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Abstract

The changes of defect characteristics induced by accelerated lifetime tests on solar cells of
the heterostructure ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo are investigated. Encapsulated modules
were shown to be stable against water vapor and oxygen under outdoor conditions, whereas
the fill factor and open-circuit voltage of non-encapsulated test cells are reduced after pro-
longed damp-heat treatment in the laboratory, leading to a reduced energy conversion effi-
ciency. We subject non-encapsulated test cells to extended damp-heat exposure at 85◦C am-
bient temperature and 85% relative humidity for various time periods (6h, 24h, 144h, 294h,
and 438h). In order to understand the origin of the pronounced changes of the cells, we
apply temperature-dependent capacitance–voltage measurements, admittance spectroscopy,
and deep-level transient spectroscopy. We observe the presence of electronic defect states
which showed an increasing activation energy due to damp-heat exposure. The correspond-
ing attempt-to-escape frequency and activation energy of these defect states obey the Meyer-
Neldel relation. We conclude that the response originates from an energetically continuous
distribution of defect states in the vicinity of the CdS/chalcopyrite interface. The increase
in activation energy indicates a reduced band bending at the Cu(In,Ga)(S,Se)2 surface. We
observe changes in the bulk defect spectra due to the damp-heat treatment as well.

Kurzfassung

Die Untersuchung der geänderten Defektcharakteristika, die durch beschleunigte Lebens-
dauertests von ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo Dünnschichtsolarzellen verursacht werden,
sind Ziel dieser Arbeit. Gekapselte Module sind stabil gegenüber Wasserdampf und Sauer-
stoff, der F̈ullfaktor und die Leerlaufspannung von ungekapselten Testzellen hingegen wer-
den durch eine k̈unstliche Alterung im Labor verringert; dies führt zu einer verminderten
Energieumwandlungseffizienz. Diese künstliche Alterung wird anhand des ‘Damp-Heat’
Tests durchgeführt, bei dem die ungekapselten Zellen feucht-warmer Luft von 85◦C Umge-
bungstemperatur und 85% relativer Luftfeuchtigkeit für verschiedene Zeitdauern (6h, 24h,
144h, 294h und 438h) ausgesetzt. Um den Ursprung der geänderten Solarzellenparame-
ter n̈aher zu beleuchten, wenden wir temperaturabhängige Kapaziẗats-Spannungsmessungen,
Admittanzspektroskopie und Transiente Störstellenspektroskopie an. Wir beobachten elek-
tronische Defektzustände, welche eine proportional zur Dauer der ‘Damp-Heat’ Belastung
erḧohte Aktivierungsenergie aufweisen. Die korrespondierende Fluchtfrequenz (der Vorfak-
tor der Emissionsrate) und die Aktivierungsenergie dieser Defektzustände folgen der Meyer-
Neldel Regel. Wir folgern, daß eine kontinuierliche Energieverteilung von Defektzuständen
in der N̈ahe der CdS/Cu(In,Ga)(S,Se)2 Grenzfl̈ache daf̈ur verantwortlich gemacht werden
kann. Die erḧohte Aktivierungsenergie deutet demnach auf eine Verminderung der Bandver-
biegung an der Cu(In,Ga)(S,Se)2 Oberfl̈ache hin. Zudem beobachten wir durch die ‘Damp-
Heat’ Belastung induziertëAnderungen in den Defektspektren von Volumenstörstellen.
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1 Introduction

Renewable energies in general and solar cells in particular are becoming an important focus
of energy production, especially the prospects of thin film solar cells are of great promise.
They offer high energy conversion efficiencies with a relatively low amount of source ma-
terials at competetive costs and a favorable energy balance. Thin film solar cells based on
the chalcopyrite CuInSe2 are closest to commercialization; they have been sold by Siemens
Solar (now Shell Solar) since 1998. Considering that this cell concept contains semiconduc-
tor layers of mainly polycrystalline nature with more than ten different constituents, it seems
surprising that a relatively high performance and reproducibility are achieved. The physical
understanding of the underlying principles of electronic transport and morphological proper-
ties, however, always remains a step behind the technological invention.

Already in the sixties, the search for direct semiconductors with an appropriate energy gap
as absorber of sun light has led to the first CdS/CdTe and CdS/CuxS solar cells. Unfortu-
nately, these early systems (especially the latter one [1]) showed degradation. In 1975 the
use of ternary chalcopyrites as absorber material lead to the development of stable single-
crystalline thick film CdS/CuInSe2 solar cells with energy conversion efficiencies of about
12%, presented by Bell Labs. The first CdS/CuInSe2 thin film solar cells were reported by
Mickelsen and Chen [2] in 1981 with 9.4% efficiency. The unfavorable absorption edge of
CdS as window material was addressed in 1988, when Mitchell and Liu [3] presented the
heterostructure presently used, ZnO/CdS/CuInSe2, with CdS being a thin intermediate layer.
This system showed promising performance (energy conversion efficiency of about 14%)
and high stability. Today, CuInSe2-based thin film solar cells have achieved relatively high
energy conversion efficiencies on laboratory scale devices (18.8% reported in Ref. [4]) as
well as large area modules (up to 12.5%) [5, 6, 7], and once again the focus of research and
development shifts back from optimizing the performance to achieving a higher (than before)
intrinsic stability against environmental hazards. The long-term stability under outdoor con-
ditions for at least 20 years is a key prerequisite for the success of solar cells as a powerful
source of renewable energy.

Encapsulated Cu(In,Ga)(S,Se)2-based thin-film modules have been demonstrated to per-
petuate their performance over many years under various environmental conditions [8]. In or-
der to understand the potential power losses developing over the course of decades, standard-
ized accelerated lifetime tests assist the investigation to be performed within a few weeks.
The acceleration factor of these stress tests relative to a field test is presently still unknown;
it would be needed for a reliable extrapolation of the module lifetime based on stress exam-
ination results. For that purpose, we look for a better understanding of stress-test induced
changes in the device. The most severe part of the well-established IEC 1215 (ISPRA) test is
an exposure of the cells under investigation to 1000h of damp heat (DH) treatment at a tem-
perature of 85◦C and a relative humidity of 85%. Improved technology and encapsulation



2 1 Introduction

procedures led to reduction of degradation effects, thus, modules fabricated to date passed
the accelerated lifetime tests [8, 9]. Non-encapsulated Cu(In,Ga)(S,Se)2-based solar cells,
however, showed losses in the fill factor and open-circuit voltage after exposure to the DH
test, whereas the short-circuit current remained almost unaffected.

In the present study, I analyze the influence of accelerated lifetime tests
on non-encapsulated ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo heterostructure solar cells and
Cr/Cu(In,Ga)(S,Se)2 Schottky contacts, focusing on the electronic properties of the
Cu(In,Ga)(S,Se)2 absorber and the interface between window and absorber. The investi-
gation of defect states applying admittance spectroscopy [10] and deep-level transient spec-
troscopy [11] (DTLS) allows for monitoring the electronic changes induced by chemical or
morphological modifications due to oxygenation and exposure to DH.

The thesis is organized as follows: First, the material system is introduced, with emphasis
on the Cu(In,Ga)(S,Se)2 absorber (Section 2). In Section 3, the experimental methods used
for electrical characterization and the related semiconductor theory are briefly described. The
experimental results of current–voltage measurements, admittance spectroscopy, and DLTS
concerning the modifications of the electronic properties due to DH exposure are presented in
Section 4. One-dimensional simulations of the Cu(In,Ga)(S,Se)2 solar cells using the SCAPS

package are presented in Section 5. The discussion of the experimental results and the sim-
ulations follows in Section 6. Finally, Section 7 gives a summary and the conclusions. The
appendix contains lists of the investigated samples (Section A), the mathematical symbols
(Section B), and parameters and results of the numerical simulations (Section C).
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First of all, the concept of the CuInSe2-based solar cells and the function and preparation of
each layer will be introduced (Section 2.1), followed by the description of the investigated
samples (Section 2.2).

2.1 Structure

The n-ZnO/i-ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo heterojunctions investigated in our research
group are processed by Shell Solar Munich. The schematic structure of this substrate con-
figuration is shown in Figure 2.1. The solar irradiation passes through the transparent and
highly conducting n-ZnO window layer and two intermediate layers, the i-ZnO window and
the n-CdS buffer. It is finally absorbed in the p-Cu(In,Ga)(S,Se)2 absorber. The photogener-
ated holes are transported to the Mo back contact, whereas the electrons are extracted from
the ZnO layer. The properties and the preparation of the different layers are explained below.

This overview is kept intentionally brief, as the details necessary for the interpretation
of the experimental results are mentioned in the discussion section. More information on
CuInSe2-based heterojunction solar cells can be found, e.g., in extensive reviews and text
books [12, 13].

2.1.1 Front Contact

The task of the front contact of a CuInSe2-based solar cell is to let the light be transmitted
to the absorber layer and to extract the photogenerated electrons. The transparent conductive
oxide ZnO is well-suited for these requirements. The energy bandgap of this semiconductor
is about 3.3eV, which corresponds to an absorption edge of about 375nm. Two adjacent
layers of ZnO are used in the typical heterostructure: a 800nm thick layer of Al-doped ZnO
(n-ZnO), and a 50nm thin i-ZnO layer, the latter being nominally undoped, but intrinsically
n-conducting. The former is a degenerated semiconductor and, thus, highly conducting. It is
usually deposited using d.c.-sputtering. The i-ZnO layer is radio-frequency (r.f.) sputtered.
Earlier, a chemical vapor deposition of the front contact was commonly applied.

In order to learn about the role of the i-ZnO layer in the heterostructure, it has been mod-
elled using a simple two-diode equivalent circuit [14]. Assuming that up to 5% of the poly-
crystalline absorber layer is very defect rich, the model shows that the performance degrades
significantly only in samples without i-ZnO layer. Thus, the i-ZnO layer (together with the
buffer layer) provides a small local series resistance to minimize the effect of electronically
inferior grains.
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Figure 2.1: Cross-sectional structure of Cu(In,Ga)(S,Se)2-thin film solar cells. Schematic
diagram (left), Scanning-Electron Microscope picture (right).

2.1.2 Buffer Layer

Before the ZnO/CdS/Cu(In,Ga)(S,Se)2 heterojunction has become the common configura-
tion, the binary semiconductor compound CdS served as the front contact [2, 15]. However,
as the band gap is only 2.5eV (≈ 500nm) wide, its replacement was an inevitable step for
improving the solar cell performance. Nowadays, the thin intermediate CdS layer guarantees
the proper contact of window and absorber layers, and is found in all high efficiency CuInSe2-
based solar cells [4, 16]. However, a search for alternative buffer materials is important in
so far as CdS is toxic. Buffer layers like ZnSe [17, 18] or ZnS [19] show very promising
results in terms of performance, but are not stable against environmental tests [20], an issue
that needs to be addressed.

Rau et al. [12] proposed that the CdS bath deposition undertakes the important role of
removing passivating oxygen bonds from the Cu(In,Ga)(S,Se)2 surface, maintaining the type
inversion [21]. Another role of the buffer layer is to protect the absorber layer from sputter
damage during the deposition of the front contact.

The transition of the buffer to the absorber layer is non-abrupt, as intermixing of dif-
ferent atomic species takes place [22, 23]. Thus, in contrast to heterojunction sys-
tems based on CuInSe2 single crystals [24], the alignment of the conduction band at the
CdS/Cu(In,Ga)(S,Se)2 interface does not show a significant spike [25]. The part of the
buffer layer in light-induced metastable processes has been described and modelled by sev-
eral groups [26, 27, 28].

2.1.3 Absorber Layer

The chalcopyrite CuInSe2 is a I-III-VI 2-semiconductor. It can be deposited as a polycrys-
talline thin film or grown as a single crystal [29], the lattice following the double zincblende
structure (Figure 2.2).



2.1 Structure 5

As a direct semiconductor, CuInSe2 inhibits a high absorption coefficient. The thin films
used in modern CuInSe2-based solar cells are polycrystalline and contain Ga and S as ad-
ditional constituents. The band gap of the resulting quinternary Cu(In,Ga)(S,Se)2 com-
pound semiconductor can be adjusted over a wide range: from 1.04eV for pure CuInSe2

over 1.4eV and 1.7eV for CuInS2 and CuGaSe2, respectively, to about 2.4eV for CuGaS2.
The Cu(In,Ga)(S,Se)2-based solar cells processed by Shell Solar show a band gap of 1.1eV
(quantum efficiency measurements), however, at the Cu(In,Ga)(S,Se)2 surface the band gap
is about 1.4eV [25], indicating concentration gradients of the different constituents. Virtu-
ally no Ga is present at the surface [22], and it is Cu poor [24, 30]. The concentration Ga
increases towards the back contact [7]. The S concentration exceeds its stochiometrical mean
value at the front and back interfaces [7].

For photovoltaic devices, slightly In-rich CuInSe2-

Figure 2.2: The double zincblende
structure of the chalcopyrite
Cu(In,Ga)Se2. Cu (blue), In
(green), Ga (red), Se (yellow).

based films are used. The phase diagram [30] illus-
trates that the material is relatively tolerant against
variations of the stochiometry (especially, if Na and/or
Ga are present). However, a Cu-rich compositiondur-
ing the film growth is favorable for the growth of large
(1µm) grains, because (in a model by Klenk et al. [31])
a quasi-liquid surface film of CuySe performs the role
of a flux agent. Cu(In,Ga)(S,Se)2 is not extrinsically
doped, but reaches sufficient doping concentrations in-
trinsically, especially by the shallow acceptor levels
due to Cu vacancies [32].

Nearly a decade ago, it was discovered that the
unexpected diffusion of Na from the float-glass sub-
strate [33] led to a substantial improvement of the en-
ergy conversion efficiency [34, 35]. A controlled in-
corporation of Na is yielded by a certain amount of
a Na-compound deposited on top of the back contact.
Na seems to play a similar role as CuySe in so far as
a NaySe compound is formed, slowing down the grain
growth and maintaining the incorporation of Se. Pos-
itive effects of Na have been ascribed to the acceptors

NaIn and NaCu improving the p-conductivity, the latter possibly preventing the formation of
the detrimental donor InCu [36]. A significant amount of the Na was found to locate at the
CdS/Cu(In,Ga)Se2 interface [37].

Two routes for preparation of CuInSe2-based thin films are used principally: Coevapora-
tion, in particular the three-stage process [38] used in the currently best laboratory-scale solar
cells [4], and the rapid thermal processing (RTP) [5, 39]. As the samples investigated dur-
ing the course of this thesis are produced by Shell Solar via RTP, this preparation concept is
briefly summarized. The absorber layer is formed via a two-step stacked elemental layer pro-
cess. First, an elemental precursor film is deposited onto the back contact by d.c. magnetron
sputtering of alternating layers of CuGa and In and thermal evaporation of Se, the amount of
the latter exceeding the stochiometric requirements by about 40%, in order to compensate for
losses during the subsequent formation process. Second, the precursor is heated by tungsten
halogen lamps in an RTP furnace with a steep temperature profile, minimizing a dewetting
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Figure 2.3: Schematic cross-sectional view of a Cr/Cu(In,Ga)(S,Se)2 Schottky contact.

of the Se. This process is performed in a S-containing ambient. The final composition of
the absorber layer is monitored to comply with Cu0.92(In0.83Ga0.17)(S0.18Se0.82)2 using an
x-ray fluorescence analyzer system. The maximum temperatures necessary for the absorber
formation are well below 600◦C.

2.1.4 Back Contact

Three layers are deposited onto the soda-lime glass substrates using d.c. magnetron sputter-
ing: a SiN-coating as a barrier for uncontrollable diffusion of Na into the absorber layer,
the Mo back contact, and a Na-compound for the controlled incorporation of Na. The
Mo/CuInSe2 transition was proven to be ohmic by performing current–voltage measurements
on special structures, which allowed to characterize Mo/CuInSe2/Mo and ZnO/CdS/CuInSe2

junctions simultaneously [40].

2.2 Investigated Samples

The investigated samples consist of ZnO/i-ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo heterojunction
solar cells (see Figure 2.1) and Cr/Cu(In,Ga)(S,Se)2/Mo Schottky contacts (see Figure 2.3).
An overview of the investigated samples is assembled in Appendix A. The Schottky de-
vices were produced by thermal deposition of a 50nm thick Cr film on top of the un-
cleaned Cu(In,Ga)(S,Se)2 surface, followed by a 200nm thick Au layer for mechanical pro-
tection [41].

Accelerated lifetime testing of the non-encapsulated samples was performed under the
standardized DH conditions at 85◦C ambient temperature and 85% relative humidity for
various time periods (6h, 24h, 144h, 294h, and 438h). For different sets of samples, the pro-
cessing sequence was interrupted for a DH treatment after the RTP, the CdS bath deposition,
or the i-ZnO sputter procedure, respectively. After 6h or 24h under exposure to heat and
humidity, the cell process (or the deposition of the Schottky contact) was continued. Instead
of DH treatment, one set of samples was annealed in dry air atmosphere (85◦C, 24h) after
RTP.



3 Defect States and Experimental
Methods

The material characteristics of semiconductors are strongly influenced by impurity or defect
centers. Some are intentionally incorporated to increase the electric conductivity or control
the carrier lifetime (e.g., for high-speed switching applications), but often unwanted impuri-
ties or lattice imperfections act as loss factors or lifetime killers (for devices, where a long
lifetime is required). In solar cells, high concentrations of defect states diminish the carrier
transport capabilities, reducing the energy conversion efficiency. Information on the charac-
teristics of the defect centers can be obtained from the capacitance of Schottky barriers or
p–n junctions, using different spectroscopic methods.

First, I would like to establish the basic processes of the interaction of charge carriers with
defect states (Section 3.1). The corresponding rate equations are essential for the evalua-
tion of the capacitance spectroscopy measurements (Section 3.2). Finally, the experimental
equipment is described briefly in Section 3.3. The books of Blood and Orton [42] and Li [43]
provide further details on defect states and their characterization.

3.1 Defect States

Defects and impurities can create localized electronic states within the band gap. These
bound states are classified as deep or shallow. Historically, a defect state was denoted as
shallow if its energy level was close to the conduction band minimum,EC, or valence band
maximum,EV , respectively. Otherwise, it was called a deep level. A more precise definition
is used nowadays: A shallow defect state inhibits a long-range Coulomb potential, whereas
a defect state with a short-range potential is called a deep level. In order to describe the
interaction of defect states with the energy bands, a look at the carrier recombination kinetics
is necessary. Physical processes distorting the emission rate will be discussed as well.

3.1.1 Carrier Recombination Kinetics

The carrier recombination kinetics, electronic transitions between (bound) defect states and
(free) band states with emission and capture of charge carriers, can be described with the-
ories formulated by Shockley and Read [44], and Hall [45]. Between one defect level and
two energy bands, four basic transitions can take place, as indicated in Figure 3.1. The
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Figure 3.1: Four basic electron transitions between defect levelEt and energy bands. (a) and
(b) denote the electron capture and emission, (c) and (d) the hole capture and
emission, respectively.

corresponding rate equations are:

(a) capture of electrons = cnnpt , (3.1)

(b) emission of electrons= ennt , (3.2)

(c) capture of holes = cppnt , (3.3)

(d) emission of holes = eppt (3.4)

with the corresponding capture (cn,cp) and emission (en,ep) rates for electrons and holes,
respectively.n is the concentration of electrons in the conduction band,p is the concentration
of holes in the valence band, and the trapped electron and hole concentrations arent = Nt ft
and pt = Nt(1− ft), respectively. Nt = nt + pt is the total trap concentration andft the
occupancy probability of electrons in the trap (Fermi-Dirac distribution).

For electron traps, transitions (a) and (b) are dominant. The defect state is a hole trap if (c)
and (d) are the main transitions. Recombination centers favor a path along (a) and (c).

Mobile carriers are captured if they come within a certain interaction range of the de-
fect center. The subsequent emission is thermally activated. For electrons, the capture and
emission processes can be described as

cn =σnv̄n, (3.5)

en =σnv̄nNC︸ ︷︷ ︸
ν0

exp

(
−∆Et

kT

)
, (3.6)

respectively. The capture cross-sectionσn depends on the charge state of the deep level and
the charge of the trapped carrier. ¯v denotes the thermal velocity of the charge carriers,k
the Boltzmann factor,T the absolute temperature, andNC the effective density of states of
the conduction band. The prefactorν0 is called attempt-to-escape frequency.∆Et is usually
denoted as the activation energy of the defect level. This point of view, however, might be too
simplified, as discussed in the next section. Both,NC and∆Et are related to the conduction
band for the case of electron emission. The capture and emission rates for holes are expressed
in an analogous way.

For determination of the two characteristic parameters of a defect state, the activation
energy and the capture cross-section, the temperature dependence of the prefactor of the
emission rate has to be considered. The thermal velocity ¯vn is proportional toT1/2, whereas
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the effective density of statesNC ∝ T3/2. The capture cross-section can be thermally activated
as well, which is discussed below.

3.1.2 Effects Influencing the Emission Rate

The temperature-dependent emission rates of a certain defect state to the corresponding en-
ergy band are a quantity which can be determined experimentally, yielding the trap activation
energy and capture cross-section. Therefore, it is necessary to know how these parameters
should be interpreted and which effects influence the emission rate. An analysis neglecting
these factors cannot account for possible distortions, thus, decreasing the accuracy of the
experimentally determined trap characteristics.

The influence of a high concentration of defect states on the emission rate is described in
a different part, see Section 3.2.2.

Thermodynamics of Carrier Emission

The thermal emission of carriers from a deep state at temperatureT is described by Equa-
tion (3.6). The energy∆Et is usually denoted as the activation energy of the defect state. This
point of view, however, turns out to be not quite accurate. Actually, we have∆Et ≡ ∆G, the
latter being the free energy change for ionization of the state, i.e., the change in the Gibbs
free energyG. Bear in mind that the chemical potential is defined as the increase in Gibbs
free energy per electron–hole pair (or carrier-ionized defect pair) at constant temperature and
pressure.

∆G is defined as

∆G(T) = ∆H−T∆S (3.7)

where∆H is the enthalpy, and∆Sthe entropy of the process. The temperature-dependent and
temperature-independent parts of Equation (3.6) can be separated,

en(T) = χnσn(T)v̄n(T)NC(T) exp

(
−∆H

kT

)
(3.8)

with the entropy factor

χn = exp

(
∆S
k

)
. (3.9)

The problem with the experimental determination of the activation energy of a deep state
is that optical measurements are used to determine∆G, but the ‘activation’ energy obtained
by electrical measurements usually is the temperature-independent part of∆G, ∆H. Addi-
tionally, the ‘apparent’ (i.e., experimentally obtained) capture cross-section deviates from the
actual capture cross-section by the entropy factor:

σn,apparent= χnσn. (3.10)

The entropy factorχn has been reported to be of the order of 10 in some cases [42].
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Figure 3.2: Position-dependent potential energyE(x) of a defect state. The potential is dis-
torted by an electric field. The emission of the trapped charge carrier is modified
by the Poole-Frenkel effect, direct tunneling, or phonon-assisted tunneling (after
Ref. [42]).

Temperature-Dependent Capture Cross-Section

The capture of charge carriers, Equation (3.5), usually is temperature dependent only due to
the thermal velocity of the charges. However, in some materials (e.g., in III-V compounds) a
thermally activated capture of charge carriers by a defect state is typical.

The capture process by multiphonon emission [46, 47] follows the relation

σn(T) = σ∞ exp

(
−∆Eσ

kT

)
, (3.11)

where∆Eσ is a barrier for carrier capture andσ∞ a constant prefactor. Other capture mecha-
nisms predict a power-law dependence, e.g.,σn ∝ T−3 for the cascade capture process [42].
The apparent activation energy and capture cross-section are distorted if the temperature be-
havior of the capture process is unknown.

Field-Enhanced Emission

The thermal emission rate can be distorted by the junction electric field [47, 48]. Besides
a shift of the data points in the Arrhenius representation, it is possible that the emission
transient becomes non-exponential due to the spatial variation of the electric field in the
depletion region.

The influence of the electric field can affect the emission process in different ways, as
illustrated in Figure 3.2. The Poole-Frenkel effect manifests in a reduction of the effective
barrier height by∆EPF for thermal emission due to a distortion of the binding energy of the
charge carrier to the trap state. The measured activation energy is, thus, lowered by∆EPF.
Another possibility is tunneling through this barrier, which can take place directly (for high
electric fields of above 107V/m) or, more likely, by an effective barrier reduction due to
phonons.
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3.2 Defect Spectroscopy

Defect spectroscopy methods have proven to be important aids in the process of understand-
ing the charge carrier transport in semiconductor heterostructure devices and Schottky con-
tacts. Investigations of defect states allow for monitoring the electronic changes induced by
mechanical, chemical or morphological modifications.

The measurement of the junction capacitance of semiconductor devices can be performed
in dependence on temperature, bias voltage and frequency of an alternating voltage, in order
to gain information on defect states. Admittance spectroscopy (Section 3.2.1) and deep-level
transient spectroscopy (Section 3.2.2) help to determine the thermal emission rates of charge
carriers from defect states. Capacitance–voltage measurements (Section 3.2.3) are useful in
obtaining net doping concentrations.

3.2.1 Admittance Spectroscopy

Defect states can be studied by measuring the frequency and temperature dependence of the
complex admittance of a junction depletion region. An alternating voltage with the frequency
f = ω/2π is applied to the heterojunction or Schottky contact, modulating the Fermi level.
The response to this test signal, the admittanceY = G+ iωC, is determined experimentally.
G is the conductance andC the capacitance. The principle and the power of the admittance
spectroscopy will be illustrated on the capacitance. Remarkably, the capacitance of the junc-
tion is proportional to the inverse of the space charge widthW,

C =
εs

W
, (3.12)

similar to a plate capacitor with plates separated by the distanceW. εs = εrε0 is the dielec-
tric constant of the semiconductor,ε0 being the permittivity of space andεr the dielectric
function of the semiconductor. At low frequencies, transitions of charge carriers from and
to defect states respond to the test signal, contributing to the capacitance. At high frequen-
cies, the emission rate of the charge carriers from the defect states (Equation (3.6)) is too
low to follow the alternating voltage: these defect states do not contribute to the capaci-
tance any more, and the latter decreases to its geometrical valueCgeo. The frequencyω0

where the capacitance step occurs is directly related to the thermal emission rateen of the
defect state in question, and the step height is related to the trap concentration. A differen-
tiation of the capacitance step by the frequency,−ωdC/dω, yields an extremum, allowing
one to comfortably obtain emission rateen and step height∆C, as shown in Figure 3.3. The
temperature-dependent emission rates can be assembled in an Arrhenius plot (lnen/T2 ver-
sus 1/T) in order to determine the activation energy and capture cross-section of the defect
state, using Equation (3.6).

This experimental method, called admittance spectroscopy, was introduced in the begin-
ning of the seventies by Losee [10, 49]. As the applied alternating voltage is a ‘small signal’,
the sample is kept close to thermodynamical equilibrium. Only defect states crossed by the
Fermi level can be detected, and no information about the type of the trapped charge carrier
is available. The capture cross-section determined by this method is quite inaccurate, as it is
obtained by extrapolation.
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Figure 3.3: The calculated capacitance and differentiated (against frequency) capacitance
spectra in order to illustrate the operation principle of admittance spectroscopy.
Two defect states with different thermal emission ratesen1 anden2 can be re-
solved spectroscopically. The capacitance step heights∆C1 and∆C2 can be taken
from the differentiated capacitance spectrum.Cgeo is the geometrical capaci-
tance.

Admittance spectroscopy is well-suited for obtaining the frequency dependence of a ca-
pacitor (capacitanceC) connected in parallel to a resistor (resistanceR= G−1 (inverse con-
ductance)) in the equivalent circuit diagram. Of course, Cu(In,Ga)(S,Se)2-based devices are
represented by a more complex (and unknown) equivalent circuit diagram. However, in this
work we assume that a parallelR–C circuit with an additional series resistance is a sufficient
approximation of the real situation. The so-called Nyquist or Cole-Cole plot helps to verify
whether or not this equivalent circuit is appropriate for describing a device under study. The
real versus the imaginary part of the impedanceZ, being the inverse of the admittance, is
plotted. A perfect semi-circle denotes the above mentioned circuit, the diameter signifying
the parallel resistance. If this semi-circle is shifted along the Re(Z)-axis, an additional series
resistance has to be considered; if it is distorted, the influence of an inductance might be
responsible.

Admittance spectroscopy can be used to determine defect concentrations. A method de-
rived by Walter et al. [50] can be applied to bulk traps, although several simplifying as-
sumptions have to be made. The concentration of interface defect states can generally be
obtained as well. Unfortunately, a very straight forward method derived by Nicollian and
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Goetzberger [51] for metal-insulator-semiconductor structures cannot be applied to p–n junc-
tions, in contrast to statements given by Herberholz et al. [52], because in p–n junctions a
current across the junction has to be considered [53]. Additionally, two other problems make
it difficult to determine the concentration of interface defect states. First, the concentration
of an interface defect state can be measured only at the Fermi level. Second, this method
works only as long as the Fermi level is not pinned.

3.2.2 Deep-Level Transient Spectroscopy

Transient techniques like photocurrent transients have been used to characterize deep traps in
semiconductor junctions since the second half of the sixties [54]. Deep-Level Transient Spec-
troscopy (DLTS) was introduced by Lang [11] in 1974. The principle of this measurement
technique can be summarized as follows. A p–n junction or a Schottky contact is perturbed
by a voltage or light pulse. After this so-called filling pulse, trapped charge carriers relax
back to the steady-state condition. The relaxation time is related to the emission rate of the
electrons or holes from the corresponding defect state. Thus, the observation of the emis-
sion process as current or capacitance transient allows to obtain characteristic information
on the trap level, including concentration and type of trapped charge carrier. The detailed
processes of different modes of operation and the evaluation of the transients are discussed
in the following sections.

Filling Pulses without Minority-Carrier Injection

The principle of a capacitance-DLTS measurement with voltage pulses is illustrated in Fig-
ure 3.4. The p+–n junction is held at quiescent reverse bias (Figure 3.4(i)). The depletion
region has the extensionW1, the Fermi level intersects the trap state atλ1. A filling pulse —
here without minority-carrier injection, i.e., a maximum voltage of zero volts — diminishes
the width of the depletion region toW2, the intersection point of the Fermi level with trap
state shifts toλ2. During application of this filling pulse, the trap states located betweenλ1

andλ2, shifted below the electron quasi Fermi level capture majority carriers (electrons) as
shown in Figure 3.4(ii). After termination of the pulse, the depletion width almost immedi-
ately changes back toW1 due to the short relaxation times of the free charge carriers (order
of 10−12s). The trap states, again situated above the electron quasi Fermi-level betweenλ1

andλ2, emit the trapped electrons to the conduction band with their characteristic emission
rate (Figure 3.4(iii)). The corresponding capacitance of the junction is reduced by trapped
majority carriers, because their charge is opposite to that of the net charge of the depletion
region on the p-side. Consequently, the capacitance transientC(t) follows the relation

C(t) = C0−∆Cexp(−ent) , (3.13)
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Figure 3.4: Principle of a DLTS measurement without minority-carrier injection. Voltage
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junction containing electron traps under reverse biasVr in steady state. (ii) Filling
pulseVf to zero bias, i.e., without minority-carrier injection. (iii) After the pulse,
the filled electron traps are emitted to the conduction band (after Ref. [54]).

whereC0 is the steady-state capacitance at reverse bias, and∆C is the amplitude of the ca-
pacitance change, being proportional to the concentration of emitted charge carriers [43]:

∆C
C0

=− Nt

2ND

(
1−
(

W2

W1

)2
)(

en

en +ep

)
e−(en+ep)t

=

− Nt
2ND

(
1−
(

W2
W1

)2
)

e−ent , if en� ep,

0 , if ep� en.
(3.14)

Equation (3.14) is valid if several prerequisites are fulfilled. We assume∆C�C0, otherwise
the defect concentration is high, and the transients become non-exponential.1 The defect
concentrationNt and the doping densityND have to be uniform. One should bear in mind
that several mechanisms exist that distort the emission rates, as described in Section 3.1.2.

1The voltage transients observed in constant-capacitance DLTS do not become non-exponential for high defect
concentrations. However, such method has not been applied in the present work.
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The region betweenWi andλi (i = 1,2) is called edge or transition region. The ‘depletion
approximation’, used in Equation (3.14) neglects this distinction, i.e., the concentration of
free charges in the transition region is defined as zero. In DLTS without minority-carrier
injection, only the emission rate of majority charge carriers can be detected.

Filling Pulses with Minority-Carrier Injection

Under the conditions described in the previous section, the detection of minority-carrier traps
is not possible without the injection of minorities (Equation (3.14)).2 In order to obtain
an emission transient of trapped minority carriers, the latter have to be injected by a large
forward bias voltage (or light) pulse. After the termination of the injection pulse, capacitance
transients due to minority and majority carriers can be detected [43]:

∆C
C0

=−
(

Nt

2ND

)(
1−
(

W2

W1

)2
)(

en

en +ep

)(
η−

ep

en
(1−η)

)
e−(en+ep)t

=


− Nt

2ND

(
1−
(

W2
W1

)2
)

ηe−ent , if en� ep,

Nt
2ND

(
1−
(

W2
W1

)2
)

(1−η)e−ept , if ep� en,
(3.15)

where
η =

cn

cn +cp
. (3.16)

The prerequisites for the validity of Equation (3.15) are similar to Equation (3.14). The
charge of the trapped carriers is differentiated by the sign of the capacitance transient: Equa-
tion (3.13) describes the relaxation of majority carriers. For minority carriers the sign of the
relaxation process is changed:

C(t) = C0 +∆Cexp(−ent) . (3.17)

Partial Filling

The Equations (3.14) and (3.15) describing the capacitance transients are applicable for sat-
urating filling pulses. Partial filling, however, can give valuable information on the trap char-
acteristics as well. The capture cross-section determined from the Arrhenius data obtained by
DLTS or admittance spectroscopy has been demonstrated to be inaccurate, as it is obtained
by extrapolation. A better method is to vary the width of the DLTS filling pulse in subsequent
measurements. The amplitude of the capacitance transient∆C increases proportional to the
pulse widtht f , until the defect state becomes saturated (signal∆C∞):

∆C(t f ) = ∆C∞
(
1−exp

(
−cnt f

))
. (3.18)

The capture ratecn inhibits the capture cross-section (Equation (3.5)) and can be determined
by plotting ln(∆C∞−∆C(t f )) versust f . The capture cross-section obtained is more accurate
than the ‘apparent’ capture cross-section determined by standard DLTS measurements.

2An exception is discussed in a later section.
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Reverse-DLTS

Reverse-DLTS (R-DLTS) was introduced by Li et al. [55, 56]. In contrast to all other DLTS
modes, the process of charge carrier capture is observed. The sample is held at a constant
bias, for instance zero bias. During the application of a reverse-bias pulse the traps are emp-
tied, afterwards the transient due to the capture of charge carriers is detected. The sign of
the capture transients naturally is opposite to that of the emission transients. The capture
process is always faster or, at the intersection of a defect state with the Fermi level, is as fast
as the emission. This implies that the R-DLTS signal is due to the captureat the intersection
point of trap and Fermi level after the termination of the emptying pulse, whereas in a stan-
dard DLTS mode the charge carriers are emitted from trapsbetweenλ1 andλ2 (Figure 3.4).
Consequently, a higher spatial resolution can be achieved with R-DLTS.

Evaluation

In order to analyze the relaxation transients, several methods have been applied. The original
setup of Lang [11] used a boxcar averager to detect the maximum change of the exponential
decay for two given times, the so-called rate window. This maximum is proportional to the
decay rate of the exponential curve. Boxcar averaging requires a full temperature scan for
the determination of each data point in the Arrhenius representation (lnet/T2 versus 1/T).
Another approach was the use of a hardware lock-in amplifier [57], essentially doing the
same job as the boxcar averager, but with an improved signal-to-noise ratio and an automatic
frequency scan at each temperature. The latter concept is utilized in our Semitrap DLTS
spectrometer. Nowadays, the complete transient can be recorded with a high time resolution
and can be evaluated using different (software) methods like multi-exponential fit or Laplace
transformation. Our new transient-DLTS (based on a Boonton 7200 capacitance bridge) and
the methods of evaluation are described in detail in the diploma thesis of Arne Wessel [58].

In the Laplace transformation, a capacitance transientC(t) ∝ exp(−ent) is expanded to a
(infinite) series of exponential decays,

F(s) =
∫ ∞

0
C(t)e−stdt. (3.19)

The transform function is proportional to 1/(s+en), the emission rateen being easily acces-
sible. The software implementation of an improved Laplace transformation method [59] was
done by Arne Wessel [58].

Minority-Carrier Detection without Minority-Carrier Injection

Minority-carrier defect states usually cannot be detected using DLTS without the intentional
injection of minority carriers. Optical injection is the common practice for Schottky con-
tacts. In case of the heterojunctions, injection voltage pulses can be applied. However, for
Schottky junctions based on n-Si, the observation of minority-carrier traps with DLTS has
been reported in case of relatively large Schottky barrier heights (0.9eV) [60, 61] and moder-
ately large barrier heights (0.83eV) [62], using forward bias voltage pulses in the latter case.
Comparable conditions are given in Cu(In,Ga)(S,Se)2-based heterojunctions, because the
observation of a type inversion at the (in-vacuo) Cu(In,Ga)Se2 surface [21] indicates a high



3.2 Defect Spectroscopy 17

band bending. Thus, bulk minority-carrier defect statescanbe detected in Cu(In,Ga)(S,Se)2

heterojunctions and Schottky contacts even without minority-carrier filling pulses.

Influence of Series Resistance and Leakage Current

Most capacitance bridges apply an equivalent circuit of a parallel configuration of a capac-
itor (capacitanceCp) and a resistor (resistanceRp = G−1 (inverse conductance)). A series
resistanceRs, caused by contact resistances and the sheet resistance of the window layer,
is usually negligible. In this case, the measured capacitanceCp corresponds to the actual
sample capacitance. However, if the sample is highly resistive or the leakage current is negli-
gible, the appropriate equivalent circuit is a capacitor (capacitanceCs) in series with a resistor
(resistanceRs). The quality factorQ provides a measure to which extent a series resistance
influences the capacitance measurement performed in the parallel equivalence configuration,

Q = RsCsω. (3.20)

Here,ω denotes the circle frequency of the alternating voltage applied by the capacitance
bridge (2π× 1MHz for the Boonton 7200 capacitance meter used in our transient-DLTS
setup). The measured capacitanceCp is related to the series capacitanceCs by

Cp =
Cs

1+Q2 (3.21)

and, thus, depends on the width of the depletion region [63]. For DLTS, the changeδCp

related toδCs in the first order is

δCp =
1−Q2

(1+Q2)2δCs. (3.22)

The correction factorδCp/δCs equals one atQ = 0, but changes rapidly to zero forQ = 1
and remains negative forQ > 1 [64]. Thus, for highly resistive samples, the DLTS signal is
reduced in amplitude and possibly changed in sign.

Chen et al. [65] have studied the influence of high leakage currents on DLTS spectra us-
ing Cr–Au/SiN/GaAs metal–insulator–semiconductor capacitors with a very thin SiN layer
(5nm). The dc leakage current density atT = 300K and−1V bias voltage was about
5µA/cm2. The authors state that thermally activated leakage causes the competition of carrier
capture in the space charge region with the thermal emission from energy-distributed defect
states, thus, changing the trap occupancy. The high-temperature side of the resulting DLTS
spectrum is cut off, shifting the peak position and reducing the peak amplitude, the latter then
being approximately linearly dependent on the rate window.

3.2.3 Capacitance–Voltage Measurement

A Capacitance–Voltage (C–V) measurement is useful for determining the doping density and
its depth profile of a p–n or Schottky junction. The capacitanceC in dependence on the
applied voltageV can be written in a simple expression, if the thermal energykT is much
smaller than the band bendingVbi−V and the depletion approximation is assumed.

C = A

√
eεs

2
|NA−ND|

(Vbi−V)− kT
e

, (3.23)
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Figure 3.5: The experimental setup used for capacitance spectroscopy.

whereA is the active area of the junction,εs the dielectric constant of the semiconductor,e the
electron charge, andVbi the junction built-in electronic potential. A plot of 1/C2 versus the
applied biasV, the so-called Mott-Schottky plot, has a slope proportional to the net doping
density|NA−ND| and an abscissa intercept ofVbi− kT/e, if the doping profile is uniform,
and no deep traps are present. The local voltage derivative of the Mott-Schottky relation is
proportional to the local net doping density|NA−ND|(W) at the edge of the space charge
region,W,

|NA−ND|(W) =− 2
εseA2

(
d(1/C2)

dV

)−1

. (3.24)

If the sample contains defect states in high concentrations, say, larger than a tenth of the
net doping density, they have to be considered in the evaluation of theC–V measurements.
A concise formulation can be found in Ref. [42]. An alternative to minimize the influence of
deep traps followed in this thesis is to perfom the capacitance–voltage measurements at low
temperatures, where the deep defect states cannot respond to the fast alternating voltage of
the capacitance meter. The validity is verified by admittance spectroscopy.

3.3 Experimental Equipment

The modification of the solar cell parameters of the samples have been characterized using
current–voltage measurements under AM 1.5 (solar spectrum) illumination at 25◦C ambient
temperature. Temperature-dependent current–voltage characteristics were performed using
a Keithley 236 source measuring unit. Admittance spectroscopy measurements were per-
formed using a Solartron 1260 impedance analyzer, operating with an alternating voltage
of 30mV amplitude at frequencies in the range between 1Hz and 1MHz. In order to look
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at the interface properties of the samples, I have varied the external voltage from zero to
reverse bias (−2V). Capacitance–voltage measurements were carried out atT = 90K and
a frequency of 100kHz. DLTS was done by applying two spectrometers, a conventional
Semitrap 82E apparatus (using a hardware lock-in amplifier to evaluate the transients) and
a custom-built [58] transient-DLTS based on a Boonton 7200 capacitance meter. The Semi-
trap spectrometer applies a fixed alternating voltage amplitude of 100mV, the transient-DLTS
setup can be adjusted in the range 15–100mV. In both cases, the sampling frequency for mea-
suring the transients of the sample capacitance is 1MHz. The transient-DLTS allows control
over each parameter using a computer. Capacitance and conductance were measured every
10µs, up to a total length of 1.5s (15000 data points). The resulting transients were evaluated
using exponential fits or the Laplace transformation method [66]. Temperature-dependent
analysis was performed using a liquid helium closed-cycle cryostat in the range from 20K
to 350K. In order to minimize the slow relaxation of the light soaking [27], we anneal the
samples at 350K for half an hour in helium gas atmosphere prior to the measurements. The
experimental setup is illustrated schematically in Figure 3.5.

Details about the origin of defect states in Cu(In,Ga)(S,Se)2 are still mostly unknown. Nu-
merical calculations studying the defect physics of CuInSe2-related compounds are mainly
concerned with the formation and activation energies of defects and defect complexes [32].
Since, to my knowledge, the temperature dependence of the capture cross-section of deep
states in the above material has not been studied yet, I assume the capture cross-section to
be temperature independent, in order to simplify the analysis. I follow the custom of re-
searchers in that material class [52, 67, 68] and neglect both the degeneracy and the entropy
factor [69]. These simplifications imply that the values of the activation energy determined
might be somewhat distorted. Consequently, the temperature-dependent emission rate, be-
ing the finger print of the related defect state, is the most reliable quantity for comparing
electronically determined defect states with each other.

The statements whether a defect state is acceptor-like or donor-like is based on the detec-
tion of a minority-carrier or majority-carrier DLTS-signal, also taking the type of doping of
the investigated semiconductor layer into account. We note that this assignment is only a
highly probable assumption, also regarding the calculations by Zhang et al. [32]. However,
there remains a small chance that, e.g., a majority-carrier defect state in a p-doped semicon-
ductor layer is donor-like and not (as assumed here) acceptor-like.





4 Experimental Results

The electrical characterization of the Cu(In,Ga)(S,Se)2-based solar cells and Schottky con-
tacts in both, as-grown and DH treated state, is described subsequently. A general overview
of the changes of the solar cell parameters (e.g., the open-circuit voltage) and material char-
acteristics (e.g., doping density and series resistance) is given in Section 4.1. The application
of capacitance spectroscopy allows for an extensive investigation of the alteration of interface
(Section 4.2) and bulk defect states (Section 4.3) due to DH treatment.

4.1 General Observations

Current–voltage measurements are suitable for macroscopically monitoring changes of the
heterojunction charge transport properties. The effect of exposing the non-encapsulated
Cu(In,Ga)(S,Se)2-based heterojunction samples to H2O vapor is manifested in losses in the
fill factor and the open-circuit voltage, whereas the short-circuit current density remains al-
most unaffected, as illustrated in Figure 4.1(a). We note that the change in open-circuit
voltage for samples with DH treated absorbers is very similar to that of cells that are DH-
treated after deposition of the CdS buffer or the i-ZnO window layer. The effect of annealing
in dry air at 85◦C for 24h on the electronic properties is fully reversible.

A hysteresis of the current–voltage characteristics at forward bias can be observed for
heterojunction devices and Cr/Cu(In,Ga)(S,Se)2 Schottky contacts (Figure 4.1(b)) only after
DH exposure, when the direction of the voltage sweep is changed. This voltage hysteresis
indicates a charging effect within the absorber layer. From the temperature-dependent satu-
ration current density, corrected by the ideality factor, we determine Schottky barrier heights
ranging from 0.6V to 0.8V.

Impedance measurements performed at different bias voltages (−1.5V–0.5V) on the
Cu(In,Ga)(S,Se)2-based solar cells, represented in the form of Nyquist plots, show only one
semi-circle, i.e., only one space charge region. AtT = 300K, the parallel resistance at zero
bias diminishes from 10kΩ in the as-grown samples to about 2kΩ after 438h of DH treat-
ment. The resistances obtained from the current–voltage characteristics are lower by about a
factor of two.

The current–voltage and capacitance–voltage measurements performed before and after
DH testing do not indicate the formation of a back-contact barrier for samples exposed to
DH conditions as fully processed devices, a problem commonly reported for the case of
standard CdTe solar cells [70]. Samples exposed to DH conditions after an interruption of
the processing, however, show transport problems in forward bias.

The effective doping density of the Cu(In,Ga)(S,Se)2 based heterostructure samples was
determined using capacitance–voltage (C–V) measurements. These experiments were per-
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Figure 4.1: Current–voltage characteristics of (a) Cu(In,Ga)(S,Se)2-based heterojunction so-
lar cells under AM 1.5 irradiation and (b) Cr/Cu(In,Ga)(S,Se)2 Schottky contacts.
The hysteresis is also observed in DH treated solar cells.

formed at 90K ambient temperature and 100kHz frequency, in order to minimize the influ-
ence of deep levels, which then cannot follow the capture–emission processes (induced by
the alternating voltage applied in capacitance measurements) and, thus, do not contribute to
the capacitance signal. The slope of the resulting Mott-Schottky plots (1/C2 versusV) clearly
shows that the net doping concentration diminishes from 5.5×1015cm−3 for as-grown cells
to about 2.5×1015cm−3 for cells after 144h of DH treatment [71]. AtT = 300K, effective
doping densities of about 1.3×1016cm−3 are found for as-grown samples, whereas samples
exposed to DH for 144h still show about 2.5×1015cm−3. At both temperatures, the slope
of the Mott-Schottky plots is slightly nonlinear, indicating a nonuniform distribution of the
doping levels and, for 300K ambient temperature, the possible influence of trap states.

4.2 Interface Defect States

Applying capacitance spectroscopy, we observed two interface defect states,β andθ. β is
found in each heterojunction and Schottky contact that was investigated. The defect stateθ
is clearly detected only after 438h of DH treatment.

4.2.1 Interface Defect State β
The activation energy of interface defect states is determined by the difference between the
quasi-Fermi level and the corresponding energy band. In the case of the heterojunction de-
vices, we identify such a defect state with admittance spectroscopy, minority-, majority-,
and reverse-DLTS, respectively [41, 71]. The corresponding admittance spectra are shown
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Figure 4.2: (a) Capacitance and differentiated (with respect to frequency) capacitance versus
temperature of as-grown and DH treated (24h and 144h) heterostructure samples.
The interface defect stateβ is shifted with time elapsed under DH conditions. (b)
R-DTLS spectrum (recorded with the conventional DLTS system) versus temper-
ature of the as-grown and DH treated (144h and 438h) Cu(In,Ga)(S,Se)2-based
solar cells. The shift of the interface defect stateβ and the evolving of the defect
stateθ after 438h DH exposure are observed.

in Figure 4.2(a), the R-DLTS spectra in Figure 4.2(b).β is located presumably at the
buffer/absorber interface [52, 71]. The origin and magnitude of the activation energy ofβ,
∆E, are indicated in a band diagram of the n-ZnO/i-ZnO/CdS/Cu(In,Ga)(S,Se)2 heterostruc-
ture, see Figure 5.1 in the next chapter. The temperature-dependent emission rates of the
defect stateβ are assembled in an Arrhenius representation (Figure 4.3). The defect parame-
ters are summarized in Table 4.1.

Samples exposed to the DH environment show a continuous shift of the activation energy
and capture cross-section of the interface stateβ proportional to the exposure time [71, 72].
We note that the amplitude of the capacitance step related toβ decreases proportional to the
shift of the activation energy [73]. We cannot determine the defect concentration quanti-
tatively for reasons discussed in Section 3.2.1. The main part of the shift ofβ proves to be
irreversible in the case of DH treated solar cells and samples with DH exposed absorber layer,
but is completely reversible at dry air annealing of the absorber layer at 85◦C. Herberholz et
al. [52] observed an irreversible shift ofβ (called N2 therein) after repetitive air annealing for
up to two minutes at 240◦C. The reversible part of the shift ofβ can be influenced by light
soaking [27]. We determine a relaxation time of about 10 days from the light-soaked1 to the
relaxed state. By annealing atT = 350K in helium gas atmosphere, the relaxed state can be
reached in about half an hour. This persistent photoconductivity was formerly explained with

1Prolonged illumination of the samples is denoted as light soaking.
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Figure 4.3: Arrhenius representation of the temperature-dependent emission rates of the
interface defect stateβ. The data was obtained from heterostructure sam-
ples and Schottky contacts. The emission rates of the as-grown states of the
Cu(In,Ga)(S,Se)2-based solar cells and the Cr/Cu(In,Ga)(S,Se)2 Schottky con-
tact are very similar. Large symbols denote data obtained by admittance spec-
troscopy, small symbols represent DLTS data.

a large lattice relaxation [74], found also in the DX center in GaAs compounds [75, 76].
In DLTS, β is extracted from a minority-carrier signal, i.e., the space charge width is

reduced directly after the termination of the filling pulse. The DLTS signal ofβ can be clearly
observed with minority, majority and reverse-DLTS. Thus, we note that the observation ofβ
does not depend on the injection of minority carriers.

We were able to observe the defect stateβ in all investigated Cu(In,Ga)(S,Se)2-based solar
cells (with CdS and ZnSe buffer layer) and Cr/Cu(In,Ga)(S,Se)2 Schottky junctions, for both,
as-grown and DH-treated absorbers [41]. The admittance spectra of the Schottky contacts are
displayed in Figure 4.4 (DLTS not shown here), the Arrhenius plots in Figure 4.3: The typical
shift of the defect stateβ to higher activation energies due to DH treatment is recognized
again. The characteristics are comparable to heterojunction cells, where only the absorber
layer was exposed to DH conditions [73].

As-grown Cu(In,Ga)(S,Se)2-based solar cells usually show Fermi-level pinning at the
buffer/absorber interface [52, 68, 71]. The influence of DH treatment on devices that are
exposed to the test conditions with the complete heterostructure gives rise to an unpinning of
the Fermi level, which manifests in a shift of the interface stateβ when applying an external
bias voltage [71], as can be seen in Figure 4.5. Devices containing DH treated absorbers,
however, still show Fermi-level pinning [71]. We note that in as-grown samples, the emis-
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Activation Attempt-to- Capacitance
Energy Escape Frequency Step Height

Sample [meV] [Hz] [nF/cm2]

heterojunction as-grown 50 7.4×107 12.5
heterojunction 24h DH 85 3.6×108 9.0
heterojunction 144h DH 195 8.9×109 5.8
heterojunction 294h DH 280 1.8×1011 4.8
heterojunction 438h DH 315 1.1×1012 2.9

heterojunction 6h absorber DH 170 2.2×109 5.0
heterojunction 24h absorber DH 160 1.6×109 5.4

Schottky as-grown 55 2.3×108 5.3
Schottky 24h DH 120 1.7×109 6.6

Table 4.1: Activation energy∆E, attempt-to-escape frequencyν0, and capacitance step
height∆C of the defect stateβ for various sample configurations (as-grown and
DH-treated heterojunctions and Schottky contacts).
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Figure 4.5: Differentiated (with respect to frequency) capacitance versus temperature spectra
of (a) as-grown and (b) DH treated Cu(In,Ga)(S,Se)2-based heterojunctions, with
different external reverse biases applied. The unchanged peak position ofβ in
the as-grown sample signifies a Fermi-level pinning. After DH treatment, the
peak position shifts with the external reverse bias: the Fermi level is unpinned.

sion rates ofβ do not depend on the bias voltage (admittance spectroscopy and DLTS) and
pulse height (DLTS), i.e.,β is observed irrespective of the extent of the space charge region.

4.2.2 Interface Defect State θ

A defect stateθ can be identified after 438h DH treatment of the whole device with the
help of R-DLTS, as can be seen in Figure 4.2(b). We determined an activation energy of
about 140meV. Since the heterojunction samples do not contain a single-sided abrupt p–n
junction, both edges of the space charge region contribute to the DLTS signal, confounding
the determination of the spatial origin of the defect stateθ. Taking into account that the shift
of β for the above DH treated sample (438h) indicates a position of the Fermi level of about
300meV below the conduction-band minimum, the defect stateθ would be too shallow to
be detected, in case it were located in the absorber layer or at the buffer/absorber interface.
Further,θ cannot originate from the n-type region, because a minority-carrier trap could not
be observed using capacitance spectroscopy at a position of 140meV above the valence-band
maximum. Thus, the defect stateθ presumably is an interface state located at the CdS/ZnO
interface or an internal grain boundary of the absorber.
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4.3 Bulk Defects

With the help of capacitance spectroscopy, several bulk defect states located inside the het-
erostructure devices can be observed. In the following, we will describe all defect states
detected, focussing on those which seem to be related to the changes of the electrical char-
acteristics of cells exposed to the DH conditions. The defect characteristics are summarized
in Table 4.2. The temperature-dependent emission rates of the bulk traps and the interface
defect stateθ are displayed in the Arrhenius plot of Figure 4.6.

For all samples, we estimate the Q-factor [63] (i.e., a measure for the influence of the
series resistance on the DLTS spectra) to be much smaller than unity: the DLTS signals of
as-grown and DH treated samples are not inverted.

4.3.1 Recombination Center ε
A deep defect state,ε, is observed in DLTS spectra recorded before and after DH treat-
ment, in conventional and transient-DLTS. We observe minority and majority DLTS signals
(depending on the amount of injected minority carriers during the application of the filling
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Trapped Activation Capture
Defect Charge Energy Cross-Section
State Carrier [meV] [cm2]

γ hole 270 10−14

ζ hole 380 10−14

κ electron 480 10−15

ε hole / electron midgap 10−15

η (unknown) 55 10−18

θ electron 105 10−19

Table 4.2: Parameters of the bulk defect states. The values of the activation energy and the
capture cross-section have been determined from the Arrhenius data. Bear in mind
that the capture cross-sections determined by this method are quite inaccurate.

pulse), both of them resulting in activation energies of about 550meV. Consequently, we ex-
pect the defect stateε to be a midgap recombination center. Its capacitance transient at 350K
for the case without injection pulses can be seen in Figures 4.7(a) and 4.7(b) for as-grown
samples and cells exposed to DH conditions for 144h, respectively. Other groups observed
a majority-carrier trap of similar emission rates in single crystalline CuInSe2 solar cells with
(Cd,Zn)S buffer layer [77, 78, 79]. They determined an activation energy of about 500meV.

The normalized amplitude∆C/C0 of the capacitance transient related toε is diminished
due to the DH treatment. The determination of the trap concentration is complicated by
several circumstances: First, the transient amplitude strongly depends on temperature, in-
dicating the influence of a temperature-dependent capture cross-section or leakage currents
(especially for the DH treated device) on the amplitude [65]. Second, the prerequisite for
an accurate DLTS analysis,∆C/C0� 1 [11], does not hold for the transient of the as-grown
sample. Third, the the first 120µs of the transient cannot be detected due to the finite response
time of the capacitance bridge. Fourth, the transient is non-exponential. Fifth, amplitude and
decay strongly depend on the witdh of the filling pulse. For comparison purposes, we use
the standard relation for determining the concentration [11], bearing in mind that we ob-
tain only an ‘apparent concentration’ (in the single-electron model) due to the circumstances
mentioned above. Forε at 350K, we multiply the normalized amplitude att = 130µs with
the corresponding net doping concentration. For a filling pulse width of 100µs, we find
2×1014cm−3 of ε in the as-grown state and an upper limit of about 1013cm−3 for the DH
treated sample. For a pulse width of 1s, the amplitudes are nearly saturated, and we ob-
tain an apparent concentration of 5×1014cm−3 for as-grown samples and 2×1014cm−3 for
samples exposed to DH. A donor-like defect state of similar emission rates which shows
an increased concentration after DH exposure has been observed by Igalson et al. [67]. It
is unclear whether this defect state corresponds to the minority-carrier signal ofε or to the
donor-like defect stateκ (Section 4.3.4).
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Figure 4.7: Capacitance transients of (a) as-grown and (b) DH treated (144h)
Cu(In,Ga)(S,Se)2 heterojunction atT = 350K. The 1.5V filling pulse with
a width ranging from 100µs to 1s was superimposed on a quiescent reverse bias
of -1.5V.

4.3.2 Acceptor-like Defect State γ

We observe an acceptor-like defect state,γ, with conventional and transient-DLTS in as-
grown samples only. The corresponding capacitance transient atT = 125K is shown in
Figure 4.8(a); it is non-exponential. We determine an activation energy of approximately
160meV. The capacitance transient of a DH treated sample (144h) is shown for comparison
in Figure 4.8(b). Similar toε, the normalized amplitude∆C/C0 is diminished due to the DH
treatment. An estimation of the concentration, under the same conditions and limitations as
described above, yields 2× 1014cm−3 for as-grown samples atT = 125K, for both filling
pulse widths, 100µs and 1s, i.e., the trap is already saturated for the shorter time. We ob-
tain an upper limit for the apparent concentration after the DH treatment of 1013cm−3 for
a pulse width of 100µs. For a filling pulse width of 1s, the amplitude becomes positive: a
superposition with the shifted minority-carrier signal ß takes place. This overlapping makes
a determination of the concentration ofγ impossible, and also puts in question the concen-
tration determined for the short pulse width.

4.3.3 Acceptor-like Defect State ζ

A deep acceptor-like defect state,ζ, was detected with admittance spectroscopy and DLTS
in as-grown and DH treated Schottky contacts, and in samples containing absorbers exposed
to DH conditions. In samples DH treated as complete heterostructure, we observed a feature
close to the position ofζ with conventional and transient-DLTS, with a non-exponential
decay and a relatively small amplitude. The defect state is related to the fast decay of the
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Figure 4.8: Capacitance transients of (a) an as-grown and (b) a DH treated (144h)
Cu(In,Ga)(S,Se)2-based heterojunction atT = 125K. The 1.5V filling pulse with
a width ranging from 100µs to 1s was superimposed on a quiescent reverse bias
of -1.5V.

capacitance transient of the DH treated sample atT = 200K, shown in Figure 4.9(b). The
apparent concentration of about 1013cm−3 is almost independent of the pulse width. We note
that a yet unidentified majority-carrier signal of slightly lower concentration becomes visible
for increasing filling pulse widths. The defect stateζ vanishes in the background in as-grown
samples (Figure 4.9(a)), therefore statements concerning the concentration change due to DH
treatment are made impossible by an upper limit of 1.5×1013cm−3 (due to the background).
From the admittance data, we obtain an activation energy of about 380meV forζ. Note that in
co-evaporated CuInSe2-based cells, the defect stateζ, also referred to as N2, is present with
high concentration already in the as-grown state, such that it can easily be detected using
admittance spectroscopy [52]. In that cell type, its concentration is proportional to the time
elapsed under DH conditions [72]. This defect state was also observed in single-crystalline
CuInSe2-based solar cells with (Cd,Zn)S buffer layer [78].

4.3.4 Defect State κ

The acceptor-like defect stateκ is detected with admittance spectroscopy and DLTS in
samples with modified absorber stochiometry, i.e., Na poor, Cu rich and Cu+Na rich ab-
sorbers [80], and in Schottky contacts with a Cu rich Cu(In,Ga)(S,Se)2 layer. In these de-
vices,κ is the dominant bulk trap, as it is present in relatively high concentrations. However,
we observe no sign ofκ in as-grown and DH treated samples with standard stochiometry.
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Figure 4.9: Capacitance transients of (a) an as-grown and (b) a DH treated (144h)
Cu(In,Ga)(S,Se)2-based heterojunction atT = 200K. The 1.5V filling pulse with
a width ranging from 100µs to 1s was superimposed on a quiescent reverse bias
of -1.5V.

4.3.5 Defect State η
The defect stateη features high emission rates already at low temperatures and, thus, can
be detected with admittance spectroscopy only. Its capacitance step height is about a factor
of 20 lower than that ofβ. Consequently, the defect stateη is observed only ifβ is shifted
relative to its position in reference samples, e.g., after DH treatment. The activation energy
of η is about 55meV. Its spatial location and origin remain unclear.





5 Numerical Simulations

Calculations of the possible loss factors prominent in DH treated Cu(In,Ga)(S,Se)2-based so-
lar cells were carried out using the one-dimensional device simulation program SCAPS [81]
developed by M. Burgelman and A. Niemegeers. This program allows to simulate illumi-
nation and temperature dependent current–voltage, capacitance–voltage, admittance spec-
troscopy, and quantum efficiency measurements. The corresponding band diagrams are cal-
culated as well.

The simulations are based on the numerical solution of coupled continuity equations for
free charge carriers and the Poisson equation, in order to calculate the charge carrier and cur-
rent densities in each semiconductor layer. The boundary conditions between two adjacent
semiconductor layers are given by the model of thermal emission. Interface recombina-
tion is also accounted for, also considering recombination of charge carriers in the valence
band of one semiconductor layer with charge carriers in the conduction band of an adjacent
semiconductor layer [82]. In the case of metal/semiconductor interfaces, thermal emission
of majority carriers and an effective interface recombination velocity for minority carriers
are considered. Bulk defect states are described by the Shockley–Read–Hall recombination
model [44, 45]. Tunneling of charge carriers is not taken into consideration.

Details of the SCAPS simulation parameters used and the calculated results of the n-
ZnO/i-ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo solar cell parameters can be found in Appendix C.
The i-ZnO layer is taken into account with two alternative doping densities, 1015cm−3 and
1018cm−3 (in the following also denoted as low and high i-ZnO doping concentration).
Niemegeers et al. [68] have used a relatively high doping concentration of 1018cm−3 for
their calculations. However, Palm [83] determined the sheet resistance of i-ZnO on glass to
be at least 7 orders of magnitude higher than n-ZnO on glass. Of course, the doping density
of i-ZnO in the fully processed heterostructure could be influenced by the adjacent layers
(possibly even the dopant of the n-ZnO layer), but we were not able to determine it. Thus,
we verify the numerical simulations by using 1015cm−3 as alternative i-ZnO doping den-
sity. Only qualitative descriptions of the numerical simulations are given. We point out that
the significance of the numerical simulations is limited by the estimation of many unknown
parameters for this material system.

5.1 On the Validity of the Open-Circuit Voltage
Extrapolation Method

The crucial question whether the recombination at the buffer/absorber interface or in the bulk
of the chalcopyrite layer plays a dominant role cannot be answered directly. The method
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of extrapolating the open-circuit voltage toT = 0K has been applied in earlier publica-
tions [71, 72] in order to determine the major recombination path. It yielded the absorber
bandgap energy, thus, in principle, indicating predominant recombination in the space charge
region. For verification, we used SCAPS to calculate the temperature-dependent open-circuit
voltages for two hypothetical sample definitions, one with bulk traps only, and the other with
exclusively interface defect states. In both cases, the extrapolation of the open-circuit volt-
age toT = 0K yielded approximately the band gap energy of the absorber. In conclusion,
this method of extrapolating the open-circuit voltage is of no help in determining the major
recombination path in the solar cell type investigated.

5.2 Damp-Heat Treatment of Cu(In,Ga)(S,Se) 2-Based Solar
Cells

In order to gain information on the potential major loss factors influenced by DH treatment,
we applied the SCAPS program to investigate the influence of doping densities as well as
concentrations of bulk and interface defect states on the open-circuit voltage and the band
bending, guided by the experimental findings. Both, open-circuit voltage and band bending,
are available experimentally, the latter being proportional to the activation energy of the
defect stateβ. After 438h of DH exposure, we observed close to 20% loss in the open-circuit
voltageVoc (see Section 4.1) and a shift of the activation energy∆E of β from about 50meV
to about 300meV (see Section 4.2.1). Using SCAPS, we compute which modifications of the
sample definitions lead to electrical changes of a similar scale.

• reduction of the n-ZnO and i-ZnO doping densities by three orders of magnitude

– can account for about a fifth of theVoc loss and a clear increase of∆E (high i-ZnO
doping)

– for a low i-ZnO doping density, both parameters change only minimally

• a diminished concentration of interface defect states (by two orders of magnitude)

– changes∆E drastically (low i-ZnO doping concentration)

– for a high i-ZnO doping density, the changes happen on a much smaller scale.

In both cases the open-circuit voltage does not decrease.

• If both the doping density of the window layers and the concentration of interface
states are reduced, then a major shift of∆E of the order of the experimentally observed
values is seen

• a halved doping density of the absorber layer leads to a small reduction ofVoc and∆E,
accounting for a tenth up to a fifth of the changes

• a high concentration of bulk defect states has the largest impact on the open-circuit
voltage
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• ∆E increases slightly for the case of acceptor-like defect states, but remains unaffected
for recombination centers.

The change in the band diagram due to a combination of decreased doping densities of
absorber and window, diminished concentration of interface defect states, and increased bulk
trap concentration is shown in Figure 5.1.

Summarizing the results of our numerical simulations, the major contributor to the degra-
dation of the open-circuit voltage is the increasing concentration of bulk defect states. The
diminished band bending, represented by the increase of the activation energy ofβ, can be
accounted for mainly by a diminishing concentration of interface states together with a de-
creasing doping density of the window layer.
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Figure 5.1: Band diagram of the n-ZnO/i-ZnO/CdS/Cu(In,Ga)(S,Se)2 heterostructure at ther-
mal equilibrium (with a blow-up focussing on the interfaces at the conduction-
band edge), calculated using SCAPS [81]. The solid lines represent the conduc-
tion and valence band edges of a simulated reference cell. The dashed lines show
a case, where the activation energy of a defect state at the CdS/Cu(In,Ga)(S,Se)2

interface is increased due to changes at the interface (unpinning of the Fermi
level) and bulk properties (increased concentration of a deep acceptor state in the
absorber and decreased doping density in window and absorber).





6 Discussion

Three topics will be discussed in this section. The origin of the defect stateβ and its interpre-
tation as interface defect state are critically examined (Section 6.1). The consequences for the
influence of the CdS buffer layer on the contact formation and band bending are commented
upon in Section 6.2. Finally, the influence of DH treatment on the electronic properties of
the Cu(In,Ga)(S,Se)2-based solar cells are discussed (Section 6.3).

6.1 Origin of the Defect State β
The defect stateβ is observed in all Cu(In,Ga)(S,Se)2-based solar cells and Schottky contacts
investigated in this work. Herberholz et al. [52] have interpretedβ (called N1 therein) as
interface defect state at the buffer/absorber interface. If this view indeed corresponds to the
origin of β, it would render a direct determination of the changes of the heterostructure band
bending possible. This section aims at the verification of the origin of the defect stateβ.

The stateβ is commonly observed in ZnO/CdS/Cu(In,Ga)(S,Se)2 heterojunctions [71, 84,
85]. Herberholz et al. [52] reportedβ in ZnO/InSx/Cu(In,Ga)Se2 heterostructures, we found
it in ZnO/ZnSe/Cu(In,Ga)Se2 samples and Cr/Cu(In,Ga)(S,Se)2 Schottky diodes [41]. It is
remarkable that the emission rate ofβ nearly coincides for as-grown heterostructure samples
and as-grown Schottky diodes (see Figure 4.3). The experimental results provide evidence
that the defect stateβ is affected (i.e., shifted) by the front contact (including the buffer layer),
but located in the absorber layer.

The common origin of the different instances of the interface stateβ can be visualized
using the Meyer-Neldel relation [84, 86], also called compensation law. It is given by

ν0 = ν00exp

(
∆E
Ec

)
, (6.1)

whereν0 denotes the attempt-to-escape frequency, which is the prefactor of the emission
rate, see Equation (3.6). The prefactorν00 is approximately temperature independent. The
characteristic energyEc leads to the corresponding characteristic temperatureTc = Ec/k, de-
fined by the intersection point of all curves in the Arrhenius plot which follow a distinct
Meyer-Neldel relation. The interface stateβ, typically shifting to higher values of the acti-
vation energy and capture cross-section with time elapsed under DH conditions, obeys the
Meyer-Neldel rule withEc = 29meV (which is equivalent to aboutTc = 336K) and the pref-
actorν00 = 1.3×107Hz, as can be seen in Figure 6.1. Even the shift ofβ due to different
levels of reverse bias in case of a heterostructure sample exposed to DH treatment for 144h
(where the Fermi-level pinning is lifted) follows the compensation law. The amplitude of the
capacitance step related toβ decreases proportional to the shift of the activation energy as
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Figure 6.1: Meyer-Neldel rule of the activation energy∆E of the defect stateβ versus its
attempt-to-escape frequencyν0. A good agreement of the different measure-
ments with this distinct compensation law indicates a common origin of the dif-
ferent instances of the defect stateβ.

well [73]. These observations indicate thatβ is an energy-distributed defect state, possibly
an interface defect state.

A dielectric relaxation due to a decreased response time of the free charge carriers is un-
likely: defect states with emission rates faster than the dielectric relaxation time, likeα or η,
can be observed in the same spectra asβ in some samples. Igalson et al. [87] conclude from
light-soaking experiments on Cu(In,Ga)Se2-based solar cells thatβ (called N1 therein) does
not represent dielectric relaxation in the absorber layer. A dielectric relaxation in the CdS
layer has been previously rejected by Niemegeers et al. [68], their estimation is supported by
our observation ofβ independent of the front contact [41].

A location ofβ at internal Cu(In,Ga)(S,Se)2 grain boundaries has to be considered. Grain
boundaries are usually barriers for majority carriers [13, p. 134], i.e., the energy band is bent
down at the grain boundaries in p-type material. Let us first discuss grain boundaries in
parallel to the device interfaces. The activation energies ofβ, ranging from 50 to 300meV,
indicate that the Fermi level intersects the defect state relatively close to the corresponding
band. Ifβ were close to the valence band, the grain boundary would have to be situated deep
in the absorber layer. Considering a Cu(In,Ga)(S,Se)2 bulk Fermi level of 150–200meV, the
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small energies of about 50meV cannot be explained for the bending down of the energy band
at the grain boundary. Thus, this case is unlikely, especially sinceβ is a minority-carrier
signal in DLTS, indicating that the Fermi level intersects the defect state close to the con-
duction band. The latter is only conceivable ifβ is located close to the type-inverted [21]
Cu(In,Ga)(S,Se)2 surface. Also, the DH-induced shift ofβ in part depends on the degrada-
tion of the ZnO window layer [73], a behavior which is expected ifβ is located close to the
chalcopyrite surface. Thus, we rule out a location ofβ at an internal lateral grain boundary
and conclude thatβ were located close to the Cu(In,Ga)(S,Se)2/front contact interface. Gen-
erally,β could originate from a longitudinal (perpendicular to the interfaces) grain boundary.
The band bending in the absorber layer implies that the Fermi level intersects this (hypo-
thetical) grain boundary state over the extent of the absorber layer, but the smallest energy
difference (from the Cu(In,Ga)(S,Se)2 front surface) would be the most favorable transition.
However, usually voltage pulsesacrossthe grain boundary are necessary for detection with
transient-capacitance methods [88], making a longitudinal grain boundary as the origin ofβ
unlikely. Additionally, Scheer et al. [89, 90] report that grain boundaries in CuInSe2 are not
active for charge carrier recombination.

The interpretation ofβ as an energy distribution of interface defect states [52, 71] implies
that its activation energy equals the difference in the conduction band minimum and the
electron quasi Fermi level at the CdS/Cu(In,Ga)(S,Se)2 interface. The assumed origin of this
activation energy is shown in a blow-up of the corresponding band diagram in Figure 5.1.
Igalson et al. [91] propose another explanation for the origin of the defect stateβ. They
hold four discrete donor-like defect states in the absorber bulk (with activation energies of
80meV, 150meV, 350meV, and 570meV) responsible for the different instances ofβ. They
also report on an additional influence of the junction electric field on the emission rates of
those traps [91, 92].

The continuous shift ofβ induced by different treatments was principally responsible for
the interpretation as interface defect state. The shift is mainly irreversible for exposure of the
samples to the DH test [73] or air annealing at 240◦C [52]. The changes induced by light
soaking and helium gas annealing at about 65◦C are reversible. We would like to note two
findings indicating an energy distribution of states rather than discrete ones. First, the good
agreement of the different measurements with one distinct Meyer-Neldel rule (see Figure 6.1)
points to a common origin of the different instances of the defect stateβ [73]. Second, the
height of the capacitance step changes continuously and is proportional to the activation
energy [73], which is not expected for several discrete defect states.

With the help of DLTS, we have identifiedβ as a minority-carrier signal [41], i.e., the
width of the space charge region diminishes directly after having applied the filling pulse. If
β were a bulk trap, it would probably be a donor-like defect state. A prerequisite to detect
such a shallow bulk minority-carrier trap — the activation energy ofβ for as-grown samples
amounts to about 50meV — is a large band bending close to the interface between the front
contact and the absorber, confining the possible spatial location of the detection of the defect
state to the Cu(In,Ga)(S,Se)2 surface. We have already discussed in Section 3.2.2 that bulk
minority-carrier defect states can be detected in Cu(In,Ga)(S,Se)2-based heterojunctions and
Schottky contacts even without minority-carrier injection.

The Arrhenius representation of the temperature-dependent emission rates ofβ, plotted
in in Figure 4.3, is a slightly bent curve. This nonlinearity can have several reasons, e.g.,
a tunneling contribution due to the junction electric field [92], a capture of charge carriers
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in the space charge region due to high leakage currents [65], or because the small-signal
approximation (amplitude of the alternating voltage for capacitance measurement has to be
much smaller than the thermal voltagekT/e) is invalid at low temperatures [93]. A final
classification is not possible yet.

The shift of the temperature-dependent emission rates and capacitance step heights of
the defect stateβ is continuous. Therefore, we consider the interpretation ofβ as energy-
distributed defect state in the Cu(In,Ga)(S,Se)2 surface region to be more likely than the
proposition of Igalson et al. [91]. However, we can draw conclusions about the band bending
of the junction using either model. With the common interpretation ofβ as an interface defect
state, the information on the band bending is directly obtained by the measured activation
energy. In the Igalson model, the detection of a minority-carrier defect state located in the
absorber layer with activation energies as low as 80meV is only possible for the electron
quasi Fermi level being very close to the conduction band. We conclude that the detection
of β in as-grown Cu(In,Ga)(S,Se)2-based heterojunctions and Schottky contacts signifies a
strong band bending.

6.2 Contact Formation

The process of contact formation and its consequences for the band bending of the
Cu(In,Ga)(S,Se)2-based heterojunction are not fully understood yet. A model proposed by
Rau et al. [12] explains the relatively high band bending of heterojunction devices by an
absorber surface passivation due to the subsequent CdS bath deposition. We demonstrate
that the band bending within the Cu(In,Ga)(S,Se)2 layer, reported in the literature to become
minimal after air exposure, is restored after the formation of either a Schottky contact or a
heterojunction. The above phenomenon turns out to be independent of a surface passivation
due to the CdS bath deposition.

Cu(In,Ga)(S,Se)2 films exposed to ambient air display a relatively small band bending,
as reported by Weinhardt et al. [25] who measured a Fermi-level position (relative to the
conduction band minimum) of 0.5eV via applying inverse photoemission spectroscopy. In-
vacuo as-grown Cu(In,Ga)Se2 surfaces, however, show a type inversion [21], i.e., the Fermi
level is very close to the conduction band [24]. The impact of ambient air on the band
bending of Cu(In,Ga)Se2 films has been measured directly by Rau et al. [12]. They observed
a 200meV decrease of the band bending using in-situ ultraviolet photoelectron spectroscopy
after contact with ambient air compared to the in-vacuo result. Devices finished after an
air exposure of the absorber layer, however, show a high band bending again [73]. In order
to explain such a phenomenon, Rau et al. [12] proposed that the CdS bath deposition is
responsible for a reintroduction of positive surface charges and a restoration of the band
bending to the state before the air exposure.

Our capacitance measurements demonstrate a high band bending for both,
ZnO/CdS/Cu(In,Ga)(S,Se)2 heterojunctions and Cr/Cu(In,Ga)(S,Se)2 Schottky con-
tacts, even though the respective absorber layers were exposed to ambient air during
processing. Thus, the restauration of the band bending is independent of the CdS bath
deposition, dissenting the model from Rau et al. [12]. The mechanism being responsible for
such behavior is still unknown. The possible explanation would be a Fermi-level pinning
by a high concentration of interface defect states only after contact formation, independent
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of the contact layer applied, i.e., a reorganization of the chalcopyrite surface due to the
junction built-in electric field. Such an effect could result from the field-induced migration
of Cu [12, 24].

A good performance of other buffer layers as alternatives [19] for CdS supports our find-
ings in suggesting that CdS plays no exceptional role in the contact formation. However,
the one argument in favor of CdS as buffer layer in heterojunction solar cells is its relatively
good DH stability [20].

6.3 On the Influence of the Damp-Heat Treatment

The influence of water vapor and oxygen on the charge transport properties of the heterostruc-
ture cells is the focus of this thesis. Oxygen-related phenomena have been discussed in liter-
ature for more than a decade [94], and extensive work covering oxygenation [12] and related
topics [95] is available. The impact of water vapor on the cell characteristics goes beyond
the magnitude of the influence of oxygen [8], even though both effects are closely related to
each other. Changes of the transport properties of CuInSe2 based thin-film solar cells due
to exposure to DH have recently been investigated with regard to modifications in the win-
dow [8, 96, 97] and absorber layer [41, 67, 71, 72, 73]. So far, the impact of stress tests on
the back contact of the solar cells has been described only qualitatively [96, 97]. A fraction
of the DH induced changes is reversible under illumination (referred to as light soaking).
Such metastability most likely originates from the absorber layer [8]. In this context (also
concerning the differences of DH exposure to oxygenation [12]), it should be mentioned that
the effect of dry air annealing (85◦C, 2000h) on the electronic properties is much smaller
than that of DH exposure [8].

The experimental findings presented in this thesis indicate that all layers of the
Cu(In,Ga)(S,Se)2 based heterostructure cells contribute to the DH induced changes of the
fill factor and open-circuit voltage. We discuss the different layers successively, also giving
account of the findings of other authors in the literature.

6.3.1 Window Layer

The front electrode commonly consists of an n-ZnO layer, an undoped i-ZnO layer, and a
CdS buffer layer, the latter being in direct contact with the absorber. Experimental analysis
of the surface morphology of DH tested Cu(In,Ga)Se2 based heterostructure cells unveils
some deterioration of the window layer due to microdefects of sizes ranging from 5 to 40µm,
which are located directly at the surface [98]. The DH exposure of ZnO layers on glass
or Si substrates has been demonstrated to result in an increasing sheet resistance [8, 96,
97]. The degree of degradation is enhanced by the CdS layer located between ZnO and
substrate, and is proportional to the thickness of the CdS layer [96, 97]. The increase in
sheet resistance observed after 1000h DH testing is found to be in the range between two and
three. Wennerberg et al. [97] attribute these changes to a decreasing carrier concentration in
the ZnO layers. The increased sheet resistance of the ZnO window can account for only a
small fraction of the fill factor losses [97, 99]. For modules, usually produced without a metal
grid deposited on top of the window layer, the increase in sheet resistance has a considerably
larger effect on the overall performance [100].



42 6 Discussion

Our own findings verify the small significance of the sheet resistance of the window layer
on the performance of laboratory-scale samples: comparing test cells that were DH treated
as fully processed device with the sets of samples where the process sequence was inter-
rupted for a DH exposure after the absorber RTP, the CdS deposition, or the i-ZnO sputter
process, respectively, it becomes clear that the degradation of the window layer can be made
responsible only for a small share of the total power loss [73].

6.3.2 Window/Absorber Interface

Lang et al. [101] point out that the surface of the absorber does not have the form of just
a monolayer of atoms, but rather is a transition region to the bulk semiconductor. Taking
advantage of capacitance spectroscopy and DLTS, it seems to be impossible to distinguish
between a certain kind of defect located directly at the surface layer or inside a thin interface
region. Such a problem remains unsolved for the origin of the defect stateβ found in CuInSe2
based solar cells, where the existence of an ordered vacancy or defect compound (OVC/ODC)
of a few nanometers thickness has been reported [68].

Our capacitance spectroscopy measurements clearly show that the electrical properties of
the interface region are modified by heat and humidity treatment. However, the shift of the
interface defect stateβ, observed after DH exposure [41, 71, 72] and air annealing [52],
does not only stem from changes of the interface, but is also influenced by the window
and absorber bulk regions (doping concentration, defect state concentration) as well. Thus,
the band bending of the heterojunction and the type inversion at the absorber surface are
diminished. Focussing on the results obtained for the interface, we find that the Fermi-level
pinning of as-grown cells is lifted for the case of complete devices [71] (see Figure 4.5), but
remains unchanged when only the absorber layer was exposed to DH and the window layer
deposited afterwards [73]. Consequently, the density of interface defect states is diminished
due to the DH treatment of n-ZnO/i-ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo solar cells.

The defect stateθ, being observed after DH treatment (see Figure 4.2(b)), is probably
located at the window/buffer interface or an internal grain boundary. We was not able to
verify the spatial location and, thus, cannot judge the relevance of this defect state for the
electrical changes of the DH treated samples.

Chemical modifications of the interface region due to heat and humidity have been ob-
served as well. Weinhardt et al. [25] have performed photoemission and X-ray emission
spectroscopy experiments on Cu(In,Ga)(S,Se)2-based heterostructures. They report on a DH
induced oxidation of S atoms at the ZnO/CdS interface or at the ZnO/Cu(In,Ga)(S,Se)2 in-
terface, but do not observe oxidation at the CdS/Cu(In,Ga)(S,Se)2 interface. Karg et al. [8]
point out that the oxygen content of the cells, normally about one per mille of the amount
of CuInSe2, increases up to one order of magnitude due to DH exposure. The oxygen accu-
mulates particularly at the buffer/absorber interface and the absorber/Mo interface. Such an
effect is reported to be most pronounced for the case of Na doped films.

On base of the current data, we cannot relate our electronic measurements to the observa-
tion of chemical modifications by other groups. The CdS/Cu(In,Ga)(S,Se)2 interface region
degrades due to DH exposure and might be responsible for a fraction of the solar cell degra-
dation, even though the numerical simulations do not suggest an influence on the degradation
process. However, one should bear in mind that many simulation parameters are based on
estimates only. We are not able to distinguish between a dominant recombination at the
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buffer/absorber interface or in the absorber bulk by experimental means.

6.3.3 Absorber Layer

Some of the bulk defect states detected in Cu(In,Ga)(S,Se)2 based heterojunction cells are
related to the DH induced degradation. We observe the acceptor-like defect statesζ and
γ as well as the recombination centerε. The former one can be found after 144h of DH
treatment, but is present in relatively low concentrations only.γ and ε can be observed
clearly in as-grown samples, but their concentration is diminished due to the exposure to
DH conditions. However, we believe that the concentrations determined are distorted by the
influence of leakage currents [65], and by a superposition with another defect state in the case
of γ. Additionally, the corresponding capacitance transients are non-exponential, making
the standard method for evaluation of the defect concentration inaccurate [11]. This case
usually takes place for high defect concentrations (order of a tenth of the doping density) and
especially for highly compensated semiconductors like Cu(In,Ga)(S,Se)2 [102], as the band
bending in the depletion region is significantly changed when charge carriers are emitted
from the deep traps [103]. Thus, we are not able to quantitatively describe the DH induced
changes of the defect spectra.

Other groups have reported the observation of defect states related to the DH test as well.
Schmidt et al. [72] measured an acceptor-like defect state called N2, which is present in their
as-grown co-evaporated samples in a relatively high concentration, as it can be measured with
admittance spectroscopy. They correlated the concentration of this defect state (estimated
with a calculation done by Walter et al. [50] based on their admittance data) with the open-
circuit voltage of their devices. N2 is presumably identical toζ, even though its significance
for the electrical characteristics seems to be quite different. Igalson et al. [67] observed
N2 and a donor-like defect state N3 (with emission rates comparable toε) only after DH
treatment using DLTS, but did not determine the defect concentration.

A pronounced current–voltage hysteresis, observed only after DH exposure of heterojunc-
tion samples and Schottky contacts, indicates a trapping mechanism in the absorber layer,
i.e., an increasing concentration of deep traps. Also, within the numerical simulations, only
an increasing concentration of deep defect states in the absorber layer can account for a ma-
jor fraction of the losses of the open-circuit voltage (see Figure 6.2). A decreasing absorber
doping density due to DH exposure is equivalent to a reduced compensation, i.e., a net de-
crease of acceptor states — which, of course, can be achieved by an increasing concentration
of donor-like states as well. However, the experimentally observed decreasing concentration
of acceptor-like defect states can lead to a reduced compensation, but cannot account for the
hysteresis. Thus, the detailed changes of the deep traps due to DH treatment as well as the
resulting electronic modifications are still not clarified.

Let us finally discuss the relation of the DH exposure and air annealing (oxygena-
tion [12, 94]) phenomena to each other. The experimental difference is that DH testing is
performed at a relatively low ambient temperature (85◦C) combined with humidity treatment
(i.e., including hydrogen), whereas air (or oxygen) annealing happens at temperatures of
above 200◦C without being subject to water vapor. The two major effects of oxygenation
are a passivation of Se vacancies at the CdS/chalcopyrite interface and Cu migration into the
absorber bulk [12]. We emphasize that both explanations are only model pictures proposed
to support various experimental findings, but have been observed directly neither for air an-
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Figure 6.2: Histogram of the normalized open-circuit voltage of different sets of DH treated
samples. For some sets of samples, the processing sequence was interrupted
for a DH treatment after the deposition of a certain layer. The cell process was
continued afterwards. The corresponding samples are denoted as, e.g., 6h a.
RTP, meaning 6h of DH exposure after deposition of the absorber layer. Instead
of DH treatment, one set of samples was annealed in dry air atmosphere (85◦C,
24h) after RTP.

nealing nor for DH treatment. However, oxygen might play an important role for the effects
of DH exposure, as the amount of oxygen present in Na containing absorber layers increases
by about one order of magnitude due to accelerated lifetime tests [8]. The role of hydrogen
in Cu(In,Ga)(S,Se)2-based solar cells is still unclear, even though it has been found in high
concentrations of 1018cm−3 in as-grown samples [104]. To our knowledge, the hydrogen
concentration in dependence on the DH treatment has not been investigated yet. The similar
results of the DH and annealing experiments, i.e., the shift of the interface defect stateβ
and a decreased net doping density of the absorber, indicate a common origin for some of
the underlying modifications, even though the correlation of the chemical changes with the
electronic properties remains unclear.

6.3.4 Back Contact

The Mo back contact undergoes an oxidation process due to DH exposure [97], but such
degradation becomes electrically significant only if the module interconnections are de-
stroyed [96]. Our electrical measurements indicate that no additional electronic barrier exists
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evolving due to the DH treatment of complete heterostructure samples with durations of up
to 438h, i.e., the interface between the bulk absorber and the back contact remains ohmic.
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The electronic characteristics of as-grown and damp-heat treated ZnO/CdS/
Cu(In,Ga)(S,Se)2/Mo heterojunction solar cells and Cr/Cu(In,Ga)(S,Se)2/Mo Schottky
contacts have been investigated using current–voltage and capacitance–voltage measure-
ments, admittance spectroscopy, and deep-level transient spectroscopy.

A pronounced defect state with a continuously shifting activation energy depending on the
sample treatment presumably originates from an energy distribution of defect states located
at the Cu(In,Ga)(S,Se)2 surface. The activation energy of this energy distribution indicates
the degree of band bending, which is relatively small after air exposure, but increases consid-
erably after the formation of a Schottky contact or a heterojunction. The increase of the band
bending after the contact formation is independent of the presence of the CdS buffer layer.

The electronic effects of the damp-heat treatment at 85◦C ambient temperature and 85%
relative humidity on ZnO/CdS/Cu(In,Ga)(S,Se)2/Mo heterojunction solar cells have been in-
vestigated. We observed a reduced net doping density in the chalcopyrite absorber layer.
Three absorber bulk traps with non-exponential capacitance transients were detected, two
acceptor-like defect states and a recombination center. We were not able to determine the ab-
solute trap concentrations, and make superposition effects and the influence of leakage cur-
rents responsible for distorted capacitance transient amplitudes. However, the observation
of a hysteresis in the current–voltage characteristics of damp-heat treated heterojunctions
and Schottky contacts aims at an increased concentration of traps in the absorber layer. The
Fermi-level pinning at the buffer/chalcopyrite interface, maintaining a high band bending in
as-grown cells, is lifted due to the damp-heat exposure. The sheet resistance of the window
layer increases. The combination of these effects leads to a reduction of the band bending
and a diminished open-circuit voltage in the damp-heat treated solar cells.

The influence of the damp-heat treatment on the electronic properties of Cu(In,Ga)(S,Se)2-
based heterojunction solar cells is well described (in part owing to the present work), but the
underlying mechanisms are still poorly understood — this is also the case for many other
aspects of this complex material system. One major problem is the inadequate correlation of
the results of complementary measurement techniques, which is essential for the advance of
the insight into the physical origin of the damp-heat induced degradation.
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• nicht zuletzt meinen Eltern, meiner Großmutter und meiner Freundin Antje für
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[72] M. Schmidt, D. Braunger, R. Schäffler, H. W. Schock, and U. Rau. Influence of damp
heat on the electrical properties of Cu(In,Ga)Se2 solar cells.Thin Solid Films, 361/362:
283, 2000.

[73] C. Deibel, V. Dyakonov, J. Parisi, J. Palm, S. Zweigart, and F. Karg. Electrical charac-
terization of damp-heat treated Cu(In,Ga)(S,Se)2 solar cells. In B. McNelis, W. Palz,
H. A. Ossenbrink, and P. Helm, editors,Proceedings of the 17th European Photo-
voltaic Solar Energy Conference, Munich, Germany, page 1229, WIP, M̈unchen, 2002.

[74] M. Igalson and H. W. Schock. The metastable changes of the trap spectra of CuInSe2-
based heterojunction photovoltaic devices.J. Appl. Phys., 80:5765, 1996.

[75] D. J. Chadi and K. J. Chang. Energetics of DX-center formation in GaAs and
AlxGa1−xAs alloys.Phys. Rev. B, 39:10063, 1989.

[76] L. Dobaczewski, P. Kaczor, M. Missous, A. R. Peaker, and Z. R. Zytkiewicz. Structure
of the DX state formed by donors in (Al,Ga)As and Ga(As,P).J. Appl. Phys., 78:2468,
1995.

[77] T. R. Hanak, A. M. Bakry, D. J. Dunlavy, F. Abou-Elfotouh, R. K .Ahrenkiel, and
M. L. Timmons. Deep-level transient spectroscopy of AlGaAs and CuInSe2.Sol.
Cells, 27:347, 1989.



Bibliography 57

[78] F. A. Abou-Elfotouh, L. L. Kazmerski, A. M. Bakry, and A. Al-Douri. Correlations of
single crystal CuInSe2 surface processing with defect levels and cell performance. In
Proceedings of the 21st IEEE Photovoltaic Specialists Conference, Kissimmee, USA,
page 541, IEEE, New York, 1990.

[79] F. A. Abou-Elfotouh, H. Moutinho, A. Bakry, T. J. Coutts, and L. L. Kazmerski. Char-
acterization of the defect levels in copper indium diselenide.Sol. Cells, 60:151, 1991.

[80] C. Deibel, A. Wessel, V. Dyakonov, J. Parisi, J. Palm, and F. Karg. Deep levels in
stochiometry-varied Cu(In,Ga)(S,Se)2 solar cells.Thin Solid Films, 2002. In press.

[81] M. Burgelman, P. Nollet, and S. Degrave. Modelling polycrystalline semiconductor
solar cells.Thin Solid Films, 361/362:527, 2000.

[82] H. Pauwels and G. Vanhoutte. The influence of interface states and energy barriers on
the efficiency of heterojunction solar cells.J. Phys. D: Appl. Phys., 11:649, 1978.

[83] J. Palm. Private Communications, 2002.

[84] R. Herberholz, T. Walter, C. M̈uller, T. Friedlmeier, and H. W. Schock. Meyer-Neldel
behaviour of deep level parameters in heterojunctions to Cu(In,Ga)(S,Se)2. Appl.
Phys. Lett., 69:2888, 1996.

[85] M. Igalson, A. Kubiaczyk, and P. Zabierowski. Deep centers and fill factor losses in
the CIGS devices. InProceedings of the Materials Research Society Symposium, San
Francisco, USA, volume 668, 2001.

[86] A. Yelon, B. Movaghar, and H. M. Branz. Origin and consequences of the compensa-
tion (Meyer-Neldel) law.Phys. Rev. B, 46:12244, 1992.

[87] M. Igalson, A. Kubiaczyk, P. Zabierowski, M. Bodegård, and K. Granath. Electrical
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A List of Investigated Samples

Sample Number Remarks

Reference [923] 8495-2x Cu/(In+Ga)∼0.92
Reference [982] 9781-0x Cu/(In+Ga)∼0.92
24h DH [982] 9781-1x
144h DH [923] 8495-3x
294h DH [923] 8495-0x
438h DH [923] 8495-1x
6h DH after RTP [982] 9784-1x
24h DH after RTP [982] 9781-2x
24h DH after CdS [982] 9782-0x
24h DH after i-ZnO [982] 9782-2x
24h boiling H2O after RTP [982] 9783-2x
30min Oxidation at 200◦C after RTP [982] 9784-2x
24h Oxidation at 85◦C after RTP [982] 9383-0x
Schottky Cr/CIGSSe reference 10549-1A
Schottky Cr/CIGSSe 24h DH 10549-1B
Schottky Cr/CdS/CIGSSe reference 10548-1A
Schottky Cr/CdS/CIGSSe 24h DH 10548-1B
Schottky Cr/CIGSSe Cu-rich 10532-1A Cu/(In+Ga)∼0.97
Schottky Cr/CIGSSe Cu-rich 24h DH 10532-1B Cu/(In+Ga)∼0.97
Na rich [957] 9346-3x 50% more Na
Na poor [974] 9533-0x no Na precursor (more oxygen)
Na poor 24h DH [974] 9533-1x
Cu rich [943] 9233-3x Cu/(In+Ga)∼0.97
Cu rich 264h DH [943] 9233-1x
Cu+Na rich [975] 9640-2x Cu/(In+Ga)∼0.97, 50% more Na
Cu+Na rich 24h DH [975] 9640-3x
CVD-ZnO/CdS/Cu(In,Ga)Se2 [866] 8047-0x
CVD-ZnO/ZnSe/Cu(In,Ga)Se2 [866] 8051-0x





B List of Symbols

Symbol Description Unit

A active area of the samples m2

α absorption coefficient 1/m
√

eV
C capacitance F
∆C amplitude of the capacitance transient F
Cp capacitance in a parallel configuration F
δCp change in the capacitance in a parallel configuration F
Cs capacitance in a serial configuration F
δCs change in the capacitance in a serial configuration F
cn capture rate for electrons m3/s
cp capture rate for holes m3/s
d layer thickness m
EC conduction band minimum J (eV)
Ec characteristic energy (Meyer-Neldel rule) J (eV)
Eg energy band gap J (eV)
EV valence band maximum J (eV)
∆EPF emission barrier reduction by Poole-Frenkel effect J (eV)
∆Eσ energy barrier for carrier capture J (eV)
∆Et activation energy of a defect state J (eV)
e elementary charge C
en emission rate for electrons 1/s
ep emission rate for holes 1/s
ε0 dielectric constant in free space F/m
εs = εrε0 dielectric constant of semiconductor F/m
η power conversion efficiency
FF fill factor
ft occupancy probability of electrons in a trap
G conductance S
G Gibbs free energy J (eV)
∆G change in Gibbs free energy J (eV)
∆H enthalpy J (eV)
Isc short-circuit current A
k Boltzmann factor J/K (eV/K)



62 B List of Symbols

Symbol Description Unit

χ electron affinity J (eV)
χn entropy factor
λ intersection point of defect state with Fermi level m
µn mobility of electrons cm2/Vs
µp mobility of holes cm2/Vs
NA−ND net doping density m−3

NC effective density of states in the conduction band m−3

NV effective density of states in the valence band m−3

Nt total trap concentration m−3

n concentration of electrons in the conduction band m−3

nt concentration of trapped electrons m−3

ν0 attempt-to-escape frequency Hz
ν00 temperature-independent part of the attempt-to-escape frequency Hz
ω frequency of the alternating voltage (AS) Hz
ω0 frequency related toet Hz
p concentration of holes in the valence band m−3

pt concentration of trapped holes m−3

Q quality factor, measure for influence of series resistance on DLTS
R resistance Ω
Rs series resistance Ω
∆S entropy J/K (eV/K)
σt capture cross-section of defect state m2

T absolute temperature K
Tc characteristic temperature (Meyer-Neldel rule) K
t time s
t f filling pulse width (DLTS) s
V applied bias V
∆V filling pulse height (DLTS) V
Vf bias during the filling pulse (DLTS) V
Voc open-circuit voltage V
Vr quiescent reverse bias (DLTS) V
W width of the depletion region m
Vbi built-in potential V
v̄n,p thermal velocity of electrons/holes m/s
Y admittance (complex) S
Z impedance (complex) Ω



C Parameters and Results of the
Numerical Simulations

Cu(In,Ga)(S,Se)2 Solar Cell Parameters

p-Cu(In,Ga)(S,Se)2 n-CdS i-ZnO n-ZnO
Absorber Buffer Window Window

d [nm] 1000 20 50 500
εr 10 10 10 10
χ [eV] 4.5 4.45 4.55 4.55

Eg [eV] 1.1 2.45 3.4 3.4
v̄n [cm/s] 107 107 107 107

v̄p [cm/s] 107 107 107 107

µn [cm2/Vs] 50 50 50 50
µp [cm2/Vs] 20 20 20 20
NC [cm−3] 2×1018 2×1018 4×1018 4×1018

NV [cm−3] 2×1018 1.5×1019 9×1018 9×1018

|NA−ND| [cm−3] 5.5×1015 1015 1015 or 1018 1020

α [1/cm
√

eV] 109 109 109 109

The SCAPSsimulation parameters are based on Ref. [68].

Deep Traps and Interface Defect States

p-Cu(In,Ga)(S,Se)2 Interface CdS i/n-ZnO
Absorber Buffer Window

Energy Level∆E [eV] 0.45 0.55 uniform midgap midgap
Charge Type acceptor neutral donor donor neutral

ConcentrationN [cm−3] 1015 1016 1017 1017

Capture Cross-Sectionσ [eV] 5×10−14 10−15 10−15 10−15

Recombination Velocity [cm/s] 5×104

The energy levels are given relative to the conduction band.
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Cu(In,Ga)(S,Se)2 Solar Cells (i-ZnO doping 10 18cm -3)

Voc Isc FF η ∆E
[mV] [mA] [%] [%] [meV]

Reference 573 39.4 72.1 16.3 161
Cu(In,Ga)(S,Se)2 doping (1) 2.5×1015cm−3 546 39.6 70.8 15.3 141
acceptor 0.45eV (2) 1016cm−3 488 36.8 65.0 11.7 182

1014cm−3 602 39.7 76.2 18.2 158
recombination 0.55eV 1017cm−3 540 38.7 69.2 14.5 161

1015cm−3 577 39.4 72.6 16.5 161
Cu(In,Ga)(S,Se)2/CdS 5×105cm/s 565 38.3 71.3 15.5 130
interface (3) 5×103cm/s 577 39.5 72.2 16.5 174

5×102cm/s 577 39.6 72.2 16.5 176
i-ZnO/n-ZnO doping (4) 1012/1017cm−3 553 39.3 72.7 15.8 214

1010/1015cm−3 550 39.2 72.7 15.7 219

(1)–(3) 465 37.1 62.9 10.8 191
(1)–(4) 464 36.9 62.1 10.6 341

Selected Results for Reduction of the Interface Recombination Velocity
by One Order of Magnitude

Voc Isc FF η ∆E
[mV] [mA] [%] [%] [meV]

Reference here: (3) 577 39.5 72.2 16.5 174
Cu(In,Ga)(S,Se)2 doping 2.5×1015cm−3 548 40.0 71.2 15.6 147
acceptor 0.45eV 1016cm−3 489 37.0 65.0 11.8 206
recombination 0.55eV 1017cm−3 541 38.9 69.3 14.6 174
i-ZnO/n-ZnO doping 1012/1017cm−3 563 39.3 70.9 15.7 325
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Cu(In,Ga)(S,Se)2 Solar Cells (i-ZnO doping 10 15cm -3)

Voc Isc FF η ∆E
[mV] [mA] [%] [%] [meV]

Reference 554 39.3 72.7 15.8 212
Cu(In,Ga)(S,Se)2 doping (1) 2.5×1015cm−3 540 39.6 70.6 15.1 199
acceptor 0.45eV (2) 1016cm−3 485 36.8 64.7 11.6 226

1014cm−3 570 39.7 76.2 17.2 210
recombination 0.55eV 1017cm−3 531 38.6 69.3 16.1 212

1015cm−3 557 39.4 73.3 17.2 212
Cu(In,Ga)(S,Se)2/CdS 5×105cm/s 556 38.3 71.6 15.2 152
interface (3) 5×103cm/s 564 39.3 71.3 15.8 310

5×102cm/s 582 39.2 70.4 16.1 389
i-ZnO/n-ZnO doping (4) 1012/1017cm−3 552 39.3 72.7 15.8 215

1010/1015cm−3 550 39.2 72.7 15.7 219

(1)–(3) 464 37.0 62.3 10.7 326
(1)–(4) 464 36.9 62.1 10.6 343

Selected Results for Reduction of the Interface Recombination Velocity
by One Order of Magnitude

Voc Isc FF η ∆E
[mV] [mA] [%] [%] [meV]

Reference here: (3) 564 39.3 71.3 15.8 310
Cu(In,Ga)(S,Se)2 doping 2.5×1015cm−3 545 40.0 70.9 15.4 271
acceptor 0.45eV 1016cm−3 487 36.5 63.9 11.4 347
recombination 0.55eV 1017cm−3 536 38.6 68.4 14.2 310
i-ZnO/n-ZnO doping 1012/1017cm−3 563 39.3 70.9 15.7 327
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