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Abstract The paper gives an overview on the

influence of point defects on electronic properties of

interfaces including band alignment (barrier heights)

and transport properties. As examples interfaces

between metals and the II–VI semiconductors CdTe

and ZnTe are presented. In addition untypical phe-

nomena at semiconductor heterocontact formation at

In2S3/ZnO and CuInSe2/CdS interfaces is described. It

is suggested that the barrier heights as well as the

transport properties at both interfaces are strongly

affected by defects, which are either present because of

non-stoichiometry of the materials or introduced by

contact formation due to chemical interactions.

Defects and interfaces

Electronic properties of interfaces determine the

function of electronic devices [1–4]. Important features

of interfaces are the barrier heights, the current

transport across the interface, charge injection and

minority carrier recombination. Current transport

across an interface is mainly affected by the barrier

heights but can also be strongly modified in the

presence of defect states in the band gap not only by

modifying the potential distribution, but also by adding

additional transport paths involving recombination or

tunnelling utilizing defect states [4, 5].

Electronic devices are, in most cases, made with

materials having a fundamental band gap as semicon-

ductors or insulators. The interface properties of

insulating materials as dielectrics, ferroelectrics and

others should therefore, in principle, be described by

the same fundamental mechanisms as developed for

semiconductors. An energy band diagram for a n-type

semiconductor/metal interface is shown in Fig. 1. The

barrier height FB for electrons (holes) at a semicon-

ductor/metal interface, which is given by the distance

between the Fermi energy at the interface and the

conduction (valence) band edge, largely determines

the electronic properties of the contact.

Extensive research has been devoted in the past to

understand the mechanisms governing barrier forma-

tion at semiconductor interfaces in order to enable

prediction and possible modification of barrier heights

[1, 6–11]. Considerable complication in this is induced

by Fermi level pinning, which results in barrier heights

being almost independent of the contact metal. Fermi

level pinning is mostly pronounced for semiconductors

with covalent bonding such as Si, Ge and GaAs and

less strong for polar bonded materials as oxides [12]. It

is phenomenologically accounted for by the presence

of interface states in the semiconductor [3, 13] as

indicated in Fig. 1. The interface states give rise to an

additional charge located within a few Angstroms at

the interface. The charge associated with these inter-

face states can be either positive or negative, depend-

ing on the Fermi level position relative to the charge

neutrality level ECNL, which is associated with the

interface states. There is no charge in the interface

states if EF = ECNL. A negative (positive) charge will
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occur if EF >(<) ECNL. The position of ECNL with

respect to the band edges depends on the details of the

distribution of interface states. For a high concentra-

tion of interface states the position of the charge

neutrality level determines the Fermi level position at

the interface and hence the barrier heights.

Charge neutrality levels have been calculated on the

basis of fundamental bulk properties of the semicon-

ductors [1, 14, 15], which rely on the basic picture of

metal-induced gap states (MIGS) first introduced by

Heine [16] and clearly evident from electronic struc-

ture calculations [17]. It needs to be mentioned that

this generalized pictures does not account for some

observed variations in barrier heights for a single

material combination, which are related to the details

of the atomic structure at the interface [9]. Neverthe-

less, the induced gap states concept gives a straightfor-

ward explanation for the occurrence of the interface

states and Fermi level pinning even for interfaces,

which are atomically abrupt and free of crystallo-

graphic point defects. In a chemical bonding picture,

the MIGS are provided by the polarization of the

lattice due to the distortion of the chemical bonds at

the interface [18]. Consequently, the barrier heights

can be regarded as being determined by the chemical

bonds at the interface.

Barrier formation for the most important elemental

and III–V semiconductors are well understood and

generally discussed in terms of such abrupt junctions [1,

6–8]. For these materials, deviation from stoichiometry

is not a big issue. This is due to the large energies

required to create intrinsic crystallographic point

defects as vacancies or interstitials. Therefore, the

concentration of point defects should be negligible.

However, Fermi level pinning at interfaces of GaAs has

also been attributed to formation of anti-site defects

during metal deposition [19, 20]. These are assumed to

be created in consequence of the release of the

condensation energy of the metal atoms. Alternatively,

Walukiewicz suggested in an amphoteric defect model

[21, 22] that point defects are created as a result of the

movement of the Fermi level at the interface. This

phenomenon is related to the self-compensation mech-

anism in semiconductors which leads to a limitation of

achievable doping levels [23] and whose origin lies in

the dependence of defect formation energies on the

Fermi level position [24]. However, in most cases the

role of point defects at interfaces of semiconductors is

neglected.

Interfaces of polar bonded materials as chalcoge-

nides, oxides and halides are expected to be consider-

ably more influenced by point defects. One reason is

given by the lower defect formation enthalpies of these

materials. This can be rationalized from the fact that a

vacancy or an interstitial in a III–V compound results

in a mismatch of 3 electrons per defect site, compared

to 2 electrons in chalcogenides and oxides and only 1

electron in halides. Consequently, vacancies and inter-

stitials or their combinations (Frenkel and Schottky

defects) are much more abundant in the latter mate-

rials. Lower defect formation enthalpies are also

highlighted by the fact that non-stoichiometric mate-

rials typically exhibit polar bonding [25–27].

In most cases, polar bonded materials have larger

band gaps than corresponding covalent materials. For

example, the band gaps of Ge, GaAs and ZnSe are 0.7,

1.4 and 2.7 eV, respectively. Because of the larger band

gaps of polar bonded materials, defect formation by

self-compensation is also more important, since the

larger the band gap, the larger the possible movement

of the Fermi level at the interface.

The interface formation between covalent (stoichi-

ometric) and polar (non-stoichiometric) materials is

therefore suggested to be different because of different

densities of induced gap states (DIGS) and of crystal-

lographic point defects states (Dcr). For covalent

semiconductors DIGS is typically of the order of

1014 cm–2 [1, 13, 28], roughly corresponding to 10%

of a monolayer. Materials with larger band gaps show a

lower density on induced gap states [17], which is in

accordance with the observation of reduced Fermi

level pinning at interfaces of such materials [12].

Interfaces of covalent materials therefore have a low
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Fig. 1 Potential and charge distribution at n-type semiconduc-
tor/metal interface. The barrier height FB is given by the
distance between the Fermi energy and the conduction band
minimum. Charged interface states in the semiconductor induce
an interface dipole, which leads to a dipole potential d. The sign
of the charge of the interface states is defined by the position of
the charge neutrality level ECNL with respect to the Fermi energy
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density of crystallographic point defects and a high

density of induced gap states and will thus be domi-

nated by induced gap states. In contrast, polar mate-

rials have a lower density of induced gap states and a

higher density of crystallographic point defects and

should therefore show a different behaviour. In both

situations, barrier heights are determined by defect

states at the interface as shown in Fig. 1. The different

behaviour can be summarized as follows:

(1) If the influence of crystallographic point defects

on barrier formation can be neglected, which is

most likely the case for covalent materials, a

certain material combination results in a unique

barrier height. This is in general agreement with

experiment [1, 6–11].

(2) For polar bonded materials the barrier heights

should depend on the density of crystallographic

point defects near the interface. This could be

influenced by a different chemical reactivity at the

interface or also by treatments in selective partial

pressures. There are experimental observations at

oxide/metal interfaces indicating that barrier

heights change with processing conditions [29–

32]. The band alignment at interfaces between

GaAs or AlAs with ZnSe is also reported to

strongly depend on the Se partial pressure [33].

However, the latter observation has been ex-

plained by different atomic structures at the

interface and not by a different concentration of

point defects.

Although the latter behaviour suggests that for polar

materials the barrier heights can be modified by

influencing the density of point defects at the interface,

there is not a complete degree of freedom in moving

EF, since self-compensation will also limit the move-

ment of the Fermi level.

Experimental approaches

Photoemission experiments

Photoemission experiments (XPS, UPS) have contrib-

uted significantly to the understanding of barrier

formation since they allow for a simultaneous investi-

gation of chemical and electronic properties of inter-

faces. A typical photoemission interface experiment

starts with preparation of a substrate surface and then

repeated deposition steps of a contact material [34, 35].

Because of the high surface sensitivity of photoemis-

sion (typically 1–3 nm) and the immediate changes of

the surface properties with deposition, film thickness is

typically controlled down to submonolayer coverage.

After each deposition step, both chemical and elec-

tronic changes are monitored. To avoid possible

disturbance of the results by unwanted adsorbates,

such experiments are conducted using integrated sur-

face analysis and preparation systems, which allow for

a vacuum transfer between deposition and analysis.

While the chemical sensitivity of XPS is a well-

known property of this technique [36], determination

of barrier heights relies on its possibility to determine

electronic surface potentials. Typically the Fermi level,

which is derived from the measurement of a metallic

sample, serves as the reference for the binding ener-

gies. Therefore, the distance between the valence band

maximum and the Fermi energy at the surface can be

directly read from valence band spectra (see Fig. 2).

Since for typical doping levels of semiconductors the

width of depletion layers (~100 nm [3]) is large

compared to the information depth of XPS and UPS

(1–3 nm [36]), a change of surface potential by band

bending gives rise to a parallel shift of all binding

energies (see Fig. 2). Hence, it is possible to monitor

the change of the Fermi level during interface forma-

tion.

Photoemission experiments typically reveal no

direct information about defects at interfaces. Indirect

evidence for defects is given by the occurrence of new

chemical species due to interface reactions and by

shifts of the Fermi level. For selected cases, temper-

ature dependent photovoltage measurements can indi-

cate that defects, which cannot be determined directly,
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Fig. 2 Typical photoemission spectra showing the determination
of surface potentials. The binding energy reference in photo-
emission is typically the Fermi energy, whose position can be
determined using a metallic sample. For semiconducting sam-
ples, changes of the band edges at the surface with respect to the
Fermi energy, e.g. by an induced band bending qVb, give rise to a
rigid shift of all emissions
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are introduced by interface formation [37]. This

observation is possible since photovoltages also lead

to binding energy shifts. The magnitude of the photo-

voltage and particularly its temperature dependence

then depends on the charge transport across the

interface, which is strongly affected by defects (see

following section).

Electrical transport properties

Electrical measurements are amongst the most sensi-

tive experimental techniques. A modification of a

barrier height by only 100 meV, hardly detectable

using photoemission, leads to a change in current

density by e0.1 eV/kT, which amounts to a factor of 50 at

room temperature. This is due to the thermal excita-

tion of most transport properties. The transport pro-

cesses, which contribute to the current density at a

semiconductor/metal interface, are schematically

shown in Fig. 3 [38]. In many cases, the dominant

contribution comes from thermionic emission of carri-

ers over the barrier (process (i)). For this case the

current density is described by the well-known Eq. 1

j ¼ A�T2e�UB=kTðeqV=kT � 1Þ ð1Þ

where A� ¼ m� � 1:2� 105 mA/cm2K2 is the effective

Richardson constant with the (relative) effective mass

m� of the charge carriers.

Process (ii) in Fig. 3 represents a tunnel-assisted

thermionic emission, also known as thermionic field

emission and process (iv) minority carrier injection.

While the latter can in most cases be neglected,

thermionic field emission dominates for high doping

levels, where the space charge region becomes narrow.

The third process (iii) represents recombination in the

space charge region. Analytical expressions for this

transport process can be given under simplifying

assumptions [4, 38]

j ¼Wni

2s
ðeqV=nkT � 1Þ ð2Þ

where W is the width of the space charge region, ni the

intrinsic carrier concentration and s the minority

carrier lifetime in the space charge region. The value

n in the denominator is a diode ideality factor, which

should vary between 1 and 2 for this process [4, 38]. For

large band gap materials ni becomes quite small and

the process should not contribute significantly to the

current transport. In such cases, theoretical models

developed to describe transport and tunnelling pro-

cesses in disordered solids might be more appropriate

[5]. This might include mostly hopping transport based

on tunnelling between defect states.

The major limitation of electrical measurement

techniques, as current–voltage or capacitance–voltage

measurements, is that they are affected by a number of

parameters and that different transport mechanisms

are described by similar expressions. In many cases, it

is only possible to distinguish between different influ-

ences and identify the transport mechanism unambig-

uously if some parameters are known from other

experiments. In this respect, the situation for non-

stoichiometric materials is most complex as defects can

not be avoided, their concentration depends on pro-

cessing and they affect both the barrier heights and the

transport mechanism.

Experimental observations

(Cd,Zn)Te/metal contacts

Metal contacts to CdTe and ZnTe are particularly

important as backside contacts for CdTe thin film solar

cells. The back contact is one of the major problems of

the CdTe solar cells since large barrier heights lead to

non-ideal I–V characteristics [39]. The interfaces of

CdTe with different metals have been systematically

studied using single crystals [40–42] and polycrystalline

thin films [43–46]. As an example photoemission

spectra recorded during interface formation of CdTe

with Au are shown in Fig. 4 [43]. An interface reaction

leading to a chemical decomposition of the substrate is

evident from different observations: (i) The Cd 3d

E– n s cudnocime rot m late
i

vi

ii

iii

ΦB

Fig. 3 Transport processes contributing to the charge transport
across a semiconductor metal/interface: (i) thermionic emission;
(ii) thermionic field emission; (iii) recombination in the space
charge region; and (iv) minority carrier injection
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emission is completely attenuated with increasing Au

deposition while the Te 3d intensity saturates. This

indicates that Te is floating on top of the growing Au

film; (ii) The Cd 3d emission shifts to lower binding

energies, while the Te 3d emission shows an initial

small shift to higher binding energy and then stays

constant. A change of Fermi level position due to

surface band bending would lead to parallel shift of

both levels. The different shifts, therefore, indicates

formation of new chemical species, which in the

present case is metallic Cd, or Cd dissolved in the

growing Au layer. This is also evident from the Cd

MNN Auger emission line.

A sketch of the chemical structure of the interface of

CdTe with Au as determined from the experiments is

given Fig. 5. In addition, the structure of the interface

between CdTe and vanadium is given for comparison.

The latter shows a different type of reactivity. While

the formation of Au–Te compound is not very likely, a

VTe2 phase is thermodynamically favourable com-

pared to CdTe. Although different metals can react

differently with CdTe, a decomposition of the CdTe

layers close to the interface occurs in all cases. The

released Cd might be dissolved in the growing metal

layer. However, at least partially a diffusion of Cd into

the CdTe substrate will also occur.

The barrier heights determined from photoemission

experiments are given in Fig. 6a and are typically around

1 eV for p-type material (FB = EF–EVB). Interestingly,

the barrier heights are very close to the energetic

position of the Cd interstitial defect, which has been

calculated using density functional theory [47]. Defect

energy levels obtained from this calculation are repro-

duced in Fig. 6b. This suggests that the Fermi level

position at the interface is determined by these defects,

which are introduced by the chemical interface reaction.

However, a charge neutrality level of CdTe has also been

calculated to be at this energy [1] and might, therefore

also explain the barrier heights. Additional information

is therefore necessary to justify the importance of

crystallographic defects for barrier formation.

More distinctive evidence for the influence of

defects on contact formation is provided by studies of

the interfaces of Cu and Cu2Te with CdTe (Späth B

et al., unpublished results). Deposition of Cu leads to a

reactive interface with formation of a CuxTe phase and

metallic Cd, associated with a barrier height of

0.95 eV. In contrast, no reaction is observed during

deposition of Cu2Te onto CdTe resulting in a signif-

icantly lower barrier height. Further information is

provided by the direct observation of deep defects at
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Fig. 5 Sketch of composition
of CdTe/V and CdTe/Au
interfaces as derived from
photoelectron spectroscopy.
Both interfaces are reactive
and lead to a decomposition
of the CdTe surface. In the
case of V deposition, the
released Cd cannot be
dissolved in the growing layer
and V does not diffuse
through the VTex phase. The
reaction is limited to a few
atomic layers. Dissolution of
Cd into the growing Au layer
is possible and Te is floating
on the Au surface
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CdTe/metal interfaces by cathode- and photolumines-

cence spectroscopy [40]. It is thus quite evident that

defects contribute to contact formation for these

interfaces.

Different information can be extracted from elec-

trical measurements. Unfortunately, the conductivity

of the deposited CdTe films is very poor and so

electrical measurements of contact resistance are not

easy. We have thus performed such measurements on

doped ZnTe films. Fig. 6c shows current–voltage

curves recorded from a p-type ZnTe:N layer with a

carrier density of ~1018 cm–3 with Au and Mo contacts

(2 point probe). Photoemission experiments have

revealed barrier heights for Au and Mo of 0.6 and

1.0 eV, respectively [48]. Although ZnTe appears to be

less reactive than CdTe, in principle the same reaction

mechanisms as shown in Fig. 5 occur. The different

types of reactivity again result in different barrier

heights. In contrast to the large barrier heights, the

current–voltage curves do not show the expected

blocking behaviour of two back-to-back diodes. In

addition, despite the larger barrier height, a lower

contact resistance is obtained with Mo contacts. It is

thus concluded, that the current transport is not over

the barrier but rather through it, utilizing the defects

induced by the chemical reaction at the interface as

indicated schematically in Fig. 6d. The different cur-

rent densities for Mo and Au contacts could then be

attributed to the observed different types of interface

reactions. For deposition of Mo a MoTe2 phase is

formed in analogy to the CdTe/V interface described

above (see Fig. 5). The released Zn diffuses into the

ZnTe creating a high density of defect states, while

during deposition of gold most of the Zn is dissolved in

the Au layer [41–43].

As discussed above, the interfacial barrier heights

and transport across interfaces for the II–VI compound

CdTe and ZnTe are thus closely related to the

presence of defects, which are most likely introduced

by contact formation. Such a behaviour is not only

observed for metal contacts but also for contacts of

CdTe to other materials as CdS, VSe2, In2O3, TiO2 and

others which all lead to similar Fermi level positions at

the interface (see Ref. [44] and references therein).

Since it is often required to control the Fermi level

position at an interface, such behaviour can cause

severe limitations for device operation.

In2S3/ZnO heterocontact

Fermi level pinning due to the presence of point

defects in materials is not restricted to semiconductor/

metal interfaces. In this section, we present an example

for an interface between two semiconductors, which is

relevant for thin film solar cells. Both materials, In2S3

and ZnO are prepared by thin film deposition under

conditions where deviations from stoichiometry have

to be expected.

Thin film solar cells based on polycrystalline

Cu(In,Ga)Se2 have shown record energy conversion
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Fig. 6 (a) Barrier heights for
CdTe/metal interfaces as
determined using
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[43]; (b) Energy levels of
intrinsic point defects in CdTe
[47]; (c) Current voltage
relation of ZnTe using Au
and Mo metal contacts;
(d) Anticipated current path
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efficiencies of almost 20% [49]. The typical layer

structures of these devices is Mo/Cu(In,Ga)Se2/CdS/

ZnO. There are a number of efforts to replace the

buffer layer CdS with a less toxic material. One of the

candidates studied is In2S3 [50–54]. Best cells were

achieved at substrate temperatures of ~230 �C during

In2S3 deposition. Experiments using CdS/In2S3 and

In2S3/CdS buffer layer combinations have clearly

identified that, in the presence of an In2S3/ZnO

interface, the cell efficiency is significantly reduced

[52, 53]. Hence, the efficiency of the cell is closely

related to the properties of the In2S3/ZnO interface.

Photoelectron spectra recorded during stepwise

deposition of Al-doped ZnO onto a thermally evapo-

rated In2S3 film are shown in Fig. 7. The ZnO film is

deposited by d.c. magnetron sputtering from a ceramic

target, which is a process close to the one used for

preparation of the cells. There is continuous decrease

of the substrate emissions and also a continuous

increase of the ZnO emissions. No clear evidence for

an interface reaction is observed. In particular, oxida-

tion of the substrate can be ruled out since no SOx or

InOx species occur during deposition. Based on the

photoemission data, the interface can be considered as

atomically abrupt.

The evolution of the core-level binding energies in

dependence on ZnO deposition time is shown in Fig. 8

for two interfaces with different preparation conditions

of the ZnO film. The energy difference between the

core-levels and the valence band maximum, which is

determined for the thick films, has been subtracted

from the core-level energies. The graph thus represents

the position of the valence band maxima of the

substrate and the overlayer in dependence on film

thickness. In the experiment shown on the left the Al-

doped ZnO film has been deposited using pure Ar as

sputter gas. For these conditions, the Fermi level

position of the thick ZnO film is determined at EF –

EVB = 3.9 eV. Compared to the bulk band gap of

Eg = 3.3 eV [55], this corresponds to a highly degen-

erate ZnO film as typically observed for such deposi-

tion conditions [56]. In contrast, ZnO films deposited

with an Ar/O2 sputter gas mixture (10% O2) show a

Fermi level for the thick film at EF–EVB = 2.7 eV.
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Obviously, the Al donors, which are still present in the

films, are electronically compensated. Recent theoret-

ical studies suggest that the compensation might be due

to the introduction of zinc vacancies under oxygen rich

conditions [57].

At low coverage the valence band maxima derived

from the Zn 2p and O 1s levels do not coincide. This

means that the binding energy difference between the

two levels is a function of film thickness. We explain

this behaviour, which is reproducibly observed for

ZnO deposition [58], to an amorphous structure of the

ZnO close to the interface as also found for ZnO

deposition on different substrates using transmission

electron microscopy [59]. The valence band offsets

DEVB for the interfaces are directly determined from

the graphs in Fig. 8. It is obvious that the there is a

large difference in DEVB for the two preparation

conditions. The different band offsets are related to the

fact that the Fermi level does move strongly in the

substrate, which is indicated by the almost constant

binding energies of the In 3d and the S 2p lines.

An extended set of band alignments determined

from differently prepared In2S3/ZnO interfaces are

shown in Fig. 9. The In2S3 films were prepared by

thermal evaporation onto substrates kept either at

room temperature or at T = 250 �C. For deposition at

room temperature, the Fermi level at the In2S3 surface

is found at 1.5±0.1 eV above the valence band maxi-

mum. This reduces to EF–EVB ~ 1.1 eV for deposition

at higher temperatures (250 �C) as for the two exam-

ples in Fig. 8.

It is evident from the results presented in Figs. 8 and

9 that the band alignment varies by as much as 1 eV.

The valence band offsets at the In2S3/ZnO interfaces

are to a good accuracy given by the alignment of the

Fermi level positions of the films. Such behaviour is

typical for metals and strongly indicates that the band

alignment is controlled by a high density of defect

states in the semiconductors, which pin the Fermi level

in both materials. During interface formation charge is

transferred from the defect states of one material to

the defect states of the other and no strong band

bending is thus possible to accommodate contact

potential differences. The CdS/ZnO interface does

not show such behaviour. For this interface, the band

alignment varies only slightly with preparation condi-

tions [60].

The different band alignments correlate well with

the efficiencies of thin film solar cells with In2S3

buffers. Best conversion efficiencies are expected for a

small conduction band offset, which is obtained for the

situation given in Fig. 5c, where the In2S3 substrate is

deposited at 250 �C and the ZnO contact film was

prepared with oxygen in the sputter gas, which results

in an un-doped film. The conditions used in this

experiment are the same as those for which best

conversion efficiencies of the solar cells are obtained

[51, 54].

CuInSe2/CdS heterocontact

Interface formation of the semiconductor Cu(In,-

Ga)Se2 indicates that Cu diffuses from the surface

into the material when the Fermi level moves upwards

in the band gap by contact formation [34, 61–63]. The

effect is observed for surfaces of single crystals, which

exhibit a stoichiometric composition and have a Fermi

level close to the valence band. In contrast, surfaces of

thin film Cu(In,Ga)Se2 often show segregation of a Cu-

deficient Cu(In,Ga)3Se5 phase and have a Fermi level

close the conduction band [34, 64, 65]. For such

surfaces, a Cu enrichment during interface formation,

associated with a downward shift of the Fermi level,

has been observed. The different behaviour of Cu-rich

and Cu-poor thin film samples is illustrated in Fig. 10.

The preparation of clean Cu-poor Cu(In,Ga)Se2 sur-

faces follows the de-capping procedure, which is

described in detail elsewhere [34, 65]. Cu rich surfaces

are prepared by KCN etching of films deposited with

slight Cu excess. The etching procedure has been

carried out in nitrogen flow in a chamber, which is

directly connected to the spectrometer system. It is

evident that Cu(In,Ga)Se2 exhibits large changes of

composition during interface formation, which is
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related to a high mobility of Cu and to changes in the

electric surface potentials.

The interface between CuInSe2 and CdS provides a

nice example for a self-compensation mechanism

occurring at an interface. The self-compensation mech-

anism is also illustrated in Fig. 10. The explanation

requires understanding the Fermi energy dependence

of defect formation energies [66]. Defect formation

energies of negatively charge defects (acceptors with a

Fermi energy above the defect energy) decrease with

increasing Fermi energy, while the formation energy of

positively charges defects (donors with the Fermi

energy below the defect energy) increase with increas-

ing Fermi energy. Starting now from a p-doped

substrate surface the Fermi level at the surface can

be raised due to adsorption of the contact material.

When the Fermi energy reaches the defect energy level

of the interstitial Cu donor, its charge state changes

from negative to neutral. Its defect formation enthalpy

thus no longer increases with a rising EF, while those of
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the Cu vacancy acceptor level VCu is further

decreasing. Raising EF above the defect energy of

Cui will thus lead to a net decrease of the formation of

the Frenkel defect pair (Cui, VCu). As interstitial Cu

can easily diffuse in CuInSe2 [67], it will be depleted

near the surface resulting in an increase of the acceptor

concentration and thereby limit further movement of

the Fermi energy.

Conclusions

Today the influence of non-stoichiometry on the

interface formation is not well studied. Nevertheless

there is steadily increasing evidence from different

fields that deviations from stoichiometry are essential

in establishing most important interface properties as

band alignment (barrier heights) and transport prop-

erties. In many cases the picture of abrupt interfaces

with a well defined band alignment being unique for a

given material combination and simple transport pro-

cesses neglecting defect states in the band gap is not

appropriate. However, the microscopic origin of the

point defects at interfaces, their individual contribution

to band alignment, current transport and electronic

device properties is yet mostly unclear and needs to be

resolved for different cases.
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