V characteristic of the
a-Si:H pin device in the dark at 7' = 330, 300, and 270 K. The corresponding linear .J/V char-
acteristics of the device under illumination with a photon flux ¢ = 3.2 x 1022m 257! at the
wavelength A = 532 nm are shown in Figure 6.8(b). The simulated .J/V characteristics, which
are plotted as solid lines, are fitted to the measurements, which are plotted as dashed lines.
Whereas the fitting shows good results up to V' =~ 1.0V, the simulations and the measurements
deviate in the higher voltage region, where the .J/V characteristics saturate. The E|, is character-
ized beforehand, however, this and the effective densities of band states (N, = 2.5 x 102 m—3
and Ny = 3.0 x 102 m~3) are adjusted by the current density in the higher voltage range,
right below the saturation of the dark .J/V characteristics. Whereas Zhu et al. reported N, =
4.0 x 1029 cm—3 [68], Sellmer found a smaller Ny, = 0.5 x 10 cm~3 with thermoelectric
power and Hall effect measurements in p-doped a-Si:H samples [155], which are very similar
to the here investigated a-Si:H material. The reason for this discrepancy (between simulations
and measurements) is unknown so far.

By fitting the J/V characteristics, the mobility gap is adjusted to F,, = 1.87¢eV, which is
0.07 eV higher than determined through activation energy measurements around 7' = 305 K.
According to Cody et al., who measured the temperature dependence of the optical band gap
from optical absorption spectroscopy [70], and Liang et al., who measured electroabsorption
[71,72], the change of the temperature dependent mobility gap (see Eq. (2.5)) is assumed to
be a,, = 4.7 x 1074 eV K~L. Tsang et al. found a similar value a,, = 4.3 x 107%eVK~! in
a-Si:H [73].

The charge carrier band mobilities for electrons (un,) and holes (i) can be adjusted by fit-
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ting the current saturation in the high voltage region of the dark .J/V characteristics altogether
with R¢, which is characterized beforehand. In the illuminated J/V characteristics the p, and
tp influence the fill factor (F'F), i.e. the curvature at the point of maximum power, around
V = 900 — 1100mV. However, this F'F' is also strongly influenced by the mid-gap defect
states, i.e. the concentration of dangling bond states (Ngp,), and its capture cross-sections can be
modeled with the curvature of the illuminated J/V characteristics. The same holds for the dark
J/V characteristics. Whereas steep .J/V characteristics in the low voltage region are observed
from the pc-Si:H pin device (see Figure 5.6), this a-Si:H pin device shows predominant recom-
bination through mid-gap defects, which is the main reason for the poor fill factor FF' = 44.1%
at 7' = 300 K for instance. The device is treated under high injection and long exposure times of
several hours at a given temperature, before the temperature is changed within the experiment.
This originates a high mid-gap defect concentration, which slightly increases with prolonged
treatment due to the Staebler-Wronski-Effect (SWE) [216, 217]. Although this SWE is also
observed in pc-Si:H, the defect creation in a-Si:H is expected to be more efficient [218]. The
dangling bond concentration is fitted to Ny, = 5.1, 6.8, and 8.9 x 10'6 cm™3 at decreasing
temperatures 7' = 330, 300, and 270 K.

However, the reason for the deviation between the measurements and the simulations in the high
voltage region, where the current in the dark J/V characteristics saturates, is not clearly known.
Whereas the deviation increases with decreasing temperature in the dark .J/V characteristics,
the opposite case holds for the device under illumination. Although, no distinctive influence can
be observed from the activation energy (see Figure 6.7(b)), this may originate from a contact
barrier at the p-contact between the zinc-oxide and the p-doped layer. Illumination reduces the
influence of this feasible barrier, and higher temperature reduces its effective height.

Beside the J/V characteristics, the device is additionally modeled with PL and EL spectra
at the same temperatures. Under PL conditions, the illumination is the same as for the corres-
ponding J/V characteristics. The Figure 6.9(a) shows the PL spectra normalized to the lower
photon energy peak around EAW = 0.89eV. The same applies to the EL spectra in Figure 6.9(b).
The measurements are plotted as colored dashed lines, and the fitted simulations as colored solid
lines. The simulated spectra from single transitions, i.e. band-to-defect and tail-to-tail, are ex-
emplarily plotted as light red solid lines at " = 330 K each.

The luminescence from tail-to-tail transitions increases with decreasing temperature compared
to the band-to-defect luminescence as already mentioned. The EL simulations seem to fit better
to the measurements than the PL. However, the simulated PL shows a more distinctive tail-to-tail
peak compared to the EL, which can be also observed from the peak luminescence ratios in the
measurements in Figure 6.1. In the measurements below 7" = 240 K (see Figure 6.1) the low
energy shoulder (band-to-defect transitions) from gy, is slightly more intense than from ¢pr,
compared to the tail-to-tail luminescence peak each. This relatively higher band-to-defect con-
tribution to the gy, may yield from the defect-rich doped layers, since the recombination profile
of the the device in the dark, i.e. under EL conditions is slightly broader than of the illuminated
device for PL.

Since the high photon energy peak around E7 = 1.10eV originates from tail-to-tail lumines-
cence, the Eo and Eyg, and the band-tail capture cross-sections can be fitted in this high photon
energy region. The width and the position of the spectra are influenced by the Ey and Ey, re-
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Figure 6.9: Temperature dependent (a) photo- (PL) and (b) electroluminescence (EL) spectra of a-Si:H
pin device. Temperatures are 7' = 330, 300, and 270 K (arrows). Measurements are plotted as dashed
lines, and composed simulations are plotted as solid lines. All spectra are normalized to unity at the low
energy peak around E, = 0.89 eV. The simulated spectra from single transitions are exemplarily plotted
as light red solid lines at 7' = 330K each. (a) Charge carrier generation is excited with photon flux
¢ = 3.2 x 1022m~2s~! at the wavelength A = 532nm. (b) Injection current density Jqg = —J,. =
401 mA cm~2 for EL, where J is the short circuit current density of the device under illumination, e.g.
PL conditions.

spectively. Additionally, the width is influenced by the ratio of the capture cross-sections of the
band-tail states o, = 0y, /0p,. And the position can be shifted with E?‘/“’kes. However, the charac-
terization of Eqo and Fy by fitting the spectra is ambiguous, since o, and EE"OkeS are not well
known. Following the radiative ideality factor, which yields F,g = 38.0 meV, and the valence
band-tail slope to be assumed E,g = 45 meV, the E.9g = 34 meV is obtained. Furthermore, the
ratio of the capture cross-sections of the band-tail states is assumed to be o, = 10 [61,62]. And
a Stokes-shift Egt"kes = 0.115€V fits to the measurement, although the comparison between
Qe and gy, in Figure 6.4(b) may yield Egmkes > 0.20eV.

In fact, the luminescence, which originates from the interaction between the extended band states
and the mid-gap defect states, implies two different kinds of transitions, since dangling bonds are
of amphoteric nature. The transition from either neutral mid-gap defects to valence band states,
or from conduction band states to neutral mid-gap defects is dominant for band-to-defect lumin-
escence. Simulations show that the interaction between charged mid-gap defects and band states
is less intense with a photon peak energy En, ~ 1.07eV. Beside the mobility gap, the spectral
position of the band-to-defect luminescence depends on the position of the mid-gap defect state
distributions (E£qp), the correlation energy between both kinds of amphoteric states (U), and the
width of each distribution (o4p). It is not much known about Eqy,. For this reason, the mid-gap
defect states are assumed to be symmetrically distributed in the center of the mobility gap, i.e.
Eqr = 0.00eV. According to Lee er al. [168], and Willemen [62], the correlation energy is
assumed to be U = 0.20 — 0.30eV. This fitting here yields U = 0.20eV. The distribution
width is fitted to oq, = 120 meV.

Note that the peak intensities may indicate the ratio between the density of states and mid-gap
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Figure 6.10: Measured external quantum efficiency (Q.) of a-Si:H pin device compared to simulations.
Temperature varies in the range 7" = 330, 300, and 270 K (arrow). Measurements are plotted as colored
dashed lines and simulations as colored solid lines.

defect concentration, i.e. on the one hand the Ny, IV, and Ny for band-to-defect luminescence,
and on the other hand the N, and Ny for tail-to-tail luminescence.

Furthermore, the simulation fitting parameters can be checked with the comparison between
the measurements and the simulations of the (). in Figure 6.10. The measurements at 7" = 330,
300, and 270 K are plotted as colored dashed lines, and the corresponding simulations are plot-
ted as colored solid lines. The (). continuously increases with increasing photon energy (E.,).
In the lower photon energy range £, = 0.75 — 1.10eV, the @, is very similar at different tem-
peratures. Beyond this photon energy range, the different (), deviate from each other. Since the
Q. in this photon energy range F, > 1.10eV originates from tail-to-tail and band-to-tail ab-
sorption (compare Figure 2.11), the Q. gives additional indicators for well modeled conduction
and valence band-tail states, i.e. E.o and Eyg, and its density of states at the band edges (N¢g
and Nyg).
The broad plateau at £, ~ 0.90 — 1.40¢eV originates from the interaction between band and
mid-gap defect states (compare Figure 2.11).
However, at low photon energies the measurements deviate from the simulations. This deviation
could indicate to a much larger correlation energy U > 0.20 eV, since this low photon energy
edge originates from the interaction between band-tail and mid-gap defect states. And in addi-
tion to that, note that the Q. needs two processes, namely the charge carrier generation due to
light absorption and the charge carrier transport to the contacts. Therefore, it is more feasible
that the low photon energy deviation yields from the poor charge carrier transport at the local-
ized states, which is not included in the simulations of the Q.

Finally, after model calibration, the simulated ¢pr,/ Vo and ¢gr,/V characteristics (see Fig-
ure 6.11(a) and (c)), which yield the n,, fit to the measurements as well as the ¢py,/Js. and
¢r1/Jq characteristics (see Figure 6.11(b) and (d)). The Figure 6.11(a) and (b) correspond to
luminescence photon energies ., < 1.10eV, where the band-to-defect luminescence is present.
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Figure 6.11: Comparison between measurements and simulations of integrated luminescence of a-Si:H
pin device at temperature 7' = 300 K. Measured photoluminescence (PL) is plotted as red open circles,
and electroluminescence (EL) as black open squares. Charge carrier generation is excited with photon
fluxes ¢ = 2.3 x 102° — 3.2 x 10?2 m~2 s~ ! at the wavelength A = 532 nm. Luminescence/voltage and
luminescence/current characteristics from PL and EL in the photon energy range (a)+(b) £, < 1.10eV
(band-to-defect transitions) and (c)+(d) E, > 1.10eV (tail-to-tail transitions). The injection current
density is J = Jg = —Js under EL conditions, where J,. is the short circuit current density of the
device under illumination for PL.
Simulated PL with respect to the spectral sensitivity of the detector setup is plotted as blue solid lines, and
EL as blue dashed lines. The green dotted lines show simulated PL and EL from (a)+(b) band-to-defect
and (c)+(d) tail-to-tail recombination without accounting for the detector setup.
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The Figure 6.11(c) and (d) show the results from tail-to-tail luminescence in the high photon en-
ergy range I, > 1.10eV. The PL measurements at medium temperature 7' = 300 K are plotted
as red open circles, and the EL is plotted as black open squares. Since the PL and EL is measured
with a germanium and a silicon detector setup, the simulations also account for both setups. The
PL and EL simulations, which include the detector setup, are plotted as blue solid and dashed
lines, respectively. However, the luminescence from band-to-defect and tail-to-tail transitions
superimpose. Since this superposition affects the measurements of integrated luminescence, the
single spectra from band-to-defect and tail-to-tail luminescence simulations, which do not ac-
count for the detector setup, are plotted as green dotted lines.

Generally, the simulations fit well to the measurements. Even the saturation of the ¢y, /V char-
acteristics in the high injection region seems to be handled well. The influence due to the detector
setup is rather small in the low photon energy region (see Figure 6.11(a) and (b)), since the slow
increasing band-to-defect luminescence is dominant at 7' = 300 K. However, the detector influ-
ence increases with decreasing injection, since the contribution from tail-to-tail transitions shifts
into the low photon energy region, where the band-to-defect luminescence is present. Neverthe-
less, the detector influence in the high photon energy region is rather high (see Figure 6.11(c)
and (d)), predominantly at low injection, where the fast decreasing tail-to-tail luminescence is
negligible and the band-to-defect luminescence is dominant.

Both measured ¢py,/V, characteristics in Figure 6.11(a) and (c) are steeper than the sim-
ulations. Whereas the measurements of the tail-to-tail luminescence intensity, which yield
FEyo = 32.0meV, only cover a small range of about two orders of magnitude, the simulations
(Eyp = 35.0meV) fit within the error. The difference between simulations and measurements
of the band-to-defect luminescence in contrast, is significant. Whereas the measurements yield
ny = 1.69, the simulations show n, = 1.95. The reason is an uncalibrated spectral sensitivity
of the measurement setup in connection with the silicon edge filter, which has a broad spectral
overlap with the tail-to-tail luminescence.

The measurements and simulations of the ¢/.J characteristics in Figure 6.11(b) and (d) fit as
well as the ¢/V characteristics. The ¢/J characteristics yield the exponent v and the prefactor
¢o by fitting ¢ = ¢oJ7. Whereas the v = 1.0 — 1.1 in the low photon energy region shows
rather linear behavior (see Figure 6.11(b)), the v = 1.3 in the high photon energy region is
super-linear (see Figure 6.11(d)). Super-linear ¢/J characteristics are already known from tail-
to-tail luminescence in pc-Si:H pin devices (see Chapter 5). And Street et al. also reported the
same super-linear behavior from tail-to-tail [60,219] and a linear behavior from band-to-defect
luminescence in a-Si:H pin devices around room temperature [60].

Overall, the modeling of the device shows good results yielding a parameter set, which is
comparable to the results from Willemen [62], and Liang et al. [72,154]. The whole parameter
set is summarized in Table 6.1. However, the ratio between the peak intensities from band-
to-defect and tail-to-tail luminescence are not handled very well. And the evaluation of the
luminescence intensity from band-to-defect is strongly affected by the measurement setup.
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Table 6.1: Simulation parameters of modeled a-Si:H pin device.

p-Layer i-Layer n-Layer Unit
STRUCTURE
d 20 330 20 nm
TRANSPORT, DOPING, AND EXTENDED STATES
E, 1.87 1.87 1.87 eV
&r 11.9 11.9 11.9 —
X 3.97 4.00 3.97 eV
ay 0.47 0.47 0.47 meV K1
Ny 3.0 x 1020 3.0 x 102 3.0 x 10% em ™3
N, 2.5 x 1020 2.5 x 1020 2.5 x 1020 cm™3
L 14 14 14 cem?V-lis!
Hp 5 5 5 em?V-lg!
E, 0.35 0.00 0.25 eV
VALENCE BAND-TAIL STATES
Eyp 45 45 45 meV
Nyo 7.0 x 1020 7.0 x 1020 7.0%x 102  eV-lem™3
o) 10x107'7  1.0x107'7  1.0x 10717 cm?
o 1.0x 10716 1.0x 107  1.0x 10716 cm?
CONDUCTION BAND-TAIL STATES
Eeo 34 34 34 meV
Nep 7.0 x 1020 7.0 x 1020 7.0 x 102 eV-lem™3
ol 1.0x 1077 1.0x 1077 1.0 x 10717 cm?
oy 1.0x107'  1.0x107'  1.0x 10710 cm?
DANGLING BOND STATES
Ng, >51x10% >51x10°% >5.1x 10 cm ™3
oan 0.12 0.12 0.12 eV
Eap 0.00 0.00 0.00 eV
U 0.20 0.20 0.20 eV
o) 4.0x 1071 40x1071%  4.0x 1071 cm?
ol 40x 1071 4.0x 107  4.0x1071° cm?
o,  40x107"  40x107"  4.0x107M cm?
o 40x 107 40x107  4.0x107H cm?
ELECTRICAL CONTACT

Rt 0.26 Qcm?
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Figure 6.12: Temperature dependent spectral emission peak energy (E:,) as a function of open circuit
voltage (Vo) derived from measured electro- (EL) and photoluminescence (PL) spectra of a-Si:H pin
device as shown in Figure 6.1. The PL is plotted as colored open symbols, and the EL as colored closed
symbols. The PL is excited with photon fluxes ¢ = 3.2 x 10?2, 2.2 x 10?2, 1.5 x 10?2, 7.3 x 102},
and 3.1 x 1022 m~2s~! at the wavelength A\ = 532nm. This yields short circuit current densities
Jse = 402, 274, 185, 91.5, and 39.0mA cm~? at temperature 7' = 300 K. The V. at PL conditions is
also allocated to the EL with corresponding injection current density (J = J4 = —Js.). (a) Low photon
energy peaks from band-to-defect luminescence determined at temperatures 7' = 330, 300, 270, 240, and
200 K (arrow). (b) High photon energy peaks from tail-to-tail luminescence determined at temperatures
T = 300, 270, 240, 200, 172, 150, 133, 120, 109, and 100 K (arrow). The EAA/ from EL are limited to
T > 133 K and the simulations are limited to 7" > 172 K for technical reasons.

6.2.2 Change of Luminescence Spectra

The PL and EL spectra from tail-to-tail luminescence show an already mentioned blue shift,
whereas the spectra from band-to-defect luminescence show almost no shift. The Figure 6.12
shows the photon peak energies (EAW) from PL, which is plotted as colored open symbols, and
from EL, which is plotted as colored closed symbols. The EAAY from PL and EL are both alloc-
ated to the V; under illumination, i.e. PL conditions, since the bias voltage under EL conditions
is strongly influenced by series resistance. The excitation photon fluxes are ¢ = 3.2 x 10?2,
2.2 x 10?2, 1.5 x 10?2, 7.3 x 102!, and 3.1 x 102! m~2s~! at the wavelength A = 532 nm.

The results from band-to-defect luminescence are plotted in Figure 6.12(a). The measurements
are determined in the temperature range 7' = 330 — 200 K. Below this temperature, the EAV can-
not be determined, since the luminescence from tail-to-tail transitions dominates the spectra. The
simulations are determined from single spectra. Generally, the EAA, increases AE7 ~ 26 meV
within a change of temperature AT = 130K. The Ew of the PL is approximately 5 meV
higher than of the EL. Due to more abrupt charge carrier occupation probabilities at lower tem-
peratures, the V. increases AV,. ~ 272mV at constant charge carrier injection. At a given
temperature, the measured E’y increases with increasing charge carrier injection. At 7" = 300 K
the AE,/AVy. = 175meV V! and AE, /AJs ~ 16meV dec! for instance. The simula-
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tions in contrast, show almost constant Ev at a given temperature. The charge carrier occupation
probability of the mid-gap defect states is almost constant, even at moderate quasi-Fermi level
separation (compare Figure 2.6). And the position of the maximum band state occupation at
the band edges does not change with injection. For this reason, the increase of E’y with in-
creasing injection in the measurements may indicate band gap fluctuations. However, these
fluctuations are neglected within the simulations. Since the EA'V indicates the mobility gap, the
temperature dependence AEL,/AT = 26.2meV/130K = 2.02 x 107*eV K~! can be asso-
ciated with the temperature dependence of the mobility gap (c,). From the AE7 /AT follows
=2 X AEV/AT = 4.03 x 10~*eV K. However, the determination of o, via PL or EL
seems to be hampered, since the «, is set to a slightly higher value of 4.7 x 104 eV K1 within
the simulations.

The results from tail-to-tail luminescence are plotted in Figure 6.12(b). The E’y from PL meas-
urements is determined in the temperature range 7' = 300 — 100 K. Due to technical limitations,
the E:, from EL is limited to 7' > 133 K. Also the EAV from tail-to-tail transitions increases with
decreasing temperature. In the higher temperature range 7' = 300 — 200 K the EA, from PL and
EL coincide (AEv < 1meV). Below T' = 200 K the difference between the EA/ from PL and
EL increases with decreasing temperature due to charge carrier transport limitations under EL
conditions. The recombination region under EL conditions is broad and the quasi-Fermi level
separation is less compared to the PL conditions. The simulations show qualitatively the same
behavior. However, the difference between the EV from PL and EL is bigger (AE.Y < 4meV).
And the overall curvature in the simulations is not that distinctive compared to the measure-
ments. Whereas the measurements show a minimal AEALY JAVpe = 237 meV V1atT =200K,
the AEA, / AV, within the simulations slightly decreases with decreasing temperature.

However, compared to the results from the pc-Si:H pin device in Chapter 5 (compare Figure
5.10), this E7 /Voc characteristic in Figure 6.12(b) does not show a local minimal kink. The
broad temperature dependent band-tail densities of states yield an increasing EAL, with increasing
Voe. The E7 = Voe + Ex, where Ey depends on the temperature and the characteristic er}ergies
of the band-tail densities of states (compare Figure 2.10). On the one hand, a kink in the £, /V,,
characteristic is suppressed, since the decrease of the temperature dependent characteristic en-
ergies of the band-tail densities of states dominates the decrease of the temperature. And on the
other hand, at 7" = 300 K the characteristic energies of the band-tail densities of states are broad
(Eeo = 34meV and Eyg = 45meV). Both features yield the AE, /AT < —A V,./AT in
Figure 6.13 at the temperatures 7" = 300 — 172 K, which is the opposite case in Cu(In,Ga)Ses
(compare Figure 4.9) or pc-Si:H (compare Figure 5.10 and Figure 5.11). In Cu(In,Ga)Ses and
pe-Si:H the temperature independent band-tail densities of states are steeper than in a-Si:H.
Note that the maximal E;, = ¢V, — Ey = 0.115eV > 0.0eV in Figure 6.13 at 7' = 150K,
which remarkably fits to the Stokes-shift found by modeling the PL and EL spectra.
Additionally, from simulations a kink in the EAA, /Voc characteristics around room temperature
and above is observed if the broad band-tail states are temperature independent (with E.g =
34meV and E,y = 45meV). However, it is hard to conclude if the measured E7 /Voe char-
acteristic from tail-to-tail luminescence in Figure 6.12(b) indicates the temperature dependence
of the characteristic energies of the band-tail densities of states, since the measurements do not
show a distinctive increase of EAW with decreasing temperature. And note that the temperature
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Figure 6.13: Temperature dependent difference between spectral emission peak energy (EAA,) and open
circuit voltage (V,.), which is derived from measured photoluminescence (PL) spectra of the a-Si:H pin
device as shown in Figure 6.1 (compare Figure 6.12). The V. is plotted as colored closed, and the
El = qVoe — EA, is plotted as colored open symbols.

dependence of the mobility gap only slightly influences the E7 /Vioe characteristics.

6.2.3 Radiative Ideality Factor

The results of the temperature dependent radiative ideality factor (n,) from the measurements
(see Figure 6.6), and the fitted simulations (see Figure 6.11) are summarized in Figure 6.14. The
results are also separated by the origin of the luminescence. The PL and EL in the low photon
energy range (£, < 1.10eV), which originate from band-to-defect transitions, are plotted as
red open circles (PL) and black open squares (EL), respectively. And the luminescence, which
originates from tail-to-tail transitions at high photon energies (£, > 1.10eV), is plotted as
red closed circles (PL) and black closed squares (EL), respectively. The simulations of PL are
plotted as blue solid lines, and of EL as blue dashed lines. Green dotted lines show the unaffected
results from single spectra, since both kinds of spectra (band-to-defect and tail-to-tail) can be
separated within simulations.

The measurements include the temperature range 7' = 330 — 100 K, whereas the simulations
are only stable within 7" = 330 — 172 K. The values are derived at the injection current densities
J = 10 — 100 mA cm™2 at room temperature. The increasing upward bending in the ¢pr,/ Vi
characteristics under high injection conditions in connection with the increasing signal-to-noise
ratio at low injection with decreasing temperature requires a continuous shift of the fitting range
to J = 1 — 10mA cm~2 at lowest temperature 7 = 100 K.

The Figure 6.14(a) shows the radiative ideality factor from band-to-defect (nfd) and tail-to-tail
(ntt) transitions, derived under PL conditions. The measured n°? decreases almost continuously
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Figure 6.14: Temperature dependent evaluation of integrally measured electro- (EL) and photolumines-
cence (PL) of the a-Si:H pin device as shown in Figure 6.6. Temperatures are 7" = 330, 300, 270, 240,
200, 172, 150, 133, 120, 109, and 100 K. Luminescence at high photon energies £, > 1.1eV from
tail-to-tail transitions is plotted as closed symbols. Luminescence at low photon energies £, < 1.1eV
from band-to-defect transitions is plotted as open symbols. The PL is plotted as red circles, and the EL
as black squares. The PL simulations accounting for the detector setup are plotted as blue solid lines,
and the EL simulations are plotted as blue dashed lines. The corresponding simulated theoretical values,
which do not account for the detector setup, are plotted as green dotted lines. At temperature 7' = 300 K
the values are derived in the injection current density range J = 10 — 100mA cm~2. Due to the up-
ward bending in the PL/voltage characteristics under high injection conditions, and due to the increasing
signal-to-noise ratio with decreasing temperature at low injection, this region continuously shifts to one
decade less injection at 7' = 100 K. (a) The radiative ideality factor (n,) derived from Figure 6.6(a)
and (c) by fitting a common diode law to the PL/voltage characteristics. (b) The characteristic energy
(Ero = n.kT) from tail-to-tail transitions derived from n, in Figure 6.14(a), where kT is the thermal
energy. (c)+(d) The fitting of an exponential behavior to the luminescence ¢ = ¢J7 to the ¢pr,/Jsc and
¢rL/Ja characteristics in Figure 6.6(b) and (d) yields the exponent +y and the prefactor ¢g as a function
of the temperature, where J. and Jq = —J is the injection current density for PL and EL, respectively.
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with decreasing temperature, whereas the nf' increases down to T = 200K. Both radiative
ideality factors are quite similar below 7' = 200K. In fact, below 7" = 200K both nPd and
nt® correspond to the tail-to-tail transitions, since the band-to-defect transitions yield negligible
low luminescence intensity at these temperatures. The comparison with the simulations shows
that the deduction of nPd is strongly influenced by the measurement setup, which integrates
the luminescence from photon energies £, < 1.10eV, although the photon peak energy from
tail-to-tail luminescence is EA7 = 1.01 — 1.13eV. The simulations show an unaffected and
constant n”4 = 2.0 from band-to-defect transitions. The charge carrier occupation of the mid-
gap defect states is almost constant and not influenced by either a change of the illumination
photon flux or the temperature if the quasi-Fermi levels are sufficiently separated. For this
reason, the luminescence intensity writes with the Eq. (2.31) as

1%
é 7 exp (2q/TT> (6.3)

if the quasi-Fermi level separation AEy = V, and where 72 is the constant charge carrier concen-
tration in the mid-gap defect states. From the denominator of the exponential function directly
follows

nPd =2 6.4)

for band-to-defect transitions.

The increasing nt® is already known from tail-to-tail transitions in pc-Si:H (see Chapter 5). The
Figure 6.14(b) shows the Eyy = n*kT, which corresponds to the characteristic energy of the
band-tail densities of states (compare Eq. (6.2)). The E,o decreases with decreasing temperat-
ure. And the simulations fit the measurements within the error. An unequal quasi-Fermi level
separation (A Ey) through the device, where the device contact voltage does not correspond to
the A Ef in the recombination region is one aspect for the decreasing E,¢. This is also discussed
for pc-Si:H, where the characteristic energies of the band-tail densities of states are assumed
to be temperature independent. Therefore, the continuously decreasing FE,q as another aspect
indicates the temperature dependence of the band-tail slopes in a-Si:H. However, a freeze-in
temperature according to Smith and Wagner [220], and Crandall [221], where the Eg and Eyg
get temperature independent, is not clearly indicated, since the electrical field affects the de-
crease of Fyg.

The luminescence from either band-to-defect or tail-to-tail transitions can also be distinguished
by the linearity () between the luminescence (¢) and injection current density (J), i.e. ¢ =
¢oJ?Y. The ~ from PL and EL of tail-to-tail transitions in Figure 6.14(c) shows super-linear
behavior around room temperature, and continuously decreases with decreasing temperature to
sub-linear behavior, which is already known from pc-Si:H. The PL and the EL are quite similar,
which indicates their superposition in Eq. (2.3). The same is observed from the corresponding
simulations, which however, decrease more slowly than the experiments. As long as the «y in the
measurements is derived from composed spectra, and the band-to-defect luminescence is dom-
inant at the higher temperatures, the measurements seem to be strongly influenced by the setup,
as already mentioned before. However, the measured  of band-to-defect transitions therefore
shows pretty good results, which are similar to the simulations. In fact, the measured PL shows
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Figure 6.15: Evaluation of quasi-Fermi level separation (A Ef) in dependency of luminescence intensity
(¢) of a-Si:H pin device by local recombination model. (a) The ¢ from different luminescent transitions,
i.e. band-to-band (red solid line), band-to-tail (orange dashed line), tail-to-tail (green dashed line), band-
to-charged defects (purple two dot-dashed line), and band-to-neutral defects (blue dot-dashed line). (b)
The corresponding radiative ideality factors n, are derived from (a).

linear behavior in a wide temperature range 7' = 330 — 200 K, which is also observed by Street
et al. [60]. The corresponding EL is limited to 7" = 330 — 240 K. Below these temperatures,
the measurements are affected by the dominant tail-to-tail luminescence, and additionally, the
EL may be influenced by transport phenomena. Nevertheless, both kinds of transitions show
characteristic v around room temperature, which can help to distinguish between luminescence
from either band-to-defect or tail-to-tail transitions.

The luminescence intensity, which is derived from the prefactor ¢ in ¢ = ¢o.J” shows a strong
increase of the PL from tail-to-tail transitions within almost six orders of magnitude with de-
creasing temperature (see Figure 6.14(d)). The corresponding EL shows slightly less increase.
The measured PL and EL from band-to-defect transitions show a similar increase with decreas-
ing temperature within three orders of magnitude. However, the comparison with the simulations
again shows the influence of the measurement setup. In fact, the band-to-defect luminescence
from simulations does not increase with decreasing temperature.

The Figure 6.15(a) summarizes the results from ¢/V characteristics at 7 = 300K and
the derived n, (see Figure 6.15(b)) from different luminescent transitions, which are discussed
within this thesis.

The ¢/V characteristics in Figure 6.15(a) result from the local recombination model, which
neglects transport phenomena and/or contact series resistance. The different ¢ depend on the
absolute densities of involved states. Therefore, the ratio between the different luminescent
transitions may vary between different devices. However, the ¢/V characteristics in Figure
6.15(a) are representative for a-Si:H as long as the modeling parameters of this a-Si:H pin device
here are common. The quasi-Fermi level separation (AFE;) at the upper end is restricted to
the radiative limit ¢Vocrada = (1 — T/T%)E, + kT In(Ty/T) — kT InQrep = 1.37€V with
E,, = 1.87¢V, the temperature of the sun T = 5500 K, the device temperature T' = 300 K, and
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a radiative efficiency Qrgp = 1078 [21,222].

In Figure 6.15(a) it can be seen that the luminescence (either PL or EL) in a broad region of
quasi-Fermi level separation AF; = 300 — 1075 meV is dominated by band-to-neutral mid-
gap defect transitions (plotted as blue dot-dashed line). The band-to-charged mid-gap defect
transitions (plotted as purple dot-dashed line) are similar, however, approximately one order of
magnitude less intense. At AE; > 1075 meV the faster increasing tail-to-tail luminescence
intensity (plotted as green dashed line) dominates the ¢/V characteristics. Although, the ¢/V
characteristics from band-to-tail (plotted as orange dashed line) or band-to-band (plotted as red
solid line) transitions are even steeper than the ¢/V characteristics from band-to-defect or tail-
to-tail transitions, the band-to-band and band-to-tail transitions are not relevant in a-Si:H, since
these transitions are only dominant at very high quasi-Fermi level separation close to the band
edges, which is forbidden due to the radiative limit.

The n, = 1 as required by the reciprocity relation can be observed from band-to-band transitions
in Figure 6.15(b). The more localized inter-band defect states are involved in the luminescence
process, the higher the n,. The n, = 2Ey/(kT+E)p) (see Eq. (4.4)) from band-to-tail transitions,
as observed in Cu(In,Ga)Ses in Chapter 4 depends on the temperature and the characteristic
energy of the band-tail densities of states (Fp). The luminescence from tail-to-tail transitions
can be written as n, = Ey/kT if the characteristic energies of the conduction (Eqo) and the
valence (Eyq) band-tail densities of states are symmetric, i.e. Fy = E.9g = Ey(. In the more
general case Ey # Eyo like in a-Si:H, the Fy rewrites as Ey = 2Eq0FEyo/(Fe + Fyo). This
holds in the case of moderate and high quasi-Fermi level separation.

The radiative ideality factor from band-to-defect transitions is n, = 2 if the AFE} is moderate,
i.e. the charge carrier occupation at the mid-gap defect states is approximately constant. The
luminescence from band-to-charged mid-gap defect transitions is more sensitive to the A F than
the luminescence from band-to-neutral mid-gap defect transitions, predominantly at AEy <
950meV. Whereas the occupation probability function of neutral defects (F°) is symmetric
between the quasi-Fermi levels, the occupation probabilities of charged defects (F* and F'™)
are two-step Fermi-Dirac functions. This yields the constant plateau of F'° to be broader than of
F* or F~, and therefore a constant n, = 2 to lower A E; (compare Figure 2.6).

6.2.4 Reciprocity Relation

The RR between the electroluminescence spectra (¢gg,) and the external quantum efficiency
(Qe) in a-Si:H is hampered due to high quasi-Fermi level separation (A E¢) and Stokes-shifted
tail-to-tail luminescence within experiments. High AFE} drives the device far off the thermal
equilibrium conditions. The influence of the A F¢ to the RR between the (). and the gy, illus-
trates Figure 6.16 at " = 300 K. For this reason, single EL spectra from band-to-neutral mid-gap
defect and from band-to-charged mid-gap defect transitions are simulated. Tail-to-defect trans-
itions at even lower photon energies are neglected, since these transitions are only dominant at
very low injection, and not accessible within experiments for this reason. Thus, only the in-
teraction between band and mid-gap defect states is considered in the simulated Q. and ¢gy,,
which are plotted as black solid lines each. The ¢g;, are composed of single EL spectra from
band-to-charged mid-gap defect transitions, which are plotted as purple shaded areas, and from
dominant band-to-neutral mid-gap defect transitions, which are plotted as green dotted lines.
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Figure 6.16: Influence of injection current density (J) on reciprocity relation between electrolumines-
cence (¢gL,) and external quantum efficiency (Q.) of a-Si:H pin device at temperature 7' = 300 K and
injection current densities J = 10!, 10~7, 1073, and 10' mA cm~2. The width of the Gaussian-
distributed mid-gap defect states is og, = 0.12eV. And its correlation energy is U = 0.20eV. Black
solid lines show full one dimensional numerical device simulations of gy, and Q.. The red dashed lines
show the correspondence each, i.e. Y, < Qe X @p1, and QL x @gL/Ybb, Where @y, is the hemispheric
black body radiation. The green dotted lines show the single gy, from transitions between band and
neutral mid-gap defect states. And the purple shaded areas show the single ¢, from transitions between
band and charged mid-gap defect states.

The red dashed lines show the Q) x ¢grL/¢bb and ¢l x Qe X @b, each, where @y, is the
hemispheric black body radiation.

The injection current density is altered within J = 107111077, 1073, and 10! mA ¢cm—2, which
yields V = 0.2, 34.8, 458, and 1013 mV. The AE; is very similar, since the injection current is
moderate. The parameters of the Gaussian-distributed mid-gap defect states are taken from the
modeling of the device, i.e. Ngp, = 6.8 x 106 cm =3, o4 = 0.12eV, and U = 0.20€V.

The main part of the neutral mid-gap defect occupation function (F°) is in between the quasi-
Fermi levels, and broadens with increasing AE;. In contrast, the main part of the two-step
Fermi-Dirac distributions of charged mid-gap defects (either F'* or F'~) shifts to the band edges
with increasing A Ey. Therefore, the peak photon energy (EA,'W) of the band-to-neutral mid-gap
defect transitions is constant and the spectrum is broadened under different bias conditions,
whereas the Eﬂ, of the band-to-charged mid-gap defect transitions shifts to higher photon ener-
gies with increasing AFE. As already stated before, since the intensity of the band-to-neutral
mid-gap defect transitions dominates the band-to-charged mid-gap defect transitions, the ¢g;,
from band-to-charged mid-gap defect transitions is hardly to detect within experiments.

If the AE} is increased, the RR between Q. and gy, is insufficient due to the broadening of
FO. Since the high photon energy range of oy, and ¢}y is determined by tPe temperature, the
overlap of gy, and ¢} is adjusted in the high photon energy range above L. The same holds
for the overlap of Q. and @, which is also adjusted in the high photon energy range, where Q.
saturates.

The case of J = 10mA cm~2 in Figure 6.16 is similar to the measurements in Figure 6.4. A
small overlap of gy, and ¢}y in the high photon energy range can be observed from the simu-
lations and measurements. In both cases, the ¢y increases faster than the ¢y, with decreasing
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photon energy, which originates from the different A E¢ under (). and gy, conditions. Since
transitions from band-tail states affect the measurements, the comparison between measured and
simulated Q, is even harder. The band-tail states in the measurements yield Q% not to saturate
in the high photon energy range (see Figure 6.4). Only a small kink, which may indicate the
saturation of the measured @, can be observed.

Note, from simulations can be observed that the gy, from band-to-neutral mid-gap defect trans-
itions broadens with increasing correlation energy U. And the width of the mid-gap defect
distribution (oqy,) also affects the width of ¢gy,, however, the RR between Q, and ¢gy, holds the
more, the sharper the mid-gap defect distributions, i.e. the smaller ogp.

In summary, the luminescence and the external quantum efficiency from a-Si:H tie in with
the results from pc-Si:H in Chapter 5 with respect to the reciprocity relation. Additional to
the already known luminescence from tail-to-tail transitions, band-to-defect transitions affect
the luminescence in a-Si:H. The observed luminescence spectra and the radiative ideality factor
can be properly explained with the help of full numerical device simulations. Furthermore, an
analytical approach can explain the radiative ideality factor. And even an insufficient reciprocity
relation between the luminescence from band-to-defect transitions and the external quantum
efficiency, which involves mid-gap defect states, can be explained with simulations.



Chapter 7

Conclusions and Outlook

The reciprocity relation by Donolato [20] and Rau [21, 22] connects light absorption and radi-
ative recombination. This connection holds if the luminescence spectra show constant unshifted
curvature under different bias conditions, the luminescence/voltage characteristic yields a ra-
diative ideality factor of one, and if the voltage-driven EL spectra and the illumination-driven
PL spectra under short circuit conditions superimpose linearly. Following these requirements of
the reciprocity relation, this thesis investigates Cu(In,Ga)Sey np heterojunction, hydrogenated
microcrystalline (pe-Si:H) pin, and amorphous (a-Si:H) pin devices with experiments and sim-
ulations. The requirements of the reciprocity relation are mainly fulfilled in semiconductors,
which are free of defect states. However, additional inter-band states, which arise from defects,
affect the relation between light absorption and radiative recombination.

The main part of the radiative recombination, i.e. luminescence, in Cu(In,Ga)Sey np het-
erojunction devices around room temperature as investigated in this thesis, is found to origin-
ate from band-to-tail transitions. Defect states at the CdS/Cu(In,Ga)Se, interface and in the
Cu(In,Ga)Ses bulk can be reduced by accelerated light soaking. Most of the treatment lasts per-
manently. The band-tail densities of states, which yield a characteristic energy £y = 17.5 meV
by fitting simulations to the luminescence spectra are quite steep. The additional broadening of
the luminescence spectra is found to originate from band gap fluctuations, which are assumed to
be Gaussian-like with a distribution width of o, = 38 meV.

The luminescence spectra and the external quantum efficiency, which corresponds to the light
absorption, as required by the reciprocity relation are compatible within experiments. The local
recombination model shows that the external quantum efficiency and the luminescence spectra
are not compatible if the band-tail densities of states become broad, i.e. Fy > kT

Steep band-tail densities of states even prohibit the luminescence spectra to shift under different
bias conditions. Therefore, the reciprocity relation between the electroluminescence and the ex-
ternal quantum efficiency is almost not affected even at high charge carrier injection.

However, the radiative ideality factor (n,), which is deduced from luminescence/voltage char-
acteristics, deviates from the postulated temperature and injection independent n, = 1, which
holds for band-to-band transitions. The influence of the band-tail states yields n, = 2E/(kT +
Eo) if By > kT.
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The situation is different in pc-Si:H pin devices. The main part of the luminescence origin-
ates from tail-to-tail transitions, since the band-tail densities of states are found to be broader
than in Cu(In,Ga)Ses. From the comparison between the measurements and well fitted full one
dimensional numerical device simulations, the characteristic energy of the band-tail densities of
states is calculated to be Ey = 31.0meV.

The reciprocity relation between the luminescence and the external quantum efficiency is only
valid in a small spectral range, since the characteristic energy of the band-tail densities of states
is higher than the thermal energy. The reciprocity relation only holds in the high photon energy
range above the spectral emission peak. Simulations show that this reciprocity relation is af-
fected even at moderate injection levels (J =~ 10~ mA cm~2). However, in case of very low
injection (J ~ 1075 mA cm™2) close to the thermal equilibrium, the reciprocity relation holds.
Additional mid-gap defect states, which do not contribute to the luminescence, however, con-
tribute to the external quantum efficiency in the low photon energy range. This fact, in addition,
affects the validity of the reciprocity relation in pc-Si:H.

As a consequence of the the broad band-tail densities of states, the luminescence spectra show a
distinctive blue shift with increasing injection level.

The radiative ideality factor from tail-to-tail transitions at room temperature indicates the charac-
teristic energy of the symmetric and temperature independent band-tail density of states, which
can be approximated as n, = FEy/kT. The simulations show that the characteristic energy of
the band-tail densities of states can be deduced from luminescence/voltage characteristics within
small errors.

The luminescence around room temperature in a-Si:H pin devices yields luminescence from
band-to-defect transitions, in addition to tail-to-tail transitions. However, the characteristic en-
ergies of the band-tail densities of states are found to be even broader than in pc-Si:H. The char-
acteristic energy of the valence band-tail is assumed to be Eyo = 45 meV, which then yields the
conduction band-tail E.g = 34 meV by fitting full one dimensional device simulations.

The broad band-tails, a high mid-gap defect state concentration, and Stokes-shifted lumin-
escence from tail-to-tail luminescence in a-Si:H completely hamper the reciprocity relation
between the luminescence and the external quantum efficiency. Fitting our model to the ex-
perimental data indicates that in the presence of mid-gap defects, the reciprocity relation is only
valid at extreme low injection conditions (J < 10~" mA cm™2), where the device is almost in
thermal equilibrium.

Regarding the broad band-tail density of states in a-Si:H, the spectral shift of the tail-to-tail lu-
minescence is similar to pe-Si:H. The temperature dependent spectral shift of the band-to-defect
luminescence indicates the temperature dependent increase of the mobility gap, since the quasi-
Fermi levels at moderate and high injection (J ~ 10 — 100 mA cm™2) are far from the bands
and the mid-gap defect states. Additionally, this yields the band-to-defect luminescence also to
indicate the mobility gap if the position of the mid-gap defect states is known.

The deduction of the radiative ideality factor from band-to-defect luminescence/voltage char-
acteristics needs an adapted measurement setup. A not well adapted setup and a luminescence
intensity almost equal to the tail-to-tail luminescence hinders the right deduction of the radiative
ideality factor from band-to-defect luminescence. However, fitting our model to the experi-
mental data indicates a constant radiative ideality factor n, = 2 at moderate and high injection.
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The parallel validation of photo- and electroluminescence in all three materials shows that
the photo- and electroluminescence superimpose fairly well around room temperature and at low
injection levels, i.e. with small quasi-Fermi level separation.

In summary, the requirements of the reciprocity relation hold the more, the less defect states,
either band-tails or mid-gap defects are in the gap. Hence, the reciprocity relation between the
external quantum efficiency and the luminescence is affected by the density of defect states, i.e.
it only holds if the device is close to the thermal equilibrium. In dependence of the density of
defect states, the injection level has to be lowered by several orders of magnitude to achieve a
sufficient reciprocity relation. However, even in the case of medium mid-gap defect state con-
centration, the compatibility is not accessible within experiments.

The temperature dependent radiative ideality factor correlates fairly well to the dominant
luminescent transition. With the luminescence/voltage characteristic calibrated, the local quasi-
Fermi level separation can be deduced from whole modules by electro- or photoluminescence
imaging, even in low mobility materials. Therefore, the results from this thesis help to analyze
luminescence imaging, where the solar cells are not limited to the devices, which are investigated
here.

Furthermore, the investigation methods, which are used within this thesis can be expanded to
new solar cell concepts, like organic materials for instance.

And for the optical simulations, the self-absorption of luminescence light is neglected in this
thesis so far. The influence of self-absorption to luminescence spectra could be improved in a
future work.
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